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ELECTROHYDROGENATION AND HYDROGENATION OF 
SIMPLE ALIPHATIC KETONES IN ACIDIC MEDIA

S. S z a b ó  and G y . H o r á n y i

( Central Research Institute o f Chemistry, Hungarian Academy o f Sciences, Budapest) 

Received Jan u ary  12, 1976

The electrohydrogenation and  hydrogenation of some simple ketones (2-buta- 
none, 3-pentanone, 3-m ethyl-2-butanone and 2-pentanone) were investigated on a 
p latinum  ca ta ly st in acidic media. H ydrocarbons were always formed during these 
reactions b u t whereas butanone gave m ainly hydrocarbons, in the case of pentanones 
the  corresponding secondary alcohol was th e  m ain product. The results and lite ra tu re  
da ta  perm it th e  conclusion th a t in  the electrohydrogenation of ketones the alcohol 
and the hydrocarbon are not form ed via two independent paths bu t are ra th e r the 
products of a branching reaction. The ra te  determ ining step occurs prior to  branching.

In  earlier com m unications [1, 2] we discussed hydro g en a tio n  and  e lec tro ­
h y d ro g en a tio n  o f acetone on a p la tin u m  c a ta ly s t an d  a p la tin u m  elec trode . 
I t  w as found , in  accordance w ith  th e  e x p e rim e n ta l resu lts  of o th e r a u th o rs  
[3— 7], th a t  u n d e r given ex p e rim en ta l co n d itio n s p ro p an e  is th e  only  p ro d u c t 
o f h y d ro g en a tio n  or e lec tro h y d ro g en a tio n . In  c o n tra s t to  th is , no gaseous 
p ro d u c t is fo rm ed  in  alkaline m ed ia , an d  also th e  ra te  is s ig n ifican tly  low er 
th a n  in  acidic m edia . In  th e  p re sen t w ork , in  connection  w ith  th e  h y d ro g en a tio n  
an d  e lec tro h y d ro g en a tio n  of som e sim p le  a lip h a tic  k e tones: 2 -bu tan o n e  (e th y l 
m e th y l ke tone), 2 -pen tanone (m e th y l  p ro p y l ke tone), 3 -pen tanone (d ie th y l 
k e to n e), 3 -m ethy l-2 -bu tanone ( iso p ro p y l m e th y l ketone) in acidic m ed ia , 
we in te n d  to  f in d  o u t w hether th e  reg u la ritie s  observed  in  th e  case o f ace tone  
m ay  be considered  as general.

Experim ental

The method applied was essentially the same as th a t used by us earlier. Prior to  use, 
the ketones were purified by distillation. 1 M  IICKJ, served as background solution. The 
gaseous products were analyzed by gas chrom atography.

Results

In  th e  case o f all ketones ex am in ed , also gaseous com ponen ts w ere 
found  am ong th e  p ro d u c ts  of h y d ro g e n a tio n  an d  e lec tro h y d ro g en a tio n . T he 
com position  o f th e  gaseous p ro d u c ts  is i llu s tra te d  in  F ig . 1. I t  ap p ears  fro m

1 Acta Chim. Acad. Sei. Hung. 96, 1978



2 SZABÓ, HORÁNYI: ELECTROHYDROGENATION

Fig. 1. Gas chrom atogram  of the gaseous p roducts for the electrohydrogenation of (a) 2-bu- 
tanone; (b) 2-pentanone; (c) 3-pentanone; (d) 3-m ethyl-2-butanone

F ig . 1 th a t  b esides th e  hyd ro carb o n  w h ich  can be expected  on th e  basis of 
th e  reac tio n

R  -  C — R ' +  2H 2 ------ > R  -  C H 2 -  R ' +  H 20

Ô
o th e r  h y d ro ca rb o n s  are  form ed in  considerab le  am oun ts only  in  th e  case 
o f  3 -m eth y l-2 -b u tan o n e .

C onsequen tly , in  th e  case of 3 -m e th y l-2 -b u tan o n e , m e th an e , e th a n e , 
p ro p a n e , b u ta n e  a n d  n -pen tane  a re  p re s e n t in  add itio n  to  2 -m e th y lb u ta n e , 
th e  la t te r  being th e  p re d o m in a n t co m p o n en t of th e  gaseous p ro d u c t.

A ccord ingly , in  add ition  to  th e  h y d ro g e n a tio n  of th e  oxo-group , also 
re d u c tiv e  cleavage o f  th e  carbon  ch a in  a n d  an  in tram o lecu la r rea rra n g em e n t 
ta k e  p lace. I t  is h o w ev er conspicuous t h a t  iso b u tan e  is n o t p re sen t am ong 
th e  p ro d u c ts , in d ic a tin g  th a t  no sp lit t in g  occurs in  th e  carbon  ch a in  of
3 -m e th y l-2 -b u tan o n e  betw een  Cx a n d  C2.

P re su m ab ly  th e  rea rran g em en t re su ltin g  in  n -p en tan e  an d  th e  ru p tu re  
o f  th e  carbon  ch a in  ta k e  place w ith  som e o f th e  in te rm ed ia tes  o f th e  h y d ro g e n a ­
t io n  reac tio n .

Acta Chim. Acad. Sei. Hung. 96, 1978



SZABÓ, HORÁNYI: ELECTROHYDROGENATION 3

T h eo re tica lly  i t  could be im ag ined  t h a t  th e  sp littin g  reac tio n  is p reced ed  
b y  th e  rea rra n g em e n t. H ow ever, th e  fa c t  t h a t  in  th e  case of 3 -p en tan o n e  
an d  2 -p en tan o n e , w hose chains are u n b ra n c h e d , th e  h y d ro g en a tio n  re a c tio n  
is n o t acco m p an ied  b y  a considerable ch a in  ru p tu re , c o n trad ic ts  th is  a ssu m p ­
tio n .

T he fo rm a tio n  o f n -b u tan e , p ro v id ed  t h a t  chain  sp littin g  is n o t p reced ed  
b y  re a rra n g em e n t, c an  be im agined in  a w ay  th a t  th e  m e th y l group a tta c h e d  
to  th e  m ain  ch a in  is sp lit off in  a re d u c tiv e  m anner:

C H 3
— I—  H, — C H  -  C H . 4 - C H .

CH-CH3

F o r th e  fo rm a tio n  of propane a n d  e th a n e  th e  reac tio n  schem e

C H 3
! I

C H 3 -  C -  C -  C H 3 +  6H 2 -------* C H 3 -  C H 3 +  C H 3 -  C H 2 -  C H 3
I I  !
0

can  be given.
This in d ica tes  t h a t  th e  reac tion  o f 3 -m eth y l-2 -b u tan o n e  is s ig n if ican tly  

m ore com plex th a n  th o se  of sim pler k e to n es , w hich, s im ilarly  to  ace to n e , g ive  
only  a single h y d ro ca rb o n . T herefore, in  th e  follow ing we shall discuss in  
d e ta il on ly  th e  prob lem s concerning th e  h y d ro g en a tio n  o f  2 -b u tan o n e , 3- 
p en tan o n e  an d  2 -p en tan o n e .

T he fa c t t h a t  th e  gaseous p ro d u c ts  are  o f un ifo rm  n a tu re  does n o t  m ean  
i t  in  itse lf  th a t  no  o th e r p ro d u c ts  are  a c tu a lly  form ed d u rin g  h y d ro g e n a tio n  
or e lec tro h y d ro g en a tio n . W hereas in  case o f acetone we could m a in ta in  
ex p erim en ta l co n d itio n s u n d e r w hich  p ro p a n e  was th e  sole p ro d u c t o f th e  
reac tio n , th is  cou ld  n o t be a tta in e d  in  th e  case o f th e  o th e r  ke tones in v e s t i­
g a ted . W ith  th e  len g th en in g  of th e  ca rb o n  chain  of th e  k e to n e  th e  fo rm a tio n  
o f th e  co rrespond ing  secondary  alcohols begins to  p red o m in a te . In  th e  case  
of 2 -b u tan o n e  th e  c u rren t efficiency d u rin g  e lec trohydrogena tion  w as o n ly  
ab o u t 70— 80%  re fe rred  to  b u tan e , as su p p o rted  b y  th e  resu lts  o b ta in e d  
b y  th e  m eth o d  ap p lied  also earlier. A t th e  sam e e lectrode hydro g en  w as  
evolved  w ith o u t 2 -b u tan o n e  a t  th e  sam e c u rre n t d en sity  as th a t  a p p lie d  
in  th e  e lec tro h y d ro g en a tio n  of 2 -b u tan o n e , an d  th e  vo lum e o f th e  h y d ro g e n  
evolved  w as m easu red  as a fu n c tio n  o f tim e .

T he c u rre n t efficiency can be d e te rm in ed  from  th e  ra tio  o f th e  slopes 
o f th e  s tra ig h t lines ob ta in ed  upon  p lo ttin g  th e  volum e o f hyd rogen  e v o lv e d  
vs. tim e  ta k in g  in to  account th a t  acco rd ing  to  th e  reac tio n

2 H + +  2 e -  — H 2
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4 SZABÓ, HORÁNYI: ELECTROHYDROGENATION

a  charge  of 2 F  is  req u ired  for th e  e v o lu tio n  o f 1 m ol hydrogen , w hereas 4 F  
a re  requ ired  fo r th e  fo rm atio n  o f  1 m ol b u ta n e . T he volum e vs. tim e  cu rves 
a re  show n in  F ig . 2.

C ata ly tic  h y d ro g en a tio n s ca rried  o u t on p o w d ered  p la tin u m  gave s im ila r 
re su lts . The p ro d u c t re ta in ed  in  th e  liq u id  phase p roved  to  be 2 -b u tan o l. 
(Som e experim en ts  w ere carried  o u t in  a p re p a ra tiv e  h y d ro g e n a tio n  a p p a ra tu s  
in  w hich 1/2 m ol o f  ketone w as h y d ro g en a ted . T he p ro d u c ts  in  th e  liq u id

F ig . 2. Volume vs. tim e curves for (1) hydrogen evolution; (2) reduction of 2-butanonc (i =
=  30 mA)

p h a se  were o b ta in e d  b y  ex trac tio n  w ith  e th e r  fo llow ed b y  dry ing , an d  th e  
p ro d u c t was p rocessed  by  m icro d is tilla tio n  a fte r  th e  rem oval of e th e r.)  In  
th e  case of C5 k e to n e s  th e  p ro d u c t co m p o sitio n  was sh if te d  m ore an d  to w ard s  
th e  alcohols. F ro m  80— 90%  o f th e  k e to n e  converted , th e  co rrespond ing  
seco n d a ry  alcohol w as form ed.

The shape o f  th e  po lariza tion  c u rv e s  in  th e  case of th e  in v e s tig a te d  
k e to n es  dev iates to  certa in  e x te n t from  th a t  o b ta ined  in  th e  presence o f 
a c e to n e .

The ra th e r  w ide lim iting  c u rre n t sec tion  observed  for acetone becam e 
s h o r te r  to  such an  e x te n t th a t  som etim es i t  co u ld  n o t be d istinguished . U n d er 
id e n tic a l ex p e rim en ta l conditions th e  a p p a r e n t  ra te  of e lec tro h y d ro g en a tio n , 
th e  cu rren t passin g  th ro u g h  th e  sy s te m  show ed th e  h ighest values genera lly  
in  th e  case o f a c e to n e ; a t p o ten tia ls  o f a b o u t 70— 100 mV th e  follow ing o rd e r 
g iv e n  was observed :

ace to n e  >  2 -bu tanone >- 2 -p en tan o n e  >  3 -p en tan o n e

T he p o la riza tio n  curves o f th e  v a rio u s  ketones are show n in  F ig . 3.
On ap p ly ing  a su itab le  anodic p rep o la riza tio n , po lariza tio n  curves b e s t 

resem b lin g  t h a t  o f  acetone w ere o b ta in e d  in  th e  case of 2 -bu tanone.
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SZABÓ, HORÁNYI: ELECTROHYDROGENATION 5

Thus, e.g. th e  m ax im um  a n d  m inim um  values ap p ea rin g  in  th e  lim itin g  
c u rren t section can  be observed  also in  th is  case as in d ic a te d  b y  Fig. 4. T h e  
decrease of th e  lim itin g  c u rre n t, as a lready  d iscussed  in  connection  w ith  
acetone, can be ascribed  p re su m ab ly  to  m ore ex ten siv e  fo rm a tio n  of alcohol [1].

0 40 80 120 160
E, mV

Fig. 3. Polarization curves of various ketones

The s im ila rity  observable in  th e  p o la riza tio n  p ro p ertie s  o f acetone a n d
2-bu tan o n e  can be u n d ersto o d  because  in  b o th  cases th e  fo rm atio n  o f  th e  
hyd ro carb o n  is th e  p re d o m in a n t process.

In  th e  case o f  vario u s p e n tan o n es  the  a ssu m p tio n  o f th e  lim itin g  c u rre n t 
appears a lready  s lig h tly  forced th o u g h  th e  slope o f th e  i vs. E  curves u n ­
d o u b ted ly  decreases to  certa in  e x te n t on chan g in g  th e  p o te n tia l in  th e  
neg a tiv e  d irection . T h u s , c e rta in  sim ila rity  rem ain s in  th e  n a tu re  of th e

Fig. 4. Polarization curve of 2-butanone a t a butanone concentration of 0.2 mol/1

Acta Chint. Acad. Sei. Hung. 96, 197№



6 SZABÓ, HORÁNYI: ELECTROHYDROGENATION

p o la r iz a tio n  curves th o u g h , as a lre a d y  show n, th e  fo rm a tio n  of th e  h y d ro ­
c a rb o n  is ra th e r  suppressed  in  th e  case of these com pounds.

I t  should  be n o te d  th a t  th e  com parison  of th e  p o la riz a tio n  cu rv es  of 
th e  v a r io u s  ketones is ju s tif ie d  on ly  to  a lim ited  e x te n t b ecau se  th e  c u r re n t (i) 
c a n  b e  co rre la ted  w ith  th e  c o n su m p tio n  ra te  or th e  k e to n e  (wk) on ly  on ta k in g  
in to  acco u n t th e  com position  o f  th e  p ro d u c t. I f  th e  p ro d u c t is n o t un ifo rm  
o r w h en  various reac tio n s are  possib le , e.g. w hen h y d ro ca rb o n  a n d  alcohol 
a re  fo rm e d  a t  th e  sam e tim e , th e  m easu red  cu rren t w ill be

w h ere
i =  F  w 1 +  z2 F  w2

w2 =
dn2
dt

is  th e  a m o u n t (in m ol) fo rm ed  in  u n i t  tim e  from  one a n d  th e  o th e r  p ro d u c t. 
I n  t h e  s tead y  s ta te , th e  ra te  o f k e to n e  consum ption  is wk =  w y -\- w2. On 
d e n o tin g  by  a th e  ra tio  o f th e  ra te s  o f fo rm ation  o f th e  tw o ty p e s  of p ro d ­
u c ts ,  i.e.

w e o b ta in  th a t
i =  zy F  a  ic2 -f- z2 F  w,2

Since for alcohol fo rm a tio n  z1 =  2 and  fo r h y d ro ca rb o n  fo rm atio n  
z2 =  4,

i =  2 F  w2(cc +  2)
2

a n d

i =  2 F w k («  +  2)
1 +  oc

T hus, th e  ra te  o f co n su m p tio n  of th e  ketone  is g iv en  b y

( 1 + a )  iw -----------------
a  +  2 2 F

I t  appears from  th is  e q u a tio n  th a t  even in  the case of id e n tic a l values 
o f  wk, various c u rre n ts  can  be m easu red , depend ing  on th e  size o f a. The 
th e o re tic a lly  possib le va lues a re  lo ca ted  in  th e  in te rv a l 2 F  wk —  4 F  wk. 
T h e  changes ap p earin g  in  th e  lim itin g  c u rren t o f ace to n e  w ere discussed 
o n  th e  basis of sim ilar co n sid era tio n s [1].

As b o th  reac tio n s are p re su m ab ly  preceded b y  th e  ad so rp tio n  of th e  
k e to n e  an d  since i t  is conceivab le  th a t  th e  reac tions lead in g  to  alcohol and
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SZABÓ, HORÁNYI: ELECTROHYDROGENATION 7

hydro carb o n  h a v e  a com m on in te rm e d ia te , i t  is o f in te re s t  to  in v es tig a te  
th e  re la tionsh ips ex is tin g  betw een th e  m easu red  c u rre n ts  an d  th e  r a te  of 
ketones co n su m p tio n .

In  th e  l i te ra tu re  th e re  are stud ies on b u tan o n e , w here  b o th  th e  c u rre n t 
an d  th e  p ro d u c t d is tr ib u tio n  were exam ined  sim u ltan eo u sly  [5]. These in v e s ti­
gations re la ted  to  ag ing  processes ta k in g  p lace u n d e r g iven  ex p erim en ta l

100

80

< 60 
£

40

20

Fig. 5. (a) Current of electrohydrogenation p lo tted  against tim e for 2-butanone. •  Overall 
current; +  current corresponding to butane form ation; X current corresponding to 2-butanol 
form ation; (b) values o f Fig. 5a expressed as rates of ketone consum ption. The curve w ithout

dots is the resu ltan t ra te  curve

conditions, are show n in  Fig. 5a. A ccording to  Fig. 5a, u n d e r  po te  n tio s ta tic  
conditions th e  c u r re n t  passing  th ro u g h  sy stem , w hen  p lo tte d  a g a in s t tim e , 
shows a m onotonous decrease, and  in  p a ra lle l to  th is , also  th e  am o u n t of th e  
form ed h y d ro ca rb o n  decreases. A t th e  sam e tim e  th e  q u a n ti ty  of secondary  
b u ta n o l form ed w ill be  g radually  g rea te r an d  i t  w ill f in a lly  becom e th e  sole 
p ro d u c t o f th e  re a c tio n . T he decrease o f th e  c u rre n t is ex p la in ed  b y  th e  
d eac tiv a tio n , or ag in g , o f th e  electrode. O n ca lcu la tin g , from  th e  c u rre n t 
vs. tim e  curves co rresp o n d in g  to  th e  vario u s p ro d u c ts , th e  ra te s  of fo rm atio n  
o f b u ta n e  and  b u ta n o l, respectively , re fe rred  to  b u ta n o n e  consum ed  in  th e  
reac tio n , th e  curves in  F ig . 5b are o b ta ined . I t  appears from  th is  figure th a t  
no s ign ifican t change ta k e s  place in  th e  ra te  of b u tan o n e  co n su m p tio n , th o u g h  
appreciab le  v a ria tio n s  occur in  th e  p ro d u c t com position .

T he fac t t h a t  th o u g h  no changes occur in  th e  ra te  o f reac tio n , th e  
se lec tiv ity  is a lte re d  to  a sign ifican t e x te n t, p ro m p ts  one to  in v es tig a te  
w heth er th e  ro u tes  le ad in g  to  hyd rocarbon  an d  alcohol m ay  be in d ep en d en t 
of each  o ther. N am ely , according to  ce rta in  assum ptions [5], th e  fo rm atio n  
of alcohol is co n n ec ted  w ith  a reac tio n  invo lv in g  in te r s t i t ia l  hyd ro g en  in  th e  
p la tin u m  la ttice . A t th e  sam e tim e i t  is as sinned  th a t  th e  a d so rp tio n  p roperties 
of p la tin u m  are m o d ified  b y  th is  hydrogen , re su ltin g  in  a decrease of ke tone  
a d so rp tio n  an d  to g e th e r  w ith  th a t ,  in  a decrease of th e  reac tio n  ra te .
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8 SZABÓ, HORÁNYI: ELECTROHYDROGENATION

O n the  basis o f th e  above re su lts  an d  th e  considera tions o u tlined , i t  
is r a th e r  d ifficu lt to  suppose  t h a t  th e  ra te s  of th e  reac tio n  o f b u tan o n e  via  
tw o  in d ep en d en t ro u te s  w ould  be th e  sam e. On th e  basis o f F ig . 5b i t  is m ore 
lik e ly  th a t  th e  in itia l s tep s , an d  p re su m a b ly  also th e  ra te -d e te rm in in g  step , 
a re  iden tica l in b o th  cases. T he ch an g e  observed  in  se lec tiv ity  w ould th e n  
be  due  to  th e  fac t t h a t  th e  b ran ch  o f t h e  reac tio n  lead ing  to  th e  h y d ro ca rb o n  
is g rad u a lly  suppressed  fo r reasons u n k n o w n  as y e t.

T he above co n sid e ra tio n s are ju s t if ie d  n o t only  in  th e  case of b u tan o n e . 
I t  is know n from  th e  l i te ra tu re  t h a t  th e  com position  o f  p ro d u c ts  changes 
also in  th e  e lec tro h y d ro g en a tio n  o f  ace to n e , depend ing  on th e  n a tu re  of 
c a ta ly s t . The e lec tro h y d ro g en a tio n  o f  ace tone  w as in v e s tig a te d  b y  S e m e n o v a  
et al. [6] in  th e  presence  of p la tin u m -ir id iu m  skeleton  c a ta ly s ts . I t  w as found  
t h a t  a t  a given p o te n tia l  th e  c u rre n t efficiency re fe rred  to  isopropano l rises 
w ith  increasing ir id iu m  c o n te n t of th e  c a ta ly s t b u t  a t  th e  sam e tim e  also th e  
c u rre n t required  fo r e lec tro h y d ro g en a tio n  decreases. T ab le  I  was co n stru c ted  
on th e  basis of th e  d a ta  an d  curves g iven b y  S e m e n o v a  et al. [6 ] .

The cu rren t re su ltin g  in  th e  fo rm a tio n  o f h y d ro ca rb o n  can be ca lcu la ted  
fro m  th e  d a ta  g iven  in  T able I  in  th e  following w ay :

^hydrocarbon — 1

Table I

Electrohydrogenation o f acetone on P t- I r  skeleton catalysts at 100 m V  [6]

Composition of 
catalyst

Current effi­
ciency referred 
to  isopropanol,

p  (%)

Current, i 
(mA)

P t 6.3 1.8
90% P t- I r i l 1.7
75% P t- I r 29 1.5
50% P t- I r 48 1.4
40% P t- I r 56 1.15
25% P t- I r 70 1.0
10% P t- I r 80 0.83

Ir 80 0.71

a n d  th e  ra te  of re a c tio n  is:

2FT 00
+  i f1 P 1 _  * К  p100 4 F  4 F 1 100
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SZABÓ, HORÁNYI: ELECTROHYDROGENATION 9

T he ra te s  o f  reac tio n  ca lc u la ted  fo r skele ton  c a ta ly s ts  of v a rious co m ­
positions are su m m arized  in T able I I .  T he ra te s  co rrespond ing  to  th e  fo rm a tio n  
o f p ro p an e  and  th e  alcohol are p lo t te d  in  F ig . 6 ag a in st the  c o n cen tra tio n  
of ir id iu m  in th e  c a ta ly s t. The o v e ra ll ra te  g iven also in  Table I I  does n o t 
show ap prec iab le  changes even a t  h ig h  irid iu m  co n cen tra tio n s, and  i t  increases 
ra th e r  th a n  decreases . A considerab le  decrease in  th e  ra te  was o bserved  
on ly  a t  ir id iu m  c o n te n ts  above 6 0 % . T hus, th e  increase of th e  p ro p o rtio n  
o f a lcohol in  th e  p ro d u c t is in th is  case n o t accom pan ied  by  a decrease of 
reac tio n  ra te s . S im ila rly  to  b u ta n o n e , d a ta  a re  availab le  also concern ing  
th e  e lec tro h y d ro g en a tio n  of ace tone  on a p la tin u m  electrode. T hese d a ta  
show  changes in  th e  com position o f  th e  p ro d u c t.

Table II

Reaction rate referred to acetone consumption as a function  o f the catalyst composition [6]

Composition of 
catalyst

wk
10_eu)(mol/sec)

Pt 4.96
90% P t- Ir 4.89
75% P t-Ir 5.01
50% P t-Ir 5.37
40% P t- Ir 4.65
25% P t-Ir 4.40
10% P t-Ir 3.87

Ir 3.31

Fig. 6. E lectrohydrogenation of acetone on P t—Ir  alloys. R ate  of the formation of propane 
(A A) and of propanol (o o) vs. th e  Ir concentration a t 100 mV
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10 SZABÓ, HORÁNYI: ELECTROHYDROGENATION

T h e  values ca lcu la ted  on th e  basis  o f  th e  experim en ta l d a ta  g iven by  
d e  H e m p t i n n e  et al. [3] are  p resen ted  in  T ab le  I I I ,  using th e  sym bo ls app lied  
above . T hese values in d ica te  th a t  wk ( th e  a m o u n t of acetone consum ed  in  
u n it  tim e )  d id  n o t decrease even a fte r  3.5 h r s ,  w hereas th e  v a lu e  o f  a (th e  
alcohol to  h y d ro ca rb o n  ra tio ) increased  b y  a fu ll order o f m ag n itu d e .

Table III

Changes in  the rate o f the electrohydrogenation o f  acetone and isopropanol to propane ratio as
a function o f  time

(brs) a (À)
tvk

(mol/sec)

0 0.18 0.165 4 .6 x l0 - 7
0.5 0.26 0.16 4 .6x10-»
1 0.42 0.155 4 .7x10-»

1.5 0.50 0.15 4 .6x10-»
2 0.66 0.145 4 .7x10-»
2.5 0.88 0.142 4.8 X 10-»
3 1.22 0.13 4.6 X 10-»
3.5 1.80 0.125 4.7 X 10-»

In  accordance w ith  th e  above discussion  also these d a ta  confirm  th a t  
th e  fo rm a tio n  o f a lcohol and  h y d ro c a rb o n  can n o t be processes com plete ly  
in d e p e n d e n t of each  o th e r.

O n th e  basis o f th e  p resen t o b se rv a tio n s  and th e  l i te ra tu re  d a ta  we 
m a y  a t te m p t  a q u a lita tiv e  in te rp re ta t io n  o f th e  phenom ena occu rring  d u rin g  
th e  s ta tio n a ry  processes. L et us a ssum e th a t  one or severa l in itia l s tep s  
o f  th e  series of reac tio n s  lead ing  to  h y d ro ca rb o n  and alcohol are  id en tica l, 
a n d  th a t  a t  th e  beg inn ing  of th e  m easu rem en ts  th e  ra te  d e te rm in in g  s tep  
is one o f these. T he o v era ll reac tio n  can  be characterized  b y  th e  schem e

k, ----------- ► C (hydrocarbon)
^  — ------*• D (alcohol)

w h ere  ro u tes  A  —►, В  —► C an d  В  -*■ D  d en o te  reactions w hich  m a y  com prise  
a lso  severa l e lem en ta ry  steps an d  w h ich  can  be ch aracterized  b y  th e  a p p a re n t 
r a te  co n stan ts  k v  k 2 an d  k 3. I f  k t  k 2, k 1 к г and  <ïj k 2 +  fc3, th e n  th e  
r a te  de te rm in in g  s tep  is in  ro u te  A  —► B . T he  ra tio  of p ro d u c ts  w ill d ep en d  
o n  th e  k 2 to  k 3 ra tio . I f  k 2 k 3, th e n  th e  p roduc t will be p ra c tic a lly  p u re  
h y d ro c a rb o n .
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I f  how ever effects affecting  (e.g. decreasing) th e  re la tiv e  an d  ab so lu te  
va lues o f k2 a n d  k 3, occur th e  o vera ll r a te  u n d er o therw ise id en tica l cond itions 
w ill rem ain  s ta b le  u n til  th e  above in eq u a lities  fo r k v  k2 an d  k3 are  s till v a lid . 
A t th e  sam e tim e  i f  k2 and k3 a re  n o t  changing  to  th e  sam e e x te n t (e.g. k2 
decreases fa s te r  th a n  k3), th e  p ro p o rtio n  of h y d ro ca rb o n s in  th e  p ro d u c t 
w ill decrease. A ccord ingly , th e  p h en o m en a  observed  b y  us can  be ex p la ined  
b y  th e  decrease  o f th e  value of a p p a re n t  ra te  co n stan ts  k2 and  k 3 belonging  
to  reac tio n  ro u te s  В  —► C and В  —>- D (k2 decreasing to  a g rea te r e x te n t th a t  
k3). As w as d iscussed  above, th is  does n o t  im ply  th a t  th e  ra te  of th e  overall 
process shou ld  change a t  th e  sam e tim e  th o u g h  th e  p ro d u c t will be a lread y  
p ra c tic a lly  p u re  alcohol i f  k3 k 2. H ow ever, k3 an d  k., m ay  decrease fu r th e r  
to  such  an  e x te n t  th a t  fc, w ill be o n ly  sligh tly  sm aller th a n  k3 or e v en tu a lly  
com m ensurab le  w ith  Aq or even  sm alle r th a n  k v  an d  th u s  th e  ra te  o f th e  
overa ll process w ill be d e te rm in ed  ev er m ore b y  process В  —*■ D, an d  th is  
ra te  w ill be a lread y  low er th a n  a t  th e  beg inn ing  o f th e  m easurem ents.

In  ou r op in ion  th e  p h enom ena  observed  in  th e  e lec tro red u c tio n  of 
2 -b u tan o n e  an d  acetone can be a d e q u a te ly  in te rp re te d  in  th is  w ay . O nly 
h y p o th eses  can  be se t u p  concern ing  th e  causes lead ing  to  changes in  selec­
tiv i ty , e.g. th e  irreversib le  adso rp tion  o f th e  oxo-com pound or of th e  p ro d u c ts  
o f i ts  red u c tio n , e.g. of th e  alcohol. T hese problem s requ ire  s till fu r th e r  
in v es tig a tio n s . A nyhow , we succeeded in  po in ting  o u t th a t  ex trem e care  is 
needed  in  th e  in te rp re ta tio n  of th e  p rocesses ta k in g  p lace during  th e  e lec tro ­
h y d ro g en a tio n  o f  ke tones.

T he sam e can  be s ta ted  co n cern in g  th e  com parison  of th e  p o la riza tio n  
curves of v a rious ke to n es because in  th is  case cu rren ts  an d  cu rren t densities 
be longing  to  th e  vario u s p o ten tia ls  a re  being  com pared .

H ow ever, i t  is qu ite  obvious fro m  w h a t has been said  th a t  th is  co m ­
p arison  is ju s tif ia b le  only  if  th e  alcohol to  h y d ro carb o n  ra tio  is also id en tica l, 
w h ich  occurs v e ry  ra re ly .

P o la riza tio n  curves reflect in  an  unequ ivocal w ay  th e  red u c tio n  of 
k e tones on ly  i f  o n ly  one p ro d u c t m a y  be  form ed or i f  b o th  p ro d u c ts  m ay  be 
fo rm ed  b u t  th e  ra tio  o f th e  p ro d u c ts  does n o t change w ith  th e  p o te n tia l and  
w ith  th e  ex p e rim en ta l conditions. In  th e  case o f ace tone , i t  was possible 
to  d raw  th e  k in e tic  conclusions d esc rib ed  earlier [1, 2] because u n d e r given 
co n d itions on ly  p ro p an e  was fo rm ed . O n generalizing th e  resu lts  re fe rring  
to  acetone  an d  2 -b u tan o n e  [2— 5], th e  re la tio n sh ip

B ek
W k =  ——----------------------—

1 +  Dck 106E
can  be given fo r th e  value of wk, w hereas th e  p o la riza tio n  curve can  be 
described  b y  th e  re la tionsh ip

i =  zF B ck
1 +  Dck 10№
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w here В , D  and  b a re  c o n s ta n ts , ck is th e  co n cen tra tio n  of th e  ke tone , E  is 
th e  p o te n tia l and

a  +  1

I f  a  depends on th e  p o te n tia l an d  on th e  lifes to ry  of th e  electrode (and , 
as w e h av e  show n, th is  is freq u en tly  th e  case), th e  p o la riza tio n  curve m ay  
e x h ib it v e ry  d iversified  shapes.
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APPLICATION OF FLORY’S THEORY FOR CALCULATING 
EXCESS THERMODYNAMIC FUNCTIONS OF THE 
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S tatistical theory due to F lo ry  has been applied to the systems: piperidine—te tra - 
hydropyrane; piperidine—cyclohexane and te trahydropyrane—cyclohexane. Excess 
therm odynam ic functions as a function of tem perature  and composition have been 
evaluated and results were used to exam ine th e  theory.

Introduction

Successful a tte m p ts  [1— 6 ] have been  m ade to  te s t  F l o r y ’s th e o ry  
in  th e  lig h t o f excess th erm o d y n am ic  fu n c tio n s  [7, 8] using  th e rm o d y n am ic  
d a ta . V ery  few a t te m p ts  [9] have  been m ad e  to  s tu d y  th e  excess th e rm o d y ­
nam ic functions in  th e  ligh t of F l o r y ’s th e o ry  using  u ltra so n ic  m easu rem en ts . 
In  th e  p resen t in v es tig a tio n  excess vo lum e (V e ), excess e n th a lp y  (H E), excess 
iso th erm al com pressib ility  (xE), excess th e rm a l pressure coeffic ien t (yE) an d  
excess en tro p y  (T S E) were s tud ied  in  th e  lig h t o f F l o r y ’s th e o ry  for asso c ia ted  
m ix tu res o f p ip e r id in e - te tra h y d ro p y ra n e , p ip e rid in e -cy clo h ex an e  and te t r a -  
h y d ro p y ran e -cy c lo h ex an e  using u ltra so n ic  v e lo c ity  an d  com pressib ility  d a ta  
of M o e l w y n -H u g h e s  and  T h o r p e  [1 0 ] .

Theoretical

T he n u m erica l ev a lua tion  o f c h a ra c te ris tic  p a ram e te rs  V*, T* and  P* 
and  reduced  p a ra m e te r  V, T  an d  P  fo r each  of th e  p u re  com ponents an d  
corresponding  p a ra m e te rs  as well as seg m en t frac tions (Ф1 an d  Ф2), s ite  
frac tio n  (62) an d  red u ced  excess vo lum e (V е ) of th e  m ix tu re  were m ad e  
according to  th e  p ro ced u re  a d o p ted  b y  F l o r y  [11, 12]. E x p e rim en ta l excess 
volum es w ere used  in  th e  p resen t in v e s tig a tio n  to  ca lcu la te  energy  p a ra m e te r

Acta Chim. Acad. Sei. Hung. 96, 1978



14 PANDEY, MISHRA: APPLICATION OF FLORY’S THEORY

R esults an d  discussion

V alues of ch a rac te ris tic  p a ra m e te rs  are  lis ted  in  T ab le  I .  H ere  an d  
th ro u g h o u t th is  p ap e r, m ole frac tions are  th o se  of th e  f ir s t  nam ed  co m p o n en t 
o f  each  system . T he ab b rev ia tio n s  P , T  a n d  C respective ly  deno te  p ip e rid in e , 
te tra h y d ro p y ra n e  an d  cyclohexane.

Table I

Parameters fo r  the pure liquids

T °K
V

c c.
m ol-1

x-pXlO0
a tm -1

ocX 103 
deg-1

у (ealed.) 
Cal C C -1

d e g -1
V

V*
C.C. m o l-1

T*
°K

P *
Cal C C -1

293 98.86 79.8 1.055
Piperidine

0.320 1.2554 78.7478 5037.8 147.7
313 100.98 91.8 1.077 0.284 1.2653 78.8071 5250.0 142.3

293 97.44 93.4 1.123
T  etrahydropyrane 

0.292 1.2695 76.7546 4864.7 137.8

313 99.69 108.1 1.155 0.258 1.2896 77.3030 4965.0 134.3

293 108.08 111.6 1.224
Cyclohexane

0.265 1.2875 83.9456 4669.3 128.7
313 110.79 130.4 1.254 0.232 1.3100 84.5725 4772.0 124.6

Acta Chim. Acad. Sei. Hung. 96, 1978

X 12. T h e  excess fu n c tio n s  were ca lc u la ted  using  th e  follow ing e q u a tio n s:

E x cess  th e rm a l p ressu re  coefficient w as ca lcu la ted  using  th e  re la tio n :

T h e  ca lcu la ted  th e rm a l pressu re  coeffic ien t y  w as o b ta in ed  from  P* fo r  th e  
so lu tio n , as given b y  th e  equa tion :
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The excess volume

The F ^ alcd ) are  su b jec t to  v it ia tio n  b y  errors in  T* an d  P* for th e  
p u re  com ponen ts. T he fo rm er p a ra m e te r  depends on th e  th e rm a l expansion  
coeffic ien t a , th e  la t te r  is m ain ly  dete rm in ed  b y  th e  th e rm a l pressure coef­
fic ien t y.

A ccord ing  to  th e  re la tio n sh ip  g iven b y  F l o r y  [1 1 ] , th e  effect on VEalcd  ̂
o f an  e rro r in  a 2 is ap p ro x im a te ly  p ro p o rtio n a l to  (P *— P Ï )  x  (P *4~ P *)_1 
an d  sen sitiv ity  o f V е to  y2 is p ro p o rtio n a l to  th e  d ifference (T2 —  2 \) .  B ecause 
th e  co m p ara tiv e ly  large  difference betw een  th e  th e rm a l expansion  coefficients 
an d  less d ifference betw een  th e  th e rm a l p ressu re  coeffic ien ts , th e  effect on 
Ffcaicd.) an  e rro r in  у  is la rger th a n  th e  effect of an  erro r in  a , in  th e  p resen t 
system s u n d e r  in v es tig a tio n . A n ex am in a tio n  of T ab le  I I  show s th a t  V Exptl) 
are in  good ag reem en t in  sign b u t  n o t in  m ag n itu d e  w ith  F l o r y ’s value . 
T he low er v alue  o f V Ealcd  ̂ is due to  m ak ing  th e  ap p ro x im a tio n  th a t  P* =  P* 
and  в2 X 12 ^  0 in  E q . (5), so th a t  T  is given b y  T  — +  Ф2Т 2.

The excess enthalpy and excess entropy

T heoretical va lues of H E have  been  ca lcu la ted  using X 12 values derived  
from  ex p e rim en ta l excess vo lum e [11, 12] an d  are  show n in  T ab le  I I .  L argest 
d isc repancy  is seen in  th e  system  P -C . A greem ent on th e  w hole is qu ite  
sa tis fa c to ry  w ith in  th e  lim its  of e rro r. A n ex am in a tio n  o f T ab le  I I  shows 
th a t  th e  ‘eq u a tio n  o f  s ta te ’ co n trib u tio n  of H E is p ositive  fo r all th e  system s 
u n d e r in v e s tig a tio n . T h is co n trib u tio n  depends [12, 14] n o t on ly  on th e  re ­
duced  vo lu m e of th e  m ix tu re  and , therefo re , on th e  excess vo lum e b u t  also 
on th e  d ifference be tw een  reduced  volum es V 1 an d  V2 o f th e  p u re  com ponents. 
T he ‘c o n ta c t in te ra c tio n  te rm ’ x 102 V f  X 12j2 V  is d o m in an t, th e re b y  rendering  
th e  en th a lp y  of m ix in g  positive. T he positive H E va lues of th e  system s 
u n d e r in v e s tig a tio n  suggest th a t  th e  system s are fo rm ed  endo therm ally .
H <fxPti.) fo r P ~C is g rea te r  th a n  th a t  fo r P - T  show ing th a t  N — H --------- — О
h y d ro g en  bon d s fo rm ed  in  th e  second system s are  w eaker th a n  th e  N — H
------------ N  bonds solely p re sen t in  th e  f irs t. -Healed.) va lues also show th e
sam e tre n d . T S E va lu es  are  all positive  fo r th e  system s u n d e r  in v estig a tio n .

The excess isotherm al compressibility and the excess thermal 
pressure coefficient

Excess iso th e rm a l com pressib ilities h av e  been  ca lcu la ted  using X 12 
values ev a lu a ted  from  ex p erim en ta l excess vo lum e [10] an d  exp erim en ta l 
excess e n th a lp y  [13]. xE, using  X 12 va lues ev a lu a ted  from  H E could n o t be
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Table II

Cemparison o f calculated and observed excess quantities

Systems
Mole

fraction

X 12 Cal. cc. 
evaluated 

usin<r expt. F “
V  ealed.

Eq. of state  
contribution 
to  HE cal. 

m ol-1

HE cal по!~’ Vе cc m ol-1 T S E cal 
m ol-1 
cald.

20 °c 40 °C 20 °C 40 °C

20 °C 40 °C 20 °C 40 °C 20 °C 40 °C Cald. E xpt. Cald. E xpt. Cald. E xpt. Cald. E xpt. 20 °C 40 °C

P -T 0.1990 4.70 5.50 1.2685 1.2865 13.5 14.1 59.7 56.9 47.3 47.0 0.02 0.14 0.02 0.15 14.4 11.2
0.3516 3.61 1.86 1.2670 1.2835 19.4 20.3 82.4 85.8 40.1 69.0 0.01 0.20 0.02 0.21 20.1 8.7
0.5072 1.89 2.32 1.2650 1.2799 21.6 22.5 69.3 94.2 58.2 79.6 0.02 0.22 0.01 0.23 15.9 12.9
0.6732 2.84 5.59 1.2625 1.2758 19.8 21.6 115.0 80.4 136.3 67.1 0.58 0.20 0.01 0.22 27.5 33.0
0.8252 1.24 2.22 1.2597 1.2714 14.9 15.6 65.9 48.5 71.6 71.3 0.33 0.15 0.02 0.16 14.3 16.3

P-C 0.2090 2.78 9.14 1.2833 1.3034 19.3 23.0 48.7 190.2 81.6 — 0.01 0.18 0.15 0.20 10.5 19.0
0.3078 4.05 12.17 1.2789 1.2970 23.1 12.2 74.3 241.7 127.5 — 0.01 0.25 0.000 0.28 8.1 23.2
0.5088 3.09 7.46 1.2747 1.2914 30.3 35.5 127.8 254.6 153.0 — 0.01 0.25 0.003 0.29 23.6 34.1
0.6478 2.83 3.56 1.2698 1.2848 26.8 32.8 117.6 200.0 104.6 — 0.11 0.21 0.007 0.26 25.5 14.0
0.8322 1.92 1.80 1.2622 1.2746 13.0 17.4 92.5 139.5 64.5 — 0.08 0.09 0.001 0.12 20.8 12.5

T-C 0.2548 3.44 19.42 1.2855 1.3123 16.6 46.4 56.2 108.8 188.0 — 0.02 0.19 0.00 0.60 13.6 51.9
0.4833 2.80 15.49 1.2819 1.3112 20.2 74.4 81.6 140.2 289.6 — 0.008 0.22 0.01 0.94 19.9 78.8
0.5236 2.25 10.77 1.2812 1.3104 20.3 68.0 73.8 138.7 280.8 — 0.006 0.22 0.02 0.86 17.0 73.1
0.7383 1.75 5.23 1.2763 1.3043 14.0 58.0 72.7 98.4 169.7 — 0.022 0.14 0.008 0.71 17.2 45.2
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Table III

Comparison o f  calculated and observed excess isothermal compressibility

System
Mole

fraction

XEXl0e a tm - 1

_Y-®X10S 
calcd. Cal cc 1 

deg 1

s 20 °C 40 C°

Calcd.
using

X 12from
expt.yE

Calcd.
using
X 12

from
expt.

HE

E xp t.
Calcd. using 

x12 from 
expt. Vе

Calcd. using 
X12 from 
exp t. H E

E xpt.

20 °C 40 °C

P - T 0.1990 1.5 0.6 0.6 0.7 0.7 0.5 0.245 0.185
0.3516 1.55 0.9 0.8 0.1 0.2 0.7 0.340 0.176
0.5072 1.6 1.8 0.9 0.2 0.4 0.7 0.299 0.239
0.6732 2.4 2.1 0.8 1.1 0.3 0.7 0.454 0.486
0.8252 1.1 1.4 0.4 — 1.1 — 1.4 0.4 0.272 0.266

P - C 0.2090 0.3 0.8 0.3 0.8 — 0.6 0.283 0.367
0.3078 1.3 2.0 0.6 2.5 — 0.5 0.137 0.334
0.5088 1.1 1.0 0.5 0.56 — 0.5 0.549 0.651
0.6478 1.3 1.1 0.4 — 2.0 — 0.3 0.569 0.497
0.8322 1.0 0.8 0.1 — 2.7 — 0.0 0.414 0.302

01Еч 0.2548 1.7 1.7 1.4 8.9 — 2.1 0.283 0.737
0.4833 2.4 2.2 2.1 13.3 — 2.6 0.399 0.115
0.5236 2.1 2.1 2.0 10.4 — 2.7 0.375 0.962
0.7383 1.9 1.5 1.6 7.4 — 2.2 0.351 0.752

calcu la ted  for P-C  a n d  T—C a t 40 °C due to  u n a v a ila b ili ty  of exp erim en ta l 
H E a t  th is  te m p e ra tu re . T he tw o se ts  o f th e  th e o re tic a l x E values show n 
in T ab le  I I I  are in  good agreem ent w ith  each o th e r as w ell as w ith  ^-f(expti ) 
This ag reem ent in d ica tes  t h a t  th e re  is no  esssen tia l d ifference betw een  th e  
tw o  procedures of e v a lu a tio n  of X 12. W h en  th e re  is an  increase  in  th e  vo lum e 
due to  m ixing, th e  so lu tio n  can be com pressed  to  a g re a te r  e x te n t lead ing  
to  an  increase in th e  com pressib ility  o f  th e  m ix tu re  i.e. V e and  xE shou ld  
be of th e  sam e sign. R e su lts  p resen ted  in  Tables I I  a n d  I I I  show  th a t  like 
ex p erim en ta l Ve an d  x E , th eo re tica l V e and  xE also h av e  th e  sam e sign 
in  all th e  system s u n d e r  in v es tig a tio n  w ith  th e  ex cep tio n  o f P—T  an d  P -C  
a t  40 °C w hen th e  m ole frac tio n  of p ip erid ine  is %  =  0.8252 and  0.8322, 
respective ly . This m ay  b e  a ttr ib u te d  to  th e  p red o m in an cy  of th e  errors 
effective in  th e  c o m p u ta tio n  of P* va lu es  for th is  se t. A p e ru sa l o f T able  I I I  
shows th a t  xf(expti j v a lu es  fo r th e  sy stem s u n d er in v e s tig a tio n  are in  th e  
o rd er P -C  <C P -T  <d T—C, a t  th e  sam e te m p e ra tu re  a n d  corresponding  m ole 
frac tions, th is  tren d  is also observed in  ^ ( calcd ) v a lu es . T he g rea te r th e  
hyd ro g en  bonding, th e  sm alle r is th e  in te rm o lecu la r spacing , an d  hence lesser 
is th e  e x te n t to  w hich i t  c a n  be com pressed . T hus N — H  —- —  —  0  hydrogen
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b o n d s  form ed in  th e  P —T  sy s tem  are  w eaker th a n  N —H ------- - —  N  bonds
so lely  p re sen t in  th e  P -C  sy stem . N u clear m agnetic  resonance  sp ec tra  h av e  
p ro v id e d  evidence fo r th e  fo rm a tio n  o f th e se  hydrogen  bonds. I n  th e  system s 
P - T  a n d  T-C , ^T(expti ) v a r ies sy m m etrica lly  w ith  th e  co m position  of th e  
m ix tu re  b u t  th e  v a r ia tio n  o f * f (e x p tl .)  is u n sy m m etrica l in  th e  case o f P-C, 
th e  m ax im u m  being d isp laced  to w ard s  low er p iperid ine co n cen tra tio n s . The 
sam e  sequence is o b serv ed  in  ^(caicd.)

E xcess th e rm a l p ressu re  coeffic ien ts fo r th e  system s u n d e r  in v es tig a ­
t io n  are  negative a t  b o th  te m p e ra tu re s . T he th e o ry  fails to  p re d ic t y E =  y E (x). 
H o w ev er, in  view  o f th e  in accu racy  in  th e  values of P* a n d  a , i t  is d ifficu lt 
to  o ffer an y  specific co m m en ts  on th is  aspect.

*

The authors are grateful to Prof. R . D. T e w a r i for providing electronic calculating 
m achine.
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Electronic spectral studies of some less common transition  m etal complexes 
w ith four ketoanil ligands have been carried ou t in conjugation w ith  ligand field 
theory  for d—d and  charge transfer transitions. Low spin octahedral stereochem istry 
established spectroscopically was verified m agnetically. A bnorm al param agnetic 
behaviour exhibited  by R h (II I) , I r (III )  and Pt(IY ) complexes has been accounted 
for second order Zeeman effect. Infrared  spectral studies were employed, to  investigate 
sites of co-ordination in ligands, and to elucidate complex structures. E lectron repelling 
tendency of pa ra -substitu ted  groups of ligands has been found to  exert direct influence 
on complex s tab ility . S tability orders of the complexes (ligand or m etal wise) have 
also been established and have been substantiated  by 10 Dq values.

Introduction

S everal a t te m p ts  [1— 8] have  been  m ade d u ring  la s t decade to  in v e s ti­
ga te  e lectron ic  sp e c tra  o f  p la tin u m  m eta l ions invo lv ing  d 5 a n d  d6 co n fig u ra tio n s  
u n d e r  th e  in fluence o f  oc tah ed ra lly  a rran g ed  ligands o f d iffe ren t fie ld  s tren g th s , 
b u t  references [9— 14] on these  con figu ra tions u n d e r th e  p e r tu rb in g  fie lds 
o f k e to a n il ligands a re  scan ty  an d  h a rd ly  an y  a t te m p t [11] has been m ade 
so fa r  to  in v es tig a te  k e to a n il-R u (I I I )  com plex. T he p re se n t com m unica tion  
in  co n tin u a tio n  to  o u r  prev ious w ork  describes q u a n tita tiv e ly  in  co n ju g a tio n  
w ith ligand  fie ld  th e o ry  th e  e lectron ic  sp ec tra l an d  m ag n e tic  fea tu re s  o f 
some p la tin u m  m e ta l ions, viz. R u ( I I I ) ,  R h (I I I ) ,  I r ( I I I )  an d  P t(IY ) com plexed 
w ith  fo u r k e to an il lig an d s (a b b re v ia ted  as A , B , C a n d  D). U n usua l p a ra ­
m ag n e tic  b eh av io u r o f  R h (I I I ) ,  I r ( I I I )  an d  P t(IY ) com plexes e stab lished  
m ag n etica lly  and  v e rif ied  spectroscop ica lly  has been ex p la in ed  in  te rm s of 
second o rd er Zeem an effec t. In fra re d  sp ec tra l stud ies of com plexes an d  ligands 
have  also been ca rried  o u t in  o rd er to  e lucidate  th e ir  s tru c tu re s , to  m ark  
th e  sites o f co -o rd in a tio n  an d  to  e s tab lish  th e ir  s ta b ility  sequence an d  its  
s u b s ta n tia tio n  b y  e lec tro n ic  sp ec tra l re su lts .

A =  p -D im e th y lam in o an il o f p h en y l g lyoxal 
В =  p -D ie th y la m in o a n il of p h en y l g lyoxal 
C =  p -B ro m o an il o f p h en y l g lyoxal 
D =  p -Io d o an il o f  ph en y l g lyoxal

* Postal address: R . K . U p a d h y a y , 57, C hhatta S treet, K hurja , 203131, India.
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Table I g
Electronic spectral and magnetic characteristics

Complex Bands Assignments 10D9
(mm-1)

Racah’s L.b.S.E.
(K/Cal.
mol-1)

Meff
B.M.

Nitrogt n (%) Metal (%)
cm 1 Parameters Calc. Found Calc. Found

R uA2C13 13333
17699
18182
21505
23529
25000
31250
40000

2T  4T

-*■ A , g
-
-  2 2E S
-  2 2T ,g

L -  M  
Charge transfer

27833.25 В =  545.75 
C =  2183.00

73.286 1.62 7.94 7.78 14.33 14.18

RuD,C13 12987
16529
18182
21053
24691
26667
32258
40816

2r* c  Z *
-  M ,
-
-  2 *E„

2 2T “ 1 ig

L  — M
Charge transfer

22580.25 В =  442.75 
C =  1771.00

59.454 1.72 3.60 3.49 12.99 12.82

RhA2Cl3 13514
20408
23121
31250
41667

1Ач  -  :'7'-g6 . 371 6 
1. IT 1 lg IT
1 ?*1T— a.

L  M
Charge transfer 

7l-*-6p 
1 4 , 3T ^la 1 la IT’ *

-  «, 4 «
L -  Af 
Charge transfer

7 r -e g

27924.50 В =  508.06 
C =  4803.5

74.450 0.48
(0.43)

7.91 7.77 14.53 14.42

IrA2Cl3 18692
25000
26315
32258
37736

28154.00 В =  453.62 
C =  3154.00

114.49 0.36
(0.42)

7.02 6.92 24.10 24.00
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ir i)2a

PtACl

PtBCl4

PtDCl

PtECl

14925
20408
25641
27027
34482
40000

19231
22222
25974
33333
38462

19044 
22727 
25641 
32787 
38462

18868
25316
32258
40000

17544
19231
23392
27778
30075
40000

1 Л —.  ЛТ
■ ^ l p  1  lg  

6  . ITT6
'1

-  'Г
-  о,

1 1 и
L  -* М  \ п -
Charge transfer J а -

23150.00

3Т

1 T
1  9.ú

ITJ 11
L -  Ai 
Charge transfer

\ л  . я т 
lg 3 ТЧ

. 1 т  11 т* 2)7
-  a .  S |ï ' i u

L  —■ М
Charge transfer 

я-*еа
'А Ч 3Г,,4

„Ч
IT1  If

^  1?«
—>• а,

L — М
Charge transfer

я-*е„
3Г,
3Г.,'g

'7 ’

В
с

29345.50 В
С

28939.70 пВ
С

28540.00

26316.00

пВ
С

пВ
С

Values in parentheses are calculated spectroscopically

413.69
2741.50

90.17 0.37
(0.47)

3.22 3.12 22.12

459.94
3372.50

117.59 0.36
(0.41)

4.77 4.68 33.27

446.63
3298.70

116.66 0.37
(0.42)

4.55 4.41 31.75

433.87
3224.00

115.81 0.40
(0.42)

2.25 2.18 31.16

417.69
2924.00

107.65 0.43
(0.44)

2.09 1.98 29.15

22.02

33.12

31.63

31.28

29.00
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2 2 UPADHYAY, SINGHAL: STUDIES IN THE CHELATES

Experim ental

Preparation of ligands and complexes

All the ligands and  complexes under study were prepared and purified following the 
m ethods reported [15, 16] earlier. Chemicals used in  these preparations were B. H. D. or J . M. 
(L ondon) products.

Table II

Infrared frequencies with their tentative assignments

Ligand
A RuA2C13 RhA2Cl3 IrAgClg PtACl, LigandВ PtBCl4

1748m 1668s, sh 1660m, sh 1625s 1620m, b 1738s 1622s
1680s 1622s 1612s 1590s 1590m 1668s, b 1590s
1618s — — — — 1618s —

1588s — — 1568s — — 1553s
1558s, sh 1556s, sh 1550m — 1558m, sh — —

1528s 1523s 1520s 1528s 1518m 1523s 1518s
820 s 810s 812s 808s 804s 817s 802s,

552m b 560m, b 560m, b 622m, b _ 582s
— 330m 334s 334m 342s — 330 m
— 277m 265m 272m 274m — 277m

Ligand R uD2C13 irlXCl,, PtDC.l,
Ligand

E
1

PtECl, Assignment

1684s 1628s, b 1622s, b 1618m
I

1635s 1598m, b C =  0  str.
1648s 1608b 1606s 1604s 1600s 1563m C =  N  str.
1603s 1588s — — — —

— 1568m 1548s 1563s — — С =  C str.
— 1553m — — — —

— 1498s 1518s — — —

817s 810m 810m 812s 817m, sh 812m, sh C— H  bending ad ­
jacen t H  atom s 
+  1 : 4 disubsti­
tu tion

— 487w 487m 492s — 484s M— N  str.
— 317m 317s 322s — 322m M —  Cl str.
— 277m 277s, b 277m, — 277m M —  0  str.

Physical measurements and analyses:

Infrared spectra of ligands and their complexes were recorded in the range of 200 cm -1 
to  4000 cm -1 in N ujol m ull using CsF optics on a P erk in  Elmer-621 spectrophotom eter. P rinci­
p a l infrared frequencies w ith  their ten tative assignm ents are noted in Table II . Electronic spec­
tr a l  measurements were m ade on Beckman DU-2 spectrophotom eter on acetonitrile solutions 
o f complexes in the 200—800 nm range in 5 nm  steps. Magnetic measurem ents on the pu lver­
ized complexes were perform ed on a Gouy’ balance. The results are compiled in Table I.

Results and discussion

The m ag n etic  m om ents (1.62 В .M. a n d  1.72 В. M.) of R u (I I I )  com plexes 
a t  room  te m p e ra tu re  are qu ite  n ea r to  sp in -on ly  value 1.73 В. M. Low  e x p e r ­
im e n ta l  values m a y  be  accoun ted  fo r h ig h  sp in -o rb it coupling. T hese re su lts
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show  th e  p resence of only one u n p a ire d  e lec tro n  an d  dev ia tio n  from  th e  
H u n d ’s ru le  o f m ax im um  m u ltip lic ity  in  R u ( I I I )  ion  com plexes in  u n d e r  
s tu d y . R u (I I I )  com plexes of sim ilar m ag n etic  b e h a v io u r  generally  fo rm  low  
spin o c tah ed ra l s te reochem istry  in v o lv in g  d 2sp3 h y b rid iza tio n .

A perusa l o f electronic sp ec tra l re p o rts  on R u ( I I I )  com plexes reveals  
th a t  on acco u n t o f s tro n g  charge tra n s fe r  h an d s  sp read in g  over a w ide range  
o f w ave len g th  b an d s  corresponding  to  d -d  tra n s itio n s  h av e  been d ifficu lt 
to  id en tify . A n o th e r d ifficu lty  experienced  in  th e  assig n m en t o f d -d  ty p e  
tran s itio n s  has arisen  owing to  th e ir  in te rm ix in g  as th e y  ap p ea red  w ith in  
a re la tiv e ly  n a rro w  range of energy . A ltho u g h  th e  T a n a b e  an d  S u g a n o  
d iagram  [17] p red ic ts  e igh t tran s itio n s  from  th e  g ro u n d  s ta te  (t2g)5 to  th e  
doub le t s ta te s  o f co n figu ra tion  (t2g)4(e_)1, y e t all th e  b an d s  h av e  n o t n ecessarily  
appeared  an d  assigned in  th e  sp ec tra  o f  R u (I I I )  com plexes. In  th e  p re se n t 
com plexes e igh t b an d s  have  been observed  in  each  case w hich h av e  been  
assigned to  v a rious sp in-forb idden  an d  spin-allow ed d -d  an d  c h a rg e -tran sfe r 
tran s itio n s . T he la s t  h a n d  w ith  v e ry  h igh  ex tin c tio n  coeffic ien t an d  en erg y  
( ~  40000 c m -1 ) could  only  be assigned to  L  —► M  charge  tra n s fe r  w hile n e x t  
b ro ad  p eak  w ith  re la tiv e ly  very  low  e x tin c tio n  coeffic ien t an d  energy  cou ld  
be considered to  h av e  arisen  on acco u n t of d -d  2T.la —► 2 2T2g tra n s it io n  
coupled  w ith  L  —*■ M  charge tra n sfe r . A ll th e  rem ain in g  six  b an d s w ith  v e ry  
low ex tin c tio n  coefficients have been  assigned  to  sp in -fo rb idden  an d  spin- 
allow ed d-d  ty p e  tra n s itio n s  on th e  basis of T a n a b e  an d  S u g a n o  p red ic tio n s. 
M aking th e  use o f follow ing equa tions [18]:

4T2g- 4T lg =  8 В  
Dq/B  =  5.1 

and  C = 4  В

The values of 10 Dq, В  an d  C have  been  ca lcu la ted  an d  are  n o ted  in  T ab le  I .
A com parison  o f electronic sp e c tra  of R h (I I ) , I r ( I I I )  an d  P t(IV ) 

com plexes w ith  th o se  of isoelectron ic  (de) C o (III)  an d  R u (I I I )  o c tah ed ra l 
s trong  fie ld  com plexes shows an  ana logy  in  th e  b a n d -sp littin g  p a tte rn . This 
ind ica tes th a t  com plexes u n d er s tu d y  are  o c tah ed ra l, s tro n g  fie ld  cases. 
F u rth e r , in  th e  p re se n t com plexes lig an d  fie ld  b an d s  show  expec ted  sh ift 
a rran g em en t accord ing  to  an  increasing  n u m b e r o f tra n s it io n  series 5dn 4dn
> 3 dn (w ith  re la tiv e  values of fu n c tio n  1.75 : 1.45 : 1.00) a n d  acco rd ing  to  
increasing  o x id a tio n  num bers - | - 4 > - | - 3 > - - j - 2 ,  being  o b ta in e d  in  isoelectronic 
ions. F o u r to  six b an d s  observed in  th e  e lectron ic  sp ec tra  o f com plexes have  
been assigned on th e  com parison basis to  K 2P tC l6. A ll th e  d-d  tra n s itio n s  
have  ta k e n  place from  th e  g round te rm  1A lrr o f su b s ta te  (t2g)e to  th e  excited  
te rm s 3T lg, 3T2g, xT lg an d  1T 2g of su b s ta te  (t2g)5 (e^)1; f ir s t  tw o tra n s itio n s  are spin 
fo rb id d en  w hile rem ain in g  tw o are  spin  allow ed. Som e o f th e  ligand  fie ld
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-J
p a ra m e te rs , viz. В  an d  C (R a c a h ’s in te re lec tro n ic  repu lsion  p a ram e te rs ), 
Dq (field  s tre n g th  p a ra m e te r  o f S c h l a p p  an d  P e n n e y ) , 10  Dq (sp littin g  
energy ). L . F . S. E . e tc . have been  ca lcu la ted  fo r each  com plex  b y  em ploy ing  
th e  follow ing eq u a tio n s:

3T lg = 1 0  Dq —  3C 
1T1?=  10 D q -  C

a n d  3T 2g = 1 0  Dq +  16 В  —  C

a n d  values are n o te d  in  T ab le  I .  O ne b a n d  (unassigned) observed  in  th e  lig an d  
f ie ld  spec tra , v e ry  n e a r  to  sp in -a llow ed  b a n d  L4lg — 1T2g in  som e com plexes 
h a v e  been considered  a p a r t  o f lA lg —>- xT2g b a n d . S p littin g  o f 1A lg —>■ lT 2g 
b a n d  m ay be acco u n ted  for h igh  sp in  o rb it coupling. L a s t b a n d  w ith  v e ry  
h ig h  ex tin c tio n  coeffic ien t ap p eared  a t  ^ 4 0 0 0 0  c m -1  in v a ria b ly  in  all th e  
sp e c tra  excep t in  th e  sp ec tru m  o f th e  I r ( I I I ) - D  com plex (a t  ~ 34482 c m -1 ) 
h as  been assigned to  L  —*■ M  c h a rg e -tran sfe r  (allow ed) tra n s it io n  n —► eg 
from  1T lu g round  te rm . The n e x t h ig h e r b a n d  ap p ea rin g  a t  40000 c m -1  only  
in  I r ( I I I ) -L )  com plex  corresponds to  ct —*■ eg .

V ery  sm all va lu es  of m agnetic  m om en ts  (Table I) are  e x h ib itin g  feeble 
p a ra m a g n e tism  in  th e  R h (II I ) , I r ( I I I )  a n d  P t(IY ) com plexes u n d e r s tu d y , 
how ever, are n o t  accoun tab le  fo r th e  p resence  o f an y  free e lec tron  in  th e ir  
d -co n figu ra tion . T h u s  these  resu lts  in fe r  sp in  p a ired  d 6 o c tah ed ra l co n fig u ra tio n  
to  th e  com plexes. T he unusual m ag n e tic  b eh av io u r ve rified  spectro scop ica lly
[19] m ay  be ex p la in ed  in  te rm s o f  second o rd e r Z eem an effect.

P rin c ip a l in fra re d  frequencies w ith  th e ir  assignm ents [20— 22] for th e  
ligands and  com plexes are n o ted  in  T ab le  I I .  A p eru sa l o f in fra red  sp ec tra l 
d a ta  reveals th e  low ering in  C = 0  a n d  C = N  stre tch in g  frequencies of p a r e n t  
ligands on com plexa tion . This low ering  in d ica tes  th e  p a r tic ip a tio n  of th e se  
g roups in  co -o rd in a tio n . A p p earan ce  o f new  b an d s in  th e  sp ec tra  o f com plexes 
co rrespond ing  to  M -0  and M -N  bon d s in fer th e  sam e conclusion arriv ed  a t  
ea rlie r. The p e r tu rb a tio n , ap p earan ce  or d isappearance  o f peaks co rrespond ing  
to  C =  C (a ro m atic ) s tre tch in g  v ib ra tio n s  ev id en tly  show  th e  rea rra n g em e n t 
o r sh iftin g  o f do u b le  bonds in ligand  m olecules during  com plexation . I f  do u b le t 
b a n d  a t  ~  817 c m -1 is considered  due to  1 : 4 d isu b s titu tio n  (para  s u b s ti tu ­
tio n )  of ligands th e n  low ering in  its  va lu e  and  its  change to  sing le t w ill lead  
to  th e  change o f benzenoid  s tru c tu re s  o f ligands to  qu inono id  in  com plexes 
in v o lv in g  re a rra n g e m e n t of double bo n d s. A new  b an d  ap p ea rin g  a t  ^ 3 1 7 —  
— 342 c m -1  in  th e  com plexes has been  assigned [22] to  М-C l s tre tc h in g  
v ib ra tio n s . T h e  M -N  stre tch in g  freq u en cy  orders (m eta l an d  ligand  wise) 
su b s ta n tia te d  b y  10 Dq values c learly  show  th e  d irec t in fluence  of e lec tron  
repe lling  te n d e n c y  (falling in  id e n tic a l order) o f ligands para  su b s titu e n ts  
on th e  com plex s tab ilities .
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C onsidering th e  inferences as a rriv ed  a t  above th e  te n ta tiv e  s tru c tu re  
o f com plexes w ith  possible m echan ism  m a y  be show n as follows:

MCI,

w here M  =  R u ( I I I ) ,  R h (I I I )  or I r ( I I I )  and  X  =  N (C H 3)2, N(C2H 5)2, R r or I.
In  P t(IY ) com plexes P t(IY ) : ligand  ra tio  is 1 : 1, fo u r  chlorine atom s 

are in  th e  co -o rd in a tio n  sphere.
*

We are highly indebted  to Prof. W. U. R e h m a n , Head of the Chem istry D epartm ent, 
A. M. U niversity, A ligarh and E x. Prof. W . U. Ma l ik , H ead of the Chemistry D epartm ent, 
Roorkee University, Roorkee for providing facilities for the electronic spectral and magnetic 
m esurem ents, respectively. Thanks are also due to  o ther friends of our group who have helped 
in this work.
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A dsorption of m ethane and ethane, deuterium  exchange of m ethane, ethane, 
n-butane, and 2,2-dim ethylpropane, and the hydrogenolysis and isomerization of 
ethane, butanes and 2,2-dimethylpropane on a palladium  black cata lyst have been 
studied. D ata  on adsorption of methane and ethane suggest different adsorption forms. 
The ‘weak’ irreversible adsorption may play an im portan t role in deuterium  exchange, 
whereas the ‘strong’ interaction leads to rup tu re  of th e  C—C bond and to poisoning 
of the cata lyst. The hindrance of formation of a a  bonds is revealed not only by the 
abundance of th e  [2H 1] alkane among the in itia l products bu t also by the well-defined 
separation of deuterium  exchange and hydrogenolysis. K inetic param eters of hydro­
genolysis and isomerization as well as product distributions have been determ ined 
as a function  of tem perature  and hydrogen pressure. The results suggest th a t different 
surface in term ediates are responsible for isom erization and hydrogenolysis.

The m echan ism  o f isom erization  and  hydrogeno lysis  o f s a tu ra te d  h y d ro ­
carbons on p a llad iu m  film s [1— 4] and  blacks [5, 8 ], as well as on silica [6, 7] 
an d  a lum ina [9] su p p o rted  c a ta ly s ts  has been  ex ten s iv e ly  in v estig a ted . Com ­
prehensive stud ies [1, 2, 5] have  show n th a t  P d  is m uch  less in  isom erization  
ac tive  th a n  P t .  A n o th e r in te re s tin g  fea tu re  o f P d  c a ta ly s ts  is th e  lack  of 
isom er p ro d u c tio n  in  case o f n eo p en tan e  [1, 2, 8 ] an d  of o th e r  h y d rocarbons 
[4, 11] con ta in in g  a q u a te rn a ry  carbon  a to m . M u l l e r  an d  G a u l t  [4] has 
exp la ined  th is  phenom enon  b y  suggesting  a jr-bonded  P d  in te rm ed ia te  л(ос, ß), у 
in  bo n d  sh ift re a rra n g em e n ts  as w ell as in  th e  hydrogeno lysis of th e  С—C 
bond.

In  th is  w ork  we p re se n t re su lts  in  th e  c a ta ly tic  p ro p ertie s  of P d -b lack . 
F o r b e tte r  u n d e rs ta n d in g  o f th e  n a tu re  of ac tiv e  sites, we have  s tu d ie d  th e  
adso rp tio n  of m e th an e , e th an e  an d  th e  d e u te r iu m  exchange o f m e th an e , 
e thane , n -b u tan e  an d  n eo p en tan e . This p ap e r is also concerned  w ith  th e  h y d ro ­
genolysis o f e th an e , b u ta n e s  an d  n eopen tane , a n d  especially  w ith  th e  effect 
of hydrogen  p ressu re  on th e  se lec tiv ity  of hydrogeno lysis  an d  isom erization . 
A com parison  is m ade b e tw een  th e  ca ta ly tic  h eh av io u r of P d  an d  P t  [12, 13].

Experim ental

A dsorption of m ethane and ethane was m easured gravim etrically using a Sartorius 
vacuum  microbalance. The composition of hydrocarbons irreversibly bonded was determ ined 
by therm odesorption in a flow system  a t atm ospheric pressure. Details have been given 
elsewhere [13].
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28 SÁRKÁNY et al.: REACTIONS OF SOME ALKANES

Hydrogenolysis and deuterium  exchange were investigated in a circulation appa­
ra tu s  [12] w ith a to tal volume of 0.153 1.

D euterium  exchange and the consum ption of ‘light’ hydrocarbon were followed on 
an  A E I MS 10 C2 mass spectrom eter connected to  the circulating system  through  a fine 
capillary  leak. Procedures for na tu ra l 13C and for fragm entation patterns, as well as the 
calculation  of product d istribution  have been described [14].

Products of hydrogenolysis were separated  gas chrom atographically a t room  tem per­
a tu re  on a column 5 m in length, filled w ith 20 w/w%  squalane on Chromosorb W. Calibration 
was perform ed with m ixtures of the products.

Palladium  black ca ta ly st was prepared from  H 2PdCl6 by reduction w ith form aldehyde 
a t room  tem perature in an  alkaline medium, followed by careful washing and drying. Two 
types of catalysts were used. C atalyst I  was prepared from the freshly deposited sam ple by 
sin tering  (original surface area 14.3 m 2 g _1) w ith  repeated oxygen-hydrogen trea tm en t a t 
423 K . The surface area of th e  sample was 3—3.5 m 2 g -1 . The m ean crystallite  size, as 
m easured by X -ray diffraction, was 35 nm . C atalyst I I  was prepared from C atalyst I : some 
л-bu tane  hydrogenolysis runs were carried ou t above 573 К  during which the ac tiv ity  of 
C atalyst I  decreased. The drop in the hydrogenolysis ac tiv ity  of Catalyst I is about one order 
in m agnitude. The surface area of the sam ple and the mean crystallite size rem ained practically 
the sam e as before.

Results

Adsorption

A dsorp tion  of m e th an e  an d  e th an e  on p resin te red  P d -b lack  w as in v e s ti­
g a te d  in the  te m p e ra tu re  range o f 196— 533 К  via ad so rp tio n  iso therm s 
a n d  isobars. T em p era tu re  dependence o f th e  am o u n t o f to ta l  an d  irreversib le  
a d so rp tio n  a t a p ressu re  of 26.67 k N m ~ 2 is p resen ted  in  Fig. 1.

In  th e  te m p e ra tu re  range b e tw een  196 and  473 K , w here reversib le  
a n d  irreversib le  ad so rp tio n  can be sep ara ted , adso rp tio n  iso th e rm s were 
reco rd ed . F rom  th e  iso th e rm s, iso steric  h ea ts  and  th e  e n tro p y  o f ad so rp tio n  
w ere determ ined . T y p ica l resu lts  are  show n in T able I ,  w hich inc ludes also 
th e  surface area occupied  b y  an  adso rbed  m olecule, as ca lcu la ted  from  
Vm,Hc/^m,Ns (B ET). I t  should  be em phasized  th a t  th e  values in  T ab le  I  were 
c a lc u la ted  for a ‘p o isoned ’ surface (w eigh t o f th e  am o u n t ad so rbed  irrev ersib ly , 
Y - ev- is in  p aren thesis), w here th e  m o st ac tiv e  s ite s  are occupied b y  su b stra te s  
b o n d e d  irreversib ly .

Irreversib le  ad so rp tio n  of C H 4 and  C2H 6 tak es  p lace above 359 and 
295 K , respecitvely . T h e  am o u n t o f e th a n e  bonded  irrev e rsib ly  w as m easured  
in  a hydrogen  flow  a t  a tm ospheric  pressure e ith er a t  th e  te m p e ra tu re  of 
a d so rp tio n  or using tem p e ra tu re -p ro g ra m m e d  hea tin g . T he e th a n e  re ta in ed  
irrev e rs ib ly  can be rem oved  in  orig inal form  b y  hydrogen  t r e a tm e n t  a t  the 
te m p e ra tu re s  of chem iso rp tion  betw een  196-—453 K . A bove 453 K , p a r t  of 
th e  e th an e  chem isorbed leaves th e  su rface in  th e  form  of m e th an e . R esults 
a re  show n in Fig. 1. T yp ica l ru n s fo r th e  tem p era tu re -p ro g ram m ed  desorp tion  
o f  chem isorbed  e th an e  are p re sen ted  in  Fig. 2.
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Fig. 1. Tem perature dependence of m ethane and ethane adsorption a t  26.6 kN m -2  (CH4 : 
: D -to ta l, ^ -irreversib le  adsorption; C2H 6 : о -to tal, ®-irreversible adsorption; ■  — percen t­
age of desorbed ethane  formed from irreversib ly  adsorbed ethane in  hydrogen flow a t  the

tem peratu re  of adsorption)

Fig. 2. Thermodesorption of irreversibly bonded  ethane in H2, (a) —  adsorption a t 423 К  
(93% is removed as e thane  a t the tem peratu re  of adsorption) Q  — C2H B, 3  — CH4; (b) adsorp­
tion  a t  458 К  (74% is rem oved as e thane  a t  458 К ) о — C2HG, ® — Ch4; (c) adsorption a t 
493 К  (49% is removed as C2H6, 39% as CH4 a t 493 K) ■  — C2H 6, □  — CH4. H eating ra te  

ou 10° m in-1 ; flow  ra te  of H 2 ou 10 ml m in-1

Table I
Data on adsorption o f  ( 11 i and C2H e on Pd-black

сн4 ОД,

Isotherm F F
— Л н а (k.l m ol-1) 194— 273 К — 17.9
( 0 rev =  0.05) 273—423 К 32.5 51.3
Surface area/ 194— 273 К 18.2 23.1
adsorbed molecule 273— 333 К 24.1(1.9)* 38.5(3.2)
10-20 (m2) 333— 393 К 36.2(8.6) 64.1(8.8)
- d S d m o l - ' K - 1) 333—410 К — 100.3

F  — Freundlich
* W eight of the irreversibly adsorbed su b stra te  (10® gm-2)
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Exchange

E x p e rim en ta l re su lts  on d e u te riu m  exchange o f m ethane , e th an e , 
p ro p a n e , n -b u tan e  a n d  n eo p en tan e  a re  sum m arized  in  T ab les I I  and  I I I .  
A rrh en iu s  p a ram ete rs  w ere de term ined  from  th e  te m p e ra tu re  dependence of 
th e  in itia l ra te  o f co n su m p tio n  of ‘l ig h t’ h y d ro ca rb o n s  (— wd ) in  th e  te m ­
p e ra tu re  range b e tw een  333 an d  443 К  u sin g  10 :1 d eu te riu m  to  hyd rocarbon  
m ix tu re s  unless o therw ise  s ta ted .

D eu terium  exchange of m ethane an d  n eo p en tan e  can  be sa tisfac to rily  
described  b y  th e  stepw ise  exchange o f h y d ro g en  a tom s in  agreem ent w ith  
K e m b a l l ’s [15] an d  M cK e e  and  N o r t o n ’s [16] re su lts . A t 438 К  th e  ra tio  o f 
single to  m u ltip le  exch an g e  is 20.9 an d  18.8 for m e th a n e  an d  n eo p en tan e , 
re sp ec tiv e ly . The a p p a re n t  ac tiv a tio n  energ ies o f th e  fo rm a tio n  of m u ltip le  
d e u te ra te d  isom ers m e th a n e -d 4, n eo p en tan e-d 3 a n d  -d4 are 1 8 2 ^ 2 5  and  1 7 6 ^ 3 0  
k J  m o l-1 , respective ly .

In  th e  case o f e th a n e  and  p ro p an e , a m ax im um  ap p ears  a t d4 an d  d2 
isom ers, b u t  w ith  ris in g  te m p e ra tu re , th e  d is tr ib u tio n  is sh ifted to w ard s 
e th a n e -d 6 an d  p ro p an e -d 8. In  th e  te m p e ra tu re  range o f  338— 393 К  m u ltip ly  
d e u te ra te d  isom ers p re v a il in  th e  d eu te riu m  d is tr ib u tio n  p a tte rn  of n -b u tan e .

Hydrogenolysis and isomerization

H ydrogenolysis o f  e thane , b u ta n e s  an d  n eo p en tan e  was in v es tig a ted  
ab o v e  513 K . T he lo g a rith m  of the  in itia l ra te  of hydrogeno lysis as a fu n c tio n  
o f th e  hydrogen  p ressu re  is p lo tted  in  F ig . 3 for 5 5 8 ± 3  K . The h y d ro g en  
p ressu res a t  w hich hydrogenolysis a n d  isom er fo rm a tio n  show m ax im a , 
a long  w ith  th e  k in e tic  o rder in  h y d ro g en  before a n d  a f te r  the  m ax im um  
ra te ,  are  collected in  T ab le  IV.

Fig. 3. R ate  of hydrogenolysis as a function of hydrogen pressure a t 558;: 3 К ; p (hydrocar­
bon) =  1.33 kN m -  2, X — ethane, ф  — neopentane, □  — i-butane, О  — n-butane
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Table II
Data on deuterium exchange o f ethane, propane and n-butane on palladium black

lg  A(molecules 
m ~ 2 s -1)

E
(kJ m ol-1)

T
(K)

In itia l per cent distribution
M

<h d„ d. d. ds d. d, d . d9 d,„

360 42.3 32.1 4.3 8.1 7.4 5.8 2.23
C2He 24.97 71 395 30.7 35.46 8.0 10.2 8.0 7.5 2.51

428 22.7 21.0 7.8 7.2 18.2 23.1 3.46
356 28.2 24.3 2.1 2.0 3.7 4.8 16.6 18.3 4.00

C,H8 23.81 58 380 10.6 18.6 1.5 8.1 1.1 1.5 21.5 36.6 5.42
399 8.2 7.8 0.2 6.4 5.3 12.1 24.6 35.4 6.04
341 3.0 3.4 0.8 2.1 0.3 4.1 10.2 18.3 24.2 33.6 8.18

n-C4H 10 23.88 54 355 1.7 2.5 2.1 3.4 2.9 5.1 7.6 15.8 26.0 32.47 8.10
370 2.1 1.3 0.2 0.3 1.1 2.0 8.5 18.5 28.2 37.8 8.63

C2HB** 24.42 70 399 38.31 27.2 13.6 14.1 4.0 2.8 2.26
C3H8** 23.52 58 380 34.3 28.6 12.1 3.2 4.3 7.2 6.2 3.9 2.81

Arrhenius param eters were measured in the tem perature range 333—443 К  using a m ixture of 1.33 kN m - 2 hydrocarbon and 13.3 kN m -  2 
deuterium

** Exchange on catalyst II
Table III

Results on deuterium exchange o f methane and neopentane

I g A  ( m o l e c u l e s
m  — 2 s - 1 )

E
(kJ m o l - 1 )

T

(K)
I n i t i a l  p e r  c e n t  d i s t r i b u t i o n

d o d, d , d 3 d . d 5 de d , d . d .

CH4 27.60 i n 438 obs. 84.12 10.31 1.32 0.17 0.21
Ф =  14.32 calc. 86.43 12.83 0.71 0.02 0.00
456 obs. 81.86 17.12 0.96 0.06 0.00
Ф =  19.21 calc. 82.13 16.57 1.25 0.04 0.00
485 obs. 80.96 15.88 2.03 0.50 0.63
Ф =  23.97 calc. 78.09 19.91 1.90 0.08 0.00

neo-(J5H 12* 24.98 85 435 obs. 88.77 10.00 0.84 0.13 0.26 — — — — —

Ф =  13.11 calc. 87.62 11.65 0.68 0.02 0.00 0.00 0.00 0.00 0.00 0.00
460 obs. 92.55 6.82 0.37 0.23 0.03 — — — — —

Ф =  8.36 calc. 91.94 7.75 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00
480 obs. 73.25 21.30 4.36 1.01 0.08 — — — — —

Ф =  33.37 calc. 71.35 24.53 3.75 0.33 0.02 0.00 0.00 0.00 0.00 0.00

Arrhenius param eters were determined from the initial consumption of “ light”  hydrocarbon (1.33 kN m ~2 hydrocarbon, 13.3 k N m -2 
deuterium )

* Deuterium distribution in C4II9’ fragment
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Table IV

K inetic data on hydrogenolysis and isomerization

HC T(K) pmax (kNm-2) a b lg A(moi 
m—2 s-1) E(kJmol-i)

C2H„ 558 2 .6 - 4 — 2.4 + 0 .2 34.72 222

606 6 - 8 — 2.0 +  0.35

neo—C_H12 558 A 8 - 1 1 — 1.5 0.67 35.46 224

В 57 — 0.1 0.98 — —
585 A 14.6— 20 — 1.35 1.1

В 73 — 1.35

i-C4H 10 537 A 1 0 - 1 5 -  1.6 0.97 30.23 162

В 16— 20 — 1.5 1.11 28.20
_ __d 
1d2

558 A 1 8 - 2 4 — 1.6 1.35

В 27— 33 — 1.5 1.63

589 A 3 1 - 3 6 — 1.1 1.63

В 4 5 - 5 1 — 0.6 2.35

A 31.26 163

n - C4H 10 537 A 1 8 - 2 3 — 1.63 1.12 29.60 155

В 3 2 - 3 5 — 1.41 1.20 27.54 143

558 A 24— 28 — 1.45 1.45

В 35— 40 — 1.2 1.51

589 A 44— 47 — 0.8 1.63

В 54.5— 57 -  0.9 2.18

" - c ,H c0 A 29.40 144

A — hydrogenolysis; В — isomerization; c — experim ents on Catalyst I; d — Arrhenius plots 
bend down; a and b are th e  reaction orders in hydrogen after (a) and before (b) the maximum 
ra te  of reaction

T he m ax im um  r a te  of hydrogenolysis is sh ifted  to w ard s h igher hyd rogen  
p ressures w ith  in c rea s in g  carbon chain  le n g th  (com pare e thane  an d  n -b u tan e ) 
a n d  w ith  decreasing  b ran ch in g  (see n e o p e n ta n e , iso b u tan e , n -b u tan e). A n 
opposite  tre n d  is o b serv ed  for th e  m ax im a  o f isom er fo rm ation . A t h ig h er 
te m p e ra tu re s  th e  m ax im u m  ra te s  o f hydrogeno lysis an d  isom eriza tion  are 
sh ifted  tow ards h ig h e r pressures o f h y d ro g en . T he sam e phenom enon  has 
been  observed fo r tran sfo rm a tio n s  o f s a tu ra te d  hydrocarbons ca ta ly zed  b y  
p la tin u m  [12, 17].

The se lec tiv ity  as a function  o f  hyd ro g en  p ressu re  and  te m p e ra tu re  
can  be seen in  F igs 4 an d  5 and  in  T ab le  У  fo r n -b u ta n e , iso b u tan e  an d  n eo ­
p e n ta n e , resp ec tiv e ly .
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Fig. 4. Selectivity of hydrogenolysis of 2-m ethylpropane as a function  of hydrogen pressure. 
P HC=  1.33 kN m ~ 2; a t  538 К  И —CH4; О  —  С2Н 6; □  — С,НЯ; a t  558 К  А — СН4; Л— С,НВ; 

Xj—  С3Н8; a t 588 К  Q  —  СН4; Э  — С2Н с; ■  —  С3Н8

Fig. 5. Selectivities for th e  hydrogenolysis o f n -b u tan e  as a function of hydrogen pressure 
P HC=  1.33 kN m -2; a t  537 К  ( J —CH4; C2H 6; О  —  C3H8; a t 558 K  Q  — CH4;X — C„H6; 

X —  C3H 8; a t 589 К  ■  —  CH4; И — C2H 6; □  —  C3H 8

3 Acta Chim. Acad. Sei. Hung. 96,1978
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Table У

Hydrogenolysis product distribution and selectivity o f  isomerization for neopentane on Pd-black

T(K) p,(kNm-*)
P roduct distribution Si

Met E t P r n-But i-B u t

558 73.6 57.2 1.7 3.36 3.33 34.6 0.035

42.3 56.3 3.75 2.63 4.12 33.2 0.023
29.2 58.6 4.3 2.7 3.9 30.5 0.012

15.0 68.3 12.3 5.2 1.9 12.2 0.005
585 75.1 58.2 1.12 2.81 4.63 33.5 0.037

58.5 62.3 3.41 2.11 3.5 28.6 0.018

44.5 67.7 4.12 2.7 2.8 22.7 traces

A t hydrogen  p ressu res of 26.6— 66.5 k N m -2  and  b e tw een  513— 573 K , 
th e  hydrogenolysis o f iso b u tan e  ap p ro ach es  selective p ro p a n e  fo rm atio n  
(S CaHs ~  1). The se lec tiv ity  of te rm in a l b o n d  ru p tu re  is 0.75 in  re-butane. 
U n d e r  iden tica l co n d itions th e  ru p tu re  o f  neopen tane  to  iso b u tan e  is less 
se lec tiv e  and seco n d ary  p ro d u c ts  such  as re-butane, p ro p an e , are a lw ays 
fo rm ed .

T he m ax im um  ra tio  of iso m eriza tio n  to  hydrogenolysis is observed  
u n d e r  conditions o f selective ru p tu re  as show n in  Fig. 6.

I ________________ I____________________ I 

0.5 1 1.5
g pĤ i kNm"2 1

Fig. 6. Isomerization to  hydrogenolysis ra tio  as a function of hydrogen pressure, p ^ c  =  1*33 
k N m -2 ; n-butane О —  337 К ; X — 558 К ; □  — 589 K; 2-m ethylpropane ф  — 537 К ; ® —

558 К ; ü  — 589 К

* S is the selectivity given by the equation: [12]: S( =

tia l ra te  of product form ation

V
P i

where w° is the ini-
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D a ta  on k inetic  in v estig a tio n s w ith  10 : 1 hyd rogen  to  e th an e , an d  
20 : 1 h y d rogen  to  h y d ro c a rb o n  m ix tu res  fo r  b u ta n e s  an d  n eo p en tan e  a re  
also co llected  in  T ab le  V . T he ca ta ly tic  a c tiv itie s  o f P d  an d  P t  b lacks w ere  
com pared  in  th e  hydrogeno lysis  o f e th an e  a t  563 K , using  a s ta n d a rd  m ix tu re  
of e th an e  an d  hydrogen . R a te s  for P d  an d  P t  arc  2.69 X 10-9  an d  1.83 X 10-10 
mol m -2  sec -1 , re sp ec tiv e ly . The reac tio n  ra te  decreased  in  su b seq u en t ru n s . 
A fter th e  s ix t runs th e  ra te s  are  low er b y  94.14 an d  84 .03% , w hile th e  su rface  
area d im in ishes only b y  20.3 and  36 .3%  fo r P d  an d  P t ,  resp ec tiv e ly .

Discussion

T he resu lts  o b ta in ed  p rov ide  fu r th e r  ev idence for th e  d iffe ren t a d so rp tio n  
form s o f h y d ro ca rb o n s [12] an d  for th e  im p o rtan ce  o f ‘w eak ’ an d  ‘s tro n g ’ 
in te rac tio n s  [18] in  d e u te r iu m  exchange a n d  hydrogeno lysis.

T he reversib le  a d so rp tio n  of m e th an e  an d  e th an e  a t  194 К  suggests  
physical so rp tio n . T he a rea  occupied b y  ad so rb ed  m olecules is in  good 
agreem ent w ith  th e  geo m etrica l cross sections [19] o f 18 X 10-20 an d  24 X 10-20 
m 2 for m e th a n e  and  e th a n e , respective ly . I n  th e  2 7 3 —423 К  ran g e  reversib le  
adso rp tion  m a y  n o t be re g a rd e d  as pure  p h y sica l ad so rp tio n . This is c lea rly  
show n b y  th e  value of th e  iso ste ric  h ea t o f a d so rp tio n  an d  b y  th e  surface a re a  
occupied b y  adsorbed  e th a n e  m olecules. D a ta  on  th e  e n tro p y  o f e th an e  a d so rp ­
tio n  arc n ea rly  equal to  th e  e n tro p y  change on losing one tra n s la tio n a l degree 
of freedom  [20]. This o b se rv a tio n  is va lid  also fo r P t ,  fo r w hich  th e  e n tro p y  
change be tw een  405 —465 K , as ca lcu la ted  from  d a ta  in  R ef. [13], co rresp o n d s 
to  -  68 J  m o l-1  K “ 1. C om paring  th e  d a ta  on P t  an d  P d , we suggest th a t  th e  
loss of th e  degree of freedom  is m ore ex tensive  on P d  th a n  on P t .  T his a c tiv a te d  
form  of a d so rp tio n  can be considered  as a p recu rso r o f d issociative chem isorp tion .

Irrev e rsib le  ad so rp tio n  o f m ethane  a n d  e th a n e  occurs above 359 a n d  
295 K , respective ly . I ts  v a lu e  increases w ith  increasing  te m p e ra tu re  in  th e  
range betw een  360 and  533 K . In  the  p resence  o f hyd ro g en , th e  irrev e rs ib ly  
bonded e th an e  can be rem o v ed  in  its  orig inal fo rm  from  th e  P d  su rface b e tw een  
295—463 K . T his ty p e  o f  chem isorp tion  (irreversib le  ‘w eak’ ad so rp tio n ) 
m ay p lay  an  im p o r ta n t ro le  in  th e  d eu te riu m  exchange o f h y d ro ca rb o n s . 
A bove 453 К  th e  p a r t  o f  irrev e rs ib ly  b o n d ed  e th a n e  leaves th e  surface as 
m ethane . F ro m  th e  te m p e ra tu re -p ro g ra m m e d  deso rp tio n  ex p erim en ts  i t  is 
clear th a t  p a r t  o f th e  ir re v e rs ib ly  bonded  su b s tra te  com es o ff on ly  a t  e lev a ted  
tem p era tu res . T hese re su lts  in d ica te  a ‘s tro n g ’ m e ta l-h y d ro c a rb o n  in te ra c tio n  
w hich m ay  be responsib le fo r th e  self-poisoning o f th e  c a ta ly s t. (The fo rm atio n  
of on in te rs ti t ia l  surface ca rb id e  can n o t be excluded .) T his process occurs 
a t  lower te m p e ra tu re s  on P d  th a n  on P t, in  ag reem en t w ith  th e  hydrogeno lysis 
ac tiv ity  e th a n e  on these  m e ta ls .
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E xchange o f d eu te riu m  in  e th a n e , p ro p an e  an d  re-butane p roceeds 
easily . In  ag reem en t w ith  resu lts  on P t  [12] th e re  are la rge  am o u n ts  o f th e  
d 4 an d  d2 isom ers am ong th e  in itia l p ro d u c ts  in e th a n e  an d  p ro p an e . T he 
p re fe rred  fo rm atio n  o f th e  d 2-isom er can  be  exp la ined  b y  th e  s im u ltan eo u s 
e lim in a tio n  o f eclipsed hydrogens. In d e e d , d eu te riu m  a to m s e n te r  in to  e th a n e  
sy m m etrica lly  [13], con firm ing  th e  im p o rta n c e  of 1 ,2-bonded in te rm e d ia te s  
in  th e  exchange, as p ro v ed  for exchange  on Ni and  P t .  In  c o n tra s t  to  P t ,  
w here  th e  fo rm atio n  o f  d e u te ra te d  m e th a n e  isom ers show s a ra th e r  ‘u n ifo rm ’ 
d is tr ib u tio n , P d  gives a m o n o d eu te ra ted  p ro d u c t. T he h in d ran ce  to  th e  fo rm a ­
tio n  o f m u ltip ly  d e u te ra te d  p ro d u c ts  is caused  b y  th e  a p p a re n t a c tiv a tio n  
en erg y  o f d4 fo rm atio n  w ith  resp ec t to  d 4. T h e  re su lts  p resen ted  are in  ag reem en t 
w ith  those rep o rted  b y  K e m b a l l  [15] an d  M cK e e  an d  N o r t o n  [16] fo r film s 
a n d  pow ders.

The fo rm atio n  bonded  m u ltip ly  carbon  a to m s [21], considered  as 
in te rm e d ia te s  in  hydrogeno lysis, req u ires  h ig h er te m p e ra tu re s  in  ag reem en t 
w ith  th e  ad so rp tio n  resu lts . T h is p h enom enon  seem s to  be su p p o rte d  n o t 
on ly  b y  k in e tic  resu lts  on th e  m u ltip le  exchange of d eu te riu m  in  m e th an e  
a n d  neo p en tan e  b u t  also b y  th e  w ell-defined  sep ara tio n  of th e  te m p e ra tu re  
ran g es for exchange hydrogeno lysis . T he ra tio s of d eu te riu m  exchange and  
hydrogeno lysis ra te s  fo r e th an e  a t  a te m p e ra tu re  w here th e  ra te  o f  h y d ro ­
genolysis is 1015 m ol m ~ 2 s -1  are  5.8 X 103 and  3.7 X Ю4 for P d  an d  P t ,  re ­
spec tive ly . T his p o in ts  to  th e  easie r tra n s fo rm a tio n  o f th e  ‘w eak ’ fo rm  of 
ad so rp tio n  in to  a ‘s tro n g ly ’ b o n d ed  one on P d .

The presence o f hydrogen  a ffec ts  th e  “ s tre n g th ”  o f in te ra c tio n  as 
p o in ted  o u t earlie r [22]. T he vo lcan o -sh ap ed  k in e tic  curves as w ell as th e  
p ro d u c t d is tr ib u tio n  p a t te rn  can  be in te rp re te d  in  te rm s of num bers o f w ork ing  
ac tiv e  sites. (F o r th e  sake of s im p lic ity  th e  change in  th e  ra te  o f tu rn o v e r  
is neg lected .) A t h igh  hydrogen  p re ssu re s , i.e. w ith  m ore h y d ro g en  on th e  
su rface , th e  d issociation  of C -H  b o n d s  is h indered , re su ltin g  in  a n eg a tiv e  
o rd e r in  hydrogen  an d  o f th e  se lec tiv e  ru p tu re  of th e  C-C b o n d . A t low 
hydrogen  pressures, P d  behaves as a re a c ta n t;  th e  h y d ro ca rb o n s a re  m ore 
s tro n g ly  adso rbed  an d  p re su m ab ly  m ore ex tensively  d issociated  species are 
fo rm ed , decreasing th e  n u m b er o f w o rk in g  ac tive  sites. T he reac tio n  ra te  is 
governed  th e n  by  th e  ra te  of p ro d u c t desorp tion  [23].

A ccording to  T ab le  Y, th e  lo ca tio n  of m ax im a show s a c o rre la tio n  w ith  
th e  re a c tiv ity  sequence for hydrogeno lysis , while an  opposite  t re n d  can  be 
observed  for bon d -sh ift isom eriza tio n . T his o b se rv a tio n  is v a lid  also for 
p ro d u c t selectiv ities.

This phenom enon  u n derlines o u r earlier p roposa l th a t  a less d eh y ­
d ro g en a ted  surface species p a rtic ip a te s  [12] in  isom eriza tion . E x p e rim e n ts  on 
self-poisoned P d  surface [24] can  also be exp la ined  from  th is  s ta n d p o in t; 
u p o n  poisoning of th e  c a ta ly s t, th e  ra te  of hydrogenolysis decreases m ore
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ra p id ly  th a n  th a t  o f isom eriza tion . T h is m eans th a t  iso m eriza tio n  is fav o u red  
on th e  less active s ites, w hich are also  less sensitive fo r  self-poisoning.

In  co n trast to  A n d e r s o n ’s a n d  B o u d a r t ’s w orks [2 , 8 ]  ce rta in  isom er­
iza tio n  a c tiv ity  has been  found also  fo r n eopen tane . I t  is clear, how ever, 
th a t  a high hydrogen  pressure  is re q u ire d  to  m a in ta in  th e  co n d itio n s req u ired  
fo r isom erization . In  fa c t, n eo p en tan e  suffers deeper f ra g m e n ta tio n  th a n  
b u ta n e s  for sim ilar re a c tio n  ra te s  a n d  hydrogen  p ressu res.

T he difference in  th e  iso m eriza tio n  se lec tiv ity  fo r n eo p en tan e  on P d  
an d  P t  is strik ing . O n P t  b lack a t  573 K , w ,/w ft is 1.52, w hile on P d  u n d e r 
s im ila r conditions i t  is in  th e  range  o f  10 ~ 2. To ex p la in  th is  fea tu re  of P t ,  
one has to  assum e t h a t  on P t  th e  do u b le  bond  is a tta c h e d  to  single P t  sites 
w hile on P d  the  fo rm a tio n  of a b ridged  in te rm ed ia te  occurs. T h is  phenom enon  
w ould  explain  the  differences in d e u te riu m  d is trib u tio n  fo r m e th an e  in  acco rd ­
ance w ith  th e  h igher isom eriza tion  a c tiv ity  of P t.
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The photo ly tic  refining-reduction method applied to  precleaned phosphatic 
yellow cake has been extended to  uran ium  tetrafluoride preparation . In  this study, 
the effect of precipitation and w ashing of the product on its  tex tu re  and density  was 
examined and the  Debyegrams w ere recorded. N uclear pu rity  tetrafluoride was 
obtained, as confirm ed by emission spectroscopy.

In tro d u c tio n

In  add ition  to  d ry  m ethods fo r  th e  p rep a ra tio n  o f  u ra n iu m  te tra flu o rid e , 
w e t procedures h a v e  also been t r ie d ,  in  w hich h e x a v a le n t u ran iu m  is r e ­
duced  to  the  te t r a v a le n t  s ta te , fo llow ed  b y  th e  p re c ip ita tio n  of th e  t e t r a ­
fluo ride . The ch a rac te ris tic s  of th e  fluo ride  p rep a red , w hich p lay  a m a jo r 
role in  th e  m eta l p ro d u c tio n  p ro cess , v a ry  re m a rk a b ly  w ith  th e  p rocedure  
o f p rep ara tio n . W ith  regard  to  th e  reduction  o f U (V I) to  U (IY ), m an y  
m eth o d s have been  rep o rted ; in  m o s t o f these  th e re  is serious co n tam in a tio n  
b y  th e  re d u c ta n t u sed . The d iff icu ltie s  p erta in in g  to  co n tam in a tio n  w ere 
overcom e b y  m eans o f organic re d u c ta n ts .  P h o to ly tic  red u c tio n  of u ra n y l 
so lu tions in th e  p resence  of o rgan ic  red u c in g  ag en ts  h a s  been know n since 
long tim e  [1] an d  v a rio u s  m echan ism s w ere suggested  to  in te rp re t th is  p h e ­
nom enon  [2—3]. G a l  [4 ] has re p o rte d  a m ethod  for th e  p re p a ra tio n  of u ran iu m  
te tra flu o rid e  by  in so la tio n  of u ra n y l n i t r a te  so lu tion  in  th e  presence of e th an o l. 
T he te tra flu o rid e  o b ta in e d  had  th e  com position  U F 4. 1.2 H 20  a fte r  d ry in g  
a t  105 °C and s ta n d in g  for severa l d ay s. D a d a p e  a n d  P r a s a d  [5] p rep a red  
am m onium  u ran iu m  fluoride b y  th e  photochem ical re d u c tio n  of am m onium  
u ra n y l fluoride so lu tio n , w hich w as su b seq u en tly  decom posed  to  an h y d ro u s  
te tra flu o rid e . P a t n a i k  and  S h a o  [6] described a m e th o d  fo r th e  p re p a ra tio n  
o f U (IV ) oxyform ate  based  on p h o to ly s is . The o x y fo rm a te  was th e n  tre a te d  
w ith  30—40%  h y d ro flu o ric  acid to  give u ran ium  te tra f lu o rid e . T he red u c  
tio n  of pure u ra n y l n itra te , su lfa te  or chloride so lu tions via e thano l p h o to ­
lysis has been in v e s tig a te d  [7]. I t  w as found  th a t  (a) U (IV ) could be red u ced  
b y  so lar irrad ia tio n  to  com pletion  w ith  excess e th a n o l and  4 x 1 0 “ 2 M  
acid ified  u rany l su lfa te  so lution, as  long  as th e  h y d ro g en  ion co n cen tra tio n
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w as h ig h er th a n  tw ice  t h a t  o f u ran iu m ; (b) fo r m ore c o n c e n tra ted  u ran y l 
su lfa te s , an  ex tra  a d d itio n  o f sm all q u a n titie s  o f  h yd razine  su lfa te  was needed 
to  com plem ent p h o to re d u c tio n ; (c) 20%  e th an o l is th e  recom m ended  re- 
d u c ta n t  for up to  70 g/1 u ra n iu m  so lu tions.

In  th e  p resen t w o rk , s tud ies on th e  p rec ip ita tio n  o f  u ran iu m  te tra -  
f lu o rid e  from  co m p le te ly  reduced  (pho to lysis  an d  h y d raz in e ) pu re  u ran y l 
su lfa te  solutions h av e  b een  ca rried  o u t. M oreover, a tte m p ts  h av e  been m ade 
a t  p rep a rin g  th e  te tra f lu o r id e  from  ac tu a l su lfa te  process liq u o rs  e ith er a fte r  
d ire c t reduction  o r a f te r  iro n  an d  p h o sp h a te  p reclean ing . T h e  green cakes 
p re p a re d  were su b jec ted  to  chem ical, m echan ical, X -ra y  a n d  spectrog raph ic  
an a ly s is .

E xperim en ta l

Solar irradiation experim ents were carried ou t in various seasons, however, the results, 
repo rted  here pertain to  au tum n , whereby the average m onthly brigh t sunshine was 318 hrs, 
th e  m axim um  tem perature 33.2 °C, and the solar and  sky radiation 532.0 cal cm -2 . Emphasis 
is placed on the autum n experim ents, because in  w inter, a t an average tem peratu re  of 17.7 °C, 
a m on th ly  bright sunshine of 227.3 hrs, and solar and  sky radiation of 286.6 cal cm -2  reduction 
w as only half complete. In  sum m er, a t an average tem perature  tem perature  of 36.8 °C, monthly 
b rig h t sunshine of 268.7 h rs , and solar and sky rad iation  of 690.9 cal cm -2 , reduction was 
tw o-th ird  of th a t in au tum n. The m axim um  average tem perature was recorded 1.5 m above 
g round ; the solar and sky rad ia tion  was obtained from  meteorological records, using a Robitz 
A ctinograph compared w ith  an  Epply  pyrheliom eter, whose elements were placed one m eter 
above ground.

UFi preparation from  pure uranyl sulfate solutions

Two series of experim ents were carried out. In  the first series, th e  hydrofluoric acid 
w as added before insolation, while in  the second i t  was added afterw ards, w ith  continuous 
s tirr ing  during precipitation. The uranyl sulfate solutions subjected to  solar irradiation were 
3 X 1 0 _1 and 0.5 M  w ith  respect to  uranium  and free sulfuric acid, respectively. To these 
solutions, appropriate am ounts of reducing agents were added (20 vol-%  ethanol and 2% 
hydrazine sulfate). Insolation  was carried out in polyethylene beakers of 50 cm cross-section. 
The dep th  of solutions varied  betw een 1.3 and 3.75 cm. The time for com plete reduction was 
90 m in. Hydrofluoric acid was used in  a 10% excess over the stoichiom etric am ount as 
recom m ended by several au thors [8].

We have studied effect of stirring speed, precipitation tem pera tu re  and mode of 
w ashing of the p recip itates, in  order to define the optim al conditions for obtaining tetrafluoride 
w ith  appropriate tap  density . P recipitation was carried out either a t  room  tem perature or 
a t  98 °C under nitrogen. P recip ita tes were washed w ith 1% H F  till sulfate-free, then w ith 
e th an o l or acetone before f iltra tio n  and drying in air. The “ green cakes”  were then analyzed 
as m entioned before

Total fluorides were determ ined following the procedure described by Sp o r e k  [9]. 
The tetrafluoride was dissolved in  NaOH -{- H 20 2, diluted and passed th rough  an ion exchange 
colum n charged w ith A m berlite IR A —120 in the hydrogen form. The liberated  hydrofluoric 
acid  in the effluent was ti tr a te d  against standard  soda using m ethyl red as indicator. The 
percentage of F -  was th en  calculated.

The uranium in th e  ‘green cake’ was determ ined by dissolution in  HC104-H N 0 3, 
evaporation  to dryness, redissolution of the residue in  dilute n itric  acid, precipitation as 
am m onium  uranate, followed by ignition and weighing as U30 8 [10].
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Green cake fro m  actual process liquors

The process sulfate liquor containing foreign elem ents (11,400 ppm  P, 8700 ppm  Fe, 
400 ppm  Na, 200 ppm  Zn, 50 ppm P b , 25 ppm  Sn, V, Cr, Cd) was either insolated directly 
a fte r adjustm ent of the  uranyl ion concentration  and the free acidity (70 g U /l, 0.5 M  H 2S04) 
and  addition of the appropriate am ounts of ethanol and hydrazine sulfate, or trea ted , while 
h o t (85 °C), w ith aqueous ammonia u n til pH  2.7 for the skimming of iron and phosphate. 
U ranium  and free acid concentrations were adjusted in the filtra te  and the appropriate 
quantities of reducing agents were added before insolation for sufficient periods. The “ green 
cake”  was precipitated in  nitrogen atm osphere from the ho t (98 °C), reduced uranium  solution 
by  th e  addition of 40%  hydrofluoric acid while stirring. The tetrafluoride obtained was 
thoroughly washed, air-dried and analyzed spectrographically.

R esu lts  an d  discussion

The u ran iu m  te tra flu o rid e  p rep a red  from  p u re  su lfa te  so lu tions b y  
th e  add itio n  of h y d ro fluo ric  acid  before and  a fte r  in so la tio n  were su b jec ted  
to  vario u s m odes o f  p rec ip ita tio n  an d  w ashing. F ro m  th e  re su lts  show n in 
T ab le  I ,  i t  is obv ious th a t  th e  te tra f lu o rid e  p re c ip ita te d  d u rin g  in so la tio n  
a n d  w ashed  w ith  1%  H F  solution a n d  acetone possesses th e  low est ta p  d en sity  
a m o u n tin g  to  1.62 g /m 3. T e tra flu o rid es  w ith  th e  h ighest ta p  d en sity  o f a ro u n d  
3 g /cm 3 are p re c ip ita te d  from  s tro n g ly  s tirred  h o t so lu tions. S tirrin g  d u ring  
p rec ip ita tio n  leads to  a m arked  in crease  in  ta p  den sity . I t  should  be n o ted  
th a t  th e  ta p  d en sity  o f double u ra n iu m  fluoride also o b ta in ed  p h o to ly tica lly
[7] w as 1.48 and  1.85 g/cm 3 upon  p re c ip ita tio n  a t  30 an d  60 °C, re spec tive ly .

Table I

Effect o f precipitation conditions and mode o f washing on the tap density

U F 4 precipitated during" U F 4 precipitated after
insolation without stirring insolation, while stirring*3

Mode of washing Tap density 
(g/ems)

Temp. Stirring speed Tap density 
(g/cm3)(°C) (rpm)

1% HF 1.57 20 — 2.1
1% HF, ethanol 1.60 20 100 1.4
1% H F, acetone 1.62 20 250 2.5

20 500 2.8
98 — 2.5
98 100 2.8
98 250 3.0

Precipitation w ithout heating
b

Washing with 1% H F  and acetone

* Personal com m unication; N a b il  R o fa il  (M. Sc. Thesis).
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S tir r in g  a t  a speed of 250 °C rp m  also increased  th e  d en sity . In  th e  d ry  process 
in v o lv in g  th e  f lu o rin a tio n  o f U O , b y  F reon  12, th e  ta p  d e n s ity  of th e  (U F 4 +  
-)- U 0 2F 2) was found  to  f lu c tu a te  betw een  2.15 an d  3.04 g /cm 3 fo r f lu o rin a tio n  
te m p e ra tu re s  be tw een  250 an d  500 °C, an d  its  d u ra tio n s  b e tw een  30 a n d  
240 m in .

R egard ing  th e  screen  analysis o f th e  te tra f lu o r id e  o b ta in e d , i t  is clear 
fro m  th e  d a ta  rep o rted  in  T ab le  I I  th a t  (a) th e  d e n s ity  o f te tra flu o rid e s  
p re c ip ita te d  a fte r in so la tio n  depend  m ore or less on th e ir  te x tu re ;  th e  f in e r  
th e  p rec ip ita te  th e  h ig h e r its  ta p  d en sity ; (b) th e  flu o rid e  o f th e  low est ta p  
d e n s ity  p rec ip ita ted  d u rin g  in so la tion . I t  is th ere fo re  d ifficu lt to  de te rm ine  
th e  dependence o f d e n s ity , on th e  p a rtic le  size, as observed  b y  P e t r o w  [11].

T he chem ical a n d  X -ra y  d iffrac tion  analyses (T able I I I )  rev ea l th a t  
p re c ip ita te s  of low  ta p  d e n s ity  (ca.) 1.6 (g /cm 3) have  th e  a p p ro x im a te  com po­
s itio n  U F 4 • 2H 20 ,  w hile th o se  of h ig h  d e n s ity  (ca.) 3 g (cm 3) correspond to  
U F 4 • 3/4 H 20 . T he X -ra y  p a tte rn s  show  th e  ch a ra c te ris tic  in ten sities  for 
U F 4 • 2 i/2 H 20  an d  U F 4 • 3/4 H ,0  in  th e  ASTM  cards 11— 623 an d  10— 95, 
re sp ec tiv e ly .

F in a lly , to  a sc e r ta in  th e  feasib ility  of a d u a l pu rpose  p h o to ly tic  re ­
d u c tio n  and  refin ing , th e  a c tu a l yellow  cake from  p h o sp h a tic  ores was dissolved 
in  su lfuric  acid fo r th e  s im u la tio n  of process su lfa te  liquo rs o b ta in ed  from  
a u tu n ite  or u ran iu m  b e a r in g  a p a tite  leaching . This so lu tion  w as su b jec ted  
to  e th an o l in so la tion  fo llow ed by  te tra f lu o rid e  p rec ip ita tio n . F ro m  T able IV ,

Table II

Screen analysis o f uranium  tetrafluoride

Tem p.
(°C)

Stirring
(rpm)

H F
addition

Tap
W eight %  (mesh)

density
(g/cm=) +  80 +  120 +  170 +  200 + 270

—  270 
mesb

20 — before
insolation

1.62 0.9 1.0 l . i
I

0.2 7.0 89.2

20 — after
insolation

2.1 36.0 11.13 5.41 2.36 1.99 42.9

20 100 after
insolation

2.4 23.0 7.9 6.1 4.8 3.8 53.5

20 250 after
insolation

2.5 13.1 3.0 3.2 0.4 0.7 78.8

20 500 after
insolation

2.8 11.0 3.8 3.5 1.5 1.9 77.3

98 — after
insolation

2.5 traces traces 3.86 4.34 19.43 72.26

98 100 after
insolation

2.8 traces traces 3.02 4.40 16.38 76.04

98 250 after
insolation

3.0 traces traces traces 3.20 3.14 93.65

98 500 after
insolation

3.1 traces traces traces 3.32 3.60 92.99
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Table III

X -ray diffraction analysis o f uranium tetrafluoride

U F4 (tap  density 1.62 g/cm3) U F4 (tap  density  3.1 g/cm3)

d I d I d I d I

8.45 100 2.82 40 11.64 23 1.41 30

5.96 50 2.71 40 6.92 25

5.15 40 2.33 40 4.23 100

4.75 40 2.02 80 4.06 40

4.38 70 3.67 70

4.21 60 2.08 40

3.51 60 2.01 80

3.48 70 1.87 30

3.19 60 1.72 20

2.91 40 1.44 30

Table TV

Spectroscopic analysis o f green cake

Element
Im purity  
in liquor 

(ppm)

U F 4 precipitated w ithout 
precleaning

U F 4 precip itated  after 
precleaning

Im purities
(ppm)

Decontamination
factor

Im puritie s
(ppm)

D econtam ination
factor

Cd 5 0.5 10 0.1 50
в 5 0.5 10 0.1 50
p 11400 15 760 15 760

AI 25 15 2 15 2

Cu 20 5 4 5 4
Cr 5 3 2 3 2
Fe 8700 15 580 15 580
Pb 50 20 2.5 20 2.5

Mg 20 20 1 10 2

Ag 2 1 2 0.5 4
Zn 200 20 10 20 10
Na 400 200 2 20 20
Sn 5 2 1 2 2.5

V 5 5 1 5 1
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i t  is ev iden t th a t  b e t te r  d eco n tam in a tio n  is reached  w hen  ferric  iron  and  
p h o sp h a te  are rem oved  b y  p re c ip ita tio n  a t  p H  2.7 an d  h o t  f i l tra tio n  before 
in so la tio n  a t th e  o p tim a l p a ra m e te rs  p rev io u sly  defined.

B y  th is m eans, cascad e  g rade  te tra f lu o rid e  can be o b ta in e d  in  m ines. 
I f  th e  te tra flu o rid e  is to  be u sed  for th e  p ro d u c tio n  o f m eta llic  u ran ium  by  
ca lc iu m  or m agnesium  re d u c tio n , i t  has to  be  d eh y d ra te d  b y  h e a tin g  gradually  
u p  to  400 °C in  a d ry  s tre a m  o f  n itro g en  [12] or H F . D oub le  fluoride has 
also  been  separa ted  as a n  a lte rn a tiv e  [13] to  d eh y d ra tio n  fo r th e  p rep ara tio n  
o f  U 0 2F 2- free m eta l.

N uclear p u r ity  u ra n iu m  te tra f lu o r id e  has been p re p a re d  from  photo- 
ly tic a lly  reduced su lfa te  process liquo r. P ro d u c ts  o f v a rio u s  ta p  density , 
te x tu re  and com position  are  o b ta in ed  u n d e r d ifferen t p re c ip ita tio n  conditions. 
T h e  app rox im ate  com po sitio n  o f th e  p ro d u c ts  w ith  low  ta p  d en sity  is U F 4- 
-2 H 20  and  U F4, 3/4 H 20 ;  fo r  h igh  den sity  p ro d u c ts  d e h y d ra tio n  is also feasible.
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SYNTHESIS OF IPECACUANHA ALKALOIDS, IV*
SYNTHESIS OF T H E  ETH O X Y  ANALOGUE OF EM ETIN E
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( Institute o f Organic Chemistry, Technical University, Budapest, and 
Central Research Institute fo r Chemistry, Hungarian Academy o f Sciences, Budapest)

Received N ovem ber 18, 1976

The analogue of emetine containing ethoxyl groups has been synthesized (lb ).
The ORD and  PM R properties of em etine (la ), isoemetine (9a) and the ir e thoxy
analogues (lb  and 9b) have been studied.

In  th e  ap p lica tio n  o f e m e tin e  ( la ) , ex h ib iting  an excellen t am oebicide 
a c t iv i ty  [ I ] , its  re la tiv e ly  s tro n g  to x ic ity , m u st alw ays be considered.

T herefore, i t  appears r e w a rd in g  to  a t te m p t th e  syn th esis  of analogues 
h av in g  m ore fav o u rab le  th e ra p e u t ic  ind ices th a n  th a t  o f th e  n a tu ra l  p ro d u c t.

E xchange o f m ethoxy l g ro u p s a t ta c h e d  to  th e  a ro m atic  nucleus o f 
a lkalo ids against e th o x y l has o f te n  b ro u g h t ab o u t fav o u rab le  changes in  
th e  physio logical p ro p erties  o f th e  su b stan ce  (e.g., p ap av erin e  —*■ p e rp arin e). 
T herefo re , th e  aim  o f th e  p re sen t w o rk  w as to  synthesize th e  e th o x y  analogue 
( lb )  of em etine.

As described  in  an  earlier p a p e r  [2], 6 ,7 -d ie thoxy-3 ,4 -d ihydro isoqu ino- 
line (2) yields th e  benzoqu ino liz id ine  d e riv a tiv e  3a w ith  e th y lb u ten o n e  [8], 
an d  th is  p ro d u c t w as co n v erted  fu r th e r  w ith  a lkoxycarb o n y lm eth y lp h o sp h o n ic  
acid  d ia lky l ester [3] u n d er th e  co n d itio n s  app lied  in  th e  syn th esis  o f em etine .

A ccording to  o u r earlier ex p erien ce  [3], th e  fo rm ation  of th re e  isom ers 
(3b, 4a, 5a) can be expec ted . The m a in  p ro d u c t (55%  yield) w as th e  c ry s ta llin e  
co m p o u n d  3b. T he IR  spec tru m  o f  th is  p ro d u c t in d ica ted  th e  presence o f 
a c o n ju g a ted  e s te r  g ro u p , and  its  s te r ic  s tru c tu re  was p roved  b y  its  successful 
conversion  in to  lb .

B y m eans o f TLC , a fo u rth  iso m er could  also be d e tec ted  in  th e  m o th e r 
liq u o r, in  ad d itio n  to  th e  th ree  isom ers m en tio n ed  (3b, 4a, 5a). T his su b stan ce  
is 6a, w ith  th e  double bond  in  endocyclic  p osition . T h is  is confirm ed  b y  th e  
conversion  of all th e  o th e r isom ers u n ifo rm ly  in to  6a  on h ea tin g  w ith  sodium  
m eth o x id e , w hich tre a tm e n t is k n o w n  to  ca ta ly ze  th e  exo —► endo double 
b o n d  m ig ra tio n  [4].

C ata ly tic  red u c tio n  of 3b y ie ld e d  th e  s a tu ra te d  este r 7a in  a sa tis fac to ry  
y ie ld  (90% ). A n o th er substance c o u ld  be d e tec ted  in  th e  m o th e r liq u o r b y  
m eans o f TLC; th is  is p ro b ab ly  th e  C-2 epim er.

* P a r t II I . M. B á bcza i-B e k e , J .  J e l in e k , Cs. Szá n ta y : A cta Chim. Acad. Sei. 
H ung. 95, 77 (1977).
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O n th e  an a lo g y  o f  th e  p rocedure ap p lied  b y  O p e n s h a w  and  W h it ­
t a k e r  [5] in  th e  sy n th e s is  of em etine, 7a w as con v erted  in to  th e  acid am ide  
(7b) w ith  d ie th o x y p h e n y le th y la m in e  an d  su b jec ted  to  cyclization  w ith  
p h o sphorus oxych lo ride  to  o b ta in  th e  e th o x y  analogue (8) of O -m ethyl- 
p sy ch o trin e .

C ata ly tic  re d u c tio n  of th is  p ro d u c t  y ie lded  lb  and  th e  isom eric 9b. 
T he tw o  s tru c tu re s  w ere d istingu ished  b y  m eans of th e  O R D  curves app lied  
b y  VAN T a m e l e n  et al. [6] for m aking d is tin c tio n  betw een  em etine ( la )  an d  iso ­
em etine  (9a). T his, o f  course, requ ired  iso la tio n  o f th e  substances, w hich w as 
ach ieved  b y  th e  use o f  N -acety l-L -(— )-leucine app lied  to  8. R ed u c tio n  of 8 
in  th e  resolved s ta te , gave th e  o p tic a lly  ac tiv e  (— )-lb  and  (— )-9b, an d  th e ir  
an tip o d es .

Since th e  d ifference  betw een em e tin e  ( la )  a n d  lb  appears only  in  th e  
a lkoxy l groups lo c a te d  fa r  from  th e  c h ira l c en tre s , i t  is ju s tif ie d  to  assum e 
th a t  sim ilar ro ta tio n  values co rrespond  to  sim ilar abso lu te  co n figu ra tions.

T he O RD  cu rv es (F igs 1 and  2) could  be reco rd ed  in  a b ro ad er w ave len g th  
ran g e  th a n  in  th e  w o rk  o f  v a n  T a m e l e n  et al. [6], th u s  even m ore ch a rac te ris tic  
d ifferences w ere o b se rv ed  betw een  th e  e th o x y  analogues lb  (F ig. 1) an d  9b 
(F ig . 2) th a n  b e tw een  em etine (la ) an d  isoem etine  (9a).

Fig. 1. ORD curve of th e  ethoxy analogue of em etine, lb .H B r; c =  0.103 (625—244 nm) in
w ater

Fig. 2. ORD curve of th e  ethoxy analogue of isoemetine, 9b-HBr c =  0.1505 (625—280 nm);
c =  0.0752 (285—232 nm), in water
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In  view  o f th e  course o f  th e  O R D  curves an d  a f te r  com parison  w ith  th e  
O R D  curves [6] of em etine ( la )  an d  isoem etine (9a), th e  com pounds are , 
in  all p ro b a b ility , rep re sen ted  b y  s tru c tu re s  lb  an d  9b. T he P M R  sp ec tra  
o f th e  com pounds epim eric a t  C - l’ also show c h a ra c te ris tic  d ifferences 
(Table I).

Table I

Chemical shifts o f  the aromatic protons o f  emetine (la ), its ethoxy analogue (lb ), isoemetine (9a), 
and its ethoxy analogue (9b) in  deuterochloroform solution*

Compound
Aromatic protons

C-8, C-5’ and C-8’ C -ll

Em etine la 6.64 6.6 shoulder 6.82
E thoxy  analogue 
of em etine lb 6.64 6.6 shoulder 6.82
Isoemetine 9a 6.58 6.69
E thoxy  analogue 
of isoemetine 9b 6.60 6.70

* Chemical shift values are given in  ó units

In  th e  sp e c tra  of la  and  lb ,  one single a rom atic  p ro to n  appears s e p a r­
a te ly , while th e  o th e r  th ree  are  fo u n d  v e ry  n ear to  one a n o th e r. I t  is v e ry  
p ro b ab le  th a t  th e  conform ation  re p re se n te d  by  th e  fo rm u la  in  th e  u su a l 
fo rm  (1) is n o t th e  re a l s ta te  o f th e  su b stan ce  in  ch loroform  so lu tion . I t  can  
be  observed  b y  th e  exam ina tion  o f  m odels th a t  a s tro n g  in te rfe ren ce  ex ists  
b e tw een  th e  e th y l group a t C-3 a n d  th e  isoquinoline ring .

I t  seems to  be  m ore p ro b ab le  t h a t  th e  tw o a ro m a tic  rings are  lo ca ted  
ra th e r  n ear to  each  o th e r in  such a m a n n e r  th a t  one o f th e  a ro m a tic  p ro to n s  
will reach  th e  desh ield ing  region o f  th e  o th e r  a rom atic  ring .

In  th e  PM R  sp ec tra  of iso em etin e  (9a) an d  its  analogue (9b), th e  d is­
p lacem en t of th e  special arom atic  p ro to n  signal from  th e  signals o f th e  o th e r  
a ro m a tic  p ro tons is m uch sm alle r (0.12 pp), while th is  v a lu e  is 0.22 p p m  
in  th e  spectra  o f em etine  (la ) a n d  o f i ts  e th o x y  analogue (lb ).

Sim ilar o b se rva tions have b e e n  m ade in  th e  case o f (;£ )-2 ,3 -d id eh y d ro - 
em etine  and  ( d :)-2 ,3 -d id eh y d ro iso em etin e  an d  th e ir  e th o x y  analogues, to o  [7].

T he assum ed s tru c tu re s  of c o m p o u n d s  lb  and  9b h av e  also been con­
firm ed  b y  the  b io logical in v estig a tio n s. I t  w as estab lished  earlie r [1] th a t  o f 
em etine  isom ers a n o tab le , am oebicide ac tio n  was ex e rted  on ly  b y  th e  one 
possessing s tru c tu re  la .

S ubstance lb  h a d  essen tia lly  th e  sam e a c tiv ity  as em etin e , w hile th e  
isom eric 9b proved  to  be inactive .

T he biological a c tiv ity  will b e  d iscussed  in  an o th e r p ap er.

4 Acta Chim. Acad. Sei. Hung. 96, 1978



50 ROHÁLY, SZÁNTAY: SYNTHESIS OF IPECACUANHA ALKALOIDS, IV

E xperim en ta l

/3-(3,4-Diethoxyphenyl)ethylamine was supplied by Chinoin Pharm aceutical and 
Chemical Works, B udapest.

I  V spectra were recorded w ith a U nicam  SP 800 spectrophotom eter and the IR  
spectra  (in KBr pellets) w ith  a Spectromom 2000 instrum ent. The PM R spectra were obtained 
w ith  a Perkin—Elmer R12 (60 MHz) spectrophotom eter; the chemical sh ift values (d) are 
given as ppm  units; th e  in te rn a l standard  was TMS.

The ORD curves w ere recorded w ith a O pton R EPM  12 instrum ent.
In  the qualitative th in -layer chrom atographic tests Kieselgel G (Merck) adsorbent 

w as used. The developing solvent was benzene—m ethanol (9 : 1). Iodine vapour was applied 
for detection.

3 ,4 -Dihydro-6,7-diethoxyisoquinoline (2)

/5-(3,4-Diethoxyphenyl)ethylamine (12.8 g; 61 mmoles) was dissolved in formic acid 
(70 ml) and refluxed for 5 hrs. The excess of formic acid was evaporated  in vacuum. The 
residue was dissolved in  d ry  benzene (75 ml), phosphorus oxychloride (11.85 g; 7.1 ml; 78 
mm oles) was added w ith  stirring , and the m ixture was refluxed for 2 hrs. The solvent and 
excess phosphorus oxychloride were then evaporated in  vacuum . The residue was dissolved 
in  w ater (50 ml) and m ade alkaline w ith lOiV N aOH . The aqueous solution was extracted  
w ith  benzene (26x20  ml). The combined benzene solution was dried over MgS04, filtered, 
and  the benzene evaporated . The residual oil was dissolved in  m ethanol (20 ml), acidified 
w ith  cone, hydrochloric acid (4.5 ml) while cooling in ice, refrigerated, and  the yellow crystals 
w hich deposited were filte red  off. The hydrochloride of 2 (8.7 g; 56% ) had  m.p. 223—224 °C.

C13H 18N 02C1 (255.73). Calcd. C 61.06; H  7.09; N  5.48; Cl 13.86. Found C 61.15; H 
7.07; N 6.09; Cl 13.93% .

UV: ;.maxr (log e): 246 nm  (3.92), 307 (3.67), 353 (3.61).
IR  (KBr): p a rtia l m axim a in the 1800 cm -1 range; 1650 cm -1 (C = N II—).
The hydrochloride of 2 (2.55 g; 10 mmoles) was dissolved in  w ater (20 ml) and made 

alkaline with 10JY N aO H , then  extracted w ith  e ther (4 x 1 0  ml). The combined ethereal 
solution was dried over M gS04, filtered and the e ther evaporated. The oily residue was dis­
solved in hot petroleum  e th e r (20 ml) then  refrigerated. The solvent was decanted from the 
w hite needles which deposited. The crystals were dried over paraffin  chips and solid K OH  
in  a vacuum desiccator.

Compound 2 was th u s  obtained in the form of colourless crystals (1.0 g), m.p. 46—47 °C.
C13H 17N 0 2 (219.27). Calcd. C 71.2; H  7.82; N 6.39. Found C 71.06; H 7.80; N  6.64% .
UY ;™axH (log e): 234 nm  (4.27); 285 (3.85); 312 (3.79).
IR  (KBr): 1630 cm “ 1 (C = N —).
PMR (CDC13): 1.45 (t, 6H, J  =  6.66, OCH2— CH3); 2.64 (t, 2H , J  =  8, CH2— CH2—

— N = ) ;  3.74 (t, 2H , J  =  6.66, CH2— CH2—N = ) ;  4.1 (q, 2H, J  =  13.5, J  =  7.32, Ö—CH2— 
— CH3); 4.22 (q, 2H , J  =  13.5, J  =  7.32, О— CH2— CH3); 6.68 (s, 1H, arom atic proton); 
6.84 (s, 1H, arom atic pro ton); 8.22 (s, 1H, C H = N —).

2-0xo-3a-ethyl-9,10-diethoxy-l,2,3,4,6,7-hexahydro-llbaH-henzo(a)- 
-quinolizine (3a)

The hydrochloride of 2 (25.57 g; 100 mmoles) and ethylbutenone [8] (14.47 g; 147 
mmoles) were refluxed in  93% ethanol (75 ml) on a w ater b a th  for 24 hrs. The alcohol was 
evaporated and th e  residue dissolved in w ater (200 ml), m ade alkaline w ith solid N a2C 0 3, 
then  refrigerated overnight. The crystals were filtered off, washed w ith  ice-water (2Ő X 20 ml), 
and dried in air. The solid product (25 g) was recrystallized from acetone (50 ml) to  ob tain  
3a (19.3 g; 62%). m .p. 120— 122° C (lit. [9] m .p. 117— 118 °C.

UV Imax^ (log e): 212 nm  (4.045), 281 (3.474), 224 (inflection).
IR  (KBr): 2760 and 2800 cm -1 (Bohlm ann bands), 1710 cm -1 (C = 0 , ketone).
PMR (CDC13): 1.0 (t, 3H, J  =  6.0, CH2— CH3); 1.44 (t, 6H , J  =  6.6, 0 — CH2 CH3); 

2.1—3.8 (m, 12H, Cl, C3, C4, C6, C7, Cl lb , C4—CH2— : aliphatic protons) 4.067; 4~.078 (q, 
4H , J  =  6.0, О— CH2— CH3); 6.55, 6.61 (s, 2H, arom atic protons).
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E-Methyl[3a-ethyl-9,10-diethoxy-1,3,4,6,7,llboc-hexahydro-2H- 
-benzo(a)quinolizinylidene-2] -acetate (3b)

Potassium  t-butoxide (6.72 g; 60 mmoles) and diethyl m ethoxycarbonylm ethylphos- 
phonate  [3] (16.0 g; 76 mmoles) were dissolved in anhydrous dim ethylform am ide (19.2 ml). 
A so lu tion  of 3a (8.6 g; 21 mmoles) in  anhydrous dim ethylform am ide (43 ml) was added, 
and the  m ixture was allowed to stand  a t room  tem perature for 72 hrs. The solution was added 
to  ice-w ater (500 ml) by drops, and the aqueous phase was extracted  w ith  ether (4 x 5 0  ml). 
The combined ethereal solution was ex trac ted  w ith saturated aqueous N aH S 0 3 solution 
(20 ml) and w ith w ater (2 X 20 ml). Th ethereal solution was dried over M gS04, filtered, and 
th e  e th e r evaporated. The syrupy residue (10.15 g) was dissolved in m ethanol (6.5 ml) and 
refrigerated overnight. The crystals were filtered  off yielding 3b (5.6 g; 55% ); m.p. 77—78 °C.

A fter recrystallization from m ethanol, the m.p. was 8 0 —81 °C.
C22 H 31N 04 (373.478). Calcd. C 70.75; H  8.37; N. 3.75. Found C 70.80; H 8.35; N 3.81% .
IR  (K B r): 2745, 2765, 2805 (B ohlm ann bands); 1720 cm -1 (C =  0  ester); 1640 cm -1

=  С
PM R (CDC13): 0.98 (t, 3H, CH2— CH3); 1.41 (t, 6H, J  =  6.66, O— CH2—CH3); 2.0— 3.4 

(m, 11H, Cl, C3 C4, C6, C7, C3 — CH2—, aliphatic protons); 3.76 (s, 3H, C 02CH3); 4.054, 4.11 
(q, 4H , J =  14.7, J =  7.32, O— CH2— CH3); 4.51 (q, 1H, J =  13.3, J  =  3.3; Cl—H equ); 
5.65 (s, 1H, CH30 2C—C H = C ); 6.6, 6.86 (s, 2H, arom atic protons).

E-Ethyl [3oc-ethyl-9,10-diethoxy-l,3,4,6,7,llba-hexahydro-2H- 
-benzo(a)quinolizinylidene-2] -acetate (3c)

The substance was prepared as described for 3b, using diethyl e thoxycarbonylm ethy l- 
phosphonate [3]. M.p. of 3c: 97—98 °C (from ethanol).

C23H 33N 04 (387.508). Calcd. C 71.28; H  8.59; N 3.61. Found C 71.27; H  8.51; N  3.33% .
IR  (K Br): 2745 and 2795 cm -1 (B ohlm ann bands); 1715 cm -1 (C =  0  ester); 1536 cm -1 

(C = C — CO).

Methyl [3-ethyl-9,10-diethoxy-l,6,7,llba-tetrahydro-4H-benzo(a)quinolizinyl-
-2 ]-acetate (6a)

A fter having prepared 3b as described above and isolating the pure compound, th e  
m ethanolic m other liquor containing 4.5 g (12 mmoles) of 3b, 4a and 5a was m ixed w ith  a 
solution of sodium methoxide (3.95 g; 73 mmoles) in methanol (25 ml) and refluxed in nitrogen 
atm osphere for 2 hrs.; the m ethanol was then  evaporated in vacuum , under nitrogen. The 
residue was dissolved in ice-water (20 ml), and the aqueous solution was ex tracted  w ith  
benzene (5 X 10 ml). The combined benzene solution was dried over M gS04, filtered and the 
solvent evaporated  in vacuum . The residue was a  pale yellow oil, 6a (4.5 g; 100%).

IR  (K B r): film, 2800, 2755, 2730 cm -1 (Bohlm ann bands); 1740 cm -1  (C =  0  ester). 
According to  TLC, the product was homogeneous and suitable for use in  th e  fu rther syn thetic  
steps.

Methyl [3a-ethyl-9,10-diethoxy-l,3,4,6,7,llb(X-hexahydro-2H-benzo(a)qumolizinyl-
-2 ]-acetate (7a)

Compound 3b (10 g; 26.5 mmoles), p repared as described above, was dissolved in 
m ethanol (90 ml) and, after the addition of m ethanol (6 ml) containing hydrochloric acid 
(0.98 g; 26.8 mmoles), i t  was hydrogenated in th e  presence of Pd/C cata lyst (1.5 g) a t  a pressure 
of 6 atm . A fter the absorption of the calculated am ount of hydrogen (2 hrs) the solution 
was filtered from  the cata lyst and evaporated to  dryness in vacuum. The residue was dissolved 
in w ater (50 ml) and made alkaline w ith cone. N H 4OH (14 ml). A sticky m ateria l separated , 
which was dissolved in ether (60 ml). The ethereal solution was dried over M gS04, filtered, 
and th e  e ther evaporated. The oily residue was dissolved in petroleum  e th e r (18 ml) and 
refrigerated overnight. W hite crystals of 7a separated  (8.84 g; 89%), m .p. 74— 75 °C.

C22H 33N 0 4 (375.494). Calcd. C 70.35; H  8.86; N 3.73. Found C 70.51; H  8.80; N  3.66% .
IR  (K B r): 2794 and 2745 cm -1 (B ohlm ann bands); 1735 cm -1 ( C = 0  ester).
PM R (CDC13): 0.96 (t, 3H , — CH2—CH3); 1.42 (t, 6H, J  =  6.66, — OCH2— CH3); 

1.9— 3.3 (m , 15H, Cl, C2, C3, C4, C6, C7, C2— CH2—, C3—CH2—1 aliphatic protons); 3.72 
(s, 3H, CH3— CO); 4.06 (q, 4H, J  =  6.66, 0 — CH2— CH3); 6.6 (s, 1H, arom atic proton); 6.72 
(s, 1H, arom atic  proton).
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3a-Ethyl-9,10-diethoxy-l,3,4,6,7,llba-hexahydro-2H-benzo(a)quinolizinyI- 
-2ß-acetic acid N-[ß-(3’,4’-diethoxyphenyl)]-ethylamide (7Ь)

A m ixture of jS-(2,3-diethoxyphenyl)ethyIamine (15.8 g; 76 mmoles) and 7a (9.46 g; 
25 mmoles) was m aintained a t  170 °C for 14 hrs in  nitrogen atm osphere. After cooling, the 
p ro d u c t was mixed w ith  e th y l acetate  (30 ml) and refrigerated. The pale yellow crystals were 
f ilte red  off and washed w ith  some cold ethyl acetate  to  obtain  com pound 7b (11.77 g; 84% ), 
m .p . 142— 146 °C.

The substance was sufficiently pure for direct use in  the fu r th e r synthetic steps.
A sample recrystallized from  ethyl acetate (10 ml solvent per g) had m.p. 152— 153 °C.
C33H48N20 5 (552.73). Calcd. C 71.75; H  8.75; N 5.07. Found C 71.51; H  8.82; N 5.08%.
IR  (K Br): 2810 and 2750 cm -1 (Bohlm ann bands); 1640 cm -1 (Amide I); 1558 and 

1562 (Amide II); 1260 and  1230 cm -1 (C—О—C).

( ;h )-2 ß [(6 ,,7’-Diethoxy-3’,4’-dihydro-l,-isoquinolinyl)-methyl]- 
-3a-ethyl-l,3,4,6,7,llb3C-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine (8)

Compound 7h (11.7 g; 21.2 mmoles) was dissolved in anhydrous benzene (250 ml). 
PO Cl3 (8.2 g; 4.9 ml; 53.2 mmoles) was added to  the solution dropwise under stirring and 
th e  m ixture was refluxed fo r 1 h r. The solvent was evaporated in  vacuum  and the residue 
dissolved in w ater (100 m l). The aqueous solution was made alkaline w ith cone. NH4OH 
(20 ml) under cooling in  ice-w ater. The sticky substance which separated  from the aqueous 
solution was dissolved in chloroform  (100 ml), dried over M gS04, filtered  and the chloroform 
was evaporated. The residue was dissolved in m ethanol (14 ml) and crystalline oxalic acid 
(5.5 g; 43.6 mmoles) in  m ethanol (12 ml) was added to th e  solution.

The methanol solution was mixed w ith ether (30 m l) and refrigerated. The crystalline 
oxalic acid salt was ob tained  by  decanting the m other liquor and recrystallizing the salt 
from  a m ixture of m ethanol (15 ml) and ether (25 ml). The crystals were filtered off and dried 
in  a ir to  obtain th e  dioxalic acid salt of (± ) -8  (12.5 g; 79% ), m .p. 150—152 °C.

C33H4eN20 4 • 2 C2H 20 4 • 1.5 H 20  (741.824). Calcd. C 59.9; H  7.2; N 3.78; H.,0 3.64. 
Found  C 60.1; H  7.19; N  3.81; H 20  4.0% .

The oxalate of 8 (12.5 g) was dissolved in w ater (100 ml) and made alkaline w ith cone. 
N H 4OH while cooling in ice-water. The w hite solid was filtered  off, washed w ith w ater 
( 3 x 1 0  ml) and dried over solid KOH in a vacuum  desiccator, then  dissolved in boiling 
anhydrous ether (100 ml). (± ) - 8  crystallized from  the ethereal solution after cooling in a 
refrigerator (8.6 g; 76% ), m .p. 94—95 °C.

C33H4fiN20 4 (534.717). Calcd. C 74.11; II 8.67; N 5.24. Found C 74.3; II  8.98; N 5.21%.
UV f i H (log e): 231 (4.38), 281 (3.93), 310 (3.71).
UV ; С ^ НС1 (log г) 213 (4.20), 251 (4.40); 2.90 (3.85), 309 (3.93); 348 (3.84).
IR  (KBr): 2790 and  2740 cm -1 (B ohlm ann bands); 1623 cm -1 (C = N ); 1265 and 1230 

c m - 1 (С—О—C).
PMR (CDC13): 1.02 (t, 3H, CH2— CH3); 1.43 (dec., 12H, 0 — CH2—CH3); 1.8—3.8 

(m , 19H, aliphatic pro tons); 4.07 (dec., 8H, О— CH2—CH3); 6.58 (s, 2H, arom atic protons); 
6.7 and 7.1 (s, 2H, arom atic  protons).

(± )-2 ß -[(6 ’,7’- Diethoxy-.lyl’-llihydro-l’-isoquiiiolinyl)-methyl] -3(X-ethyl- 
-l,3,4,6,7,llba-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine ( (+ ) -8 )  

di-N-acetyl-L-(—)-leucine salt

Compound (± ) -8  (5.34 g; 10 mmoles) and N-acetyl-L-(—)-leucine (3.46 g; 20 mmoles) 
were dissolved in w arm  ethy l acetate (50 ml). The solution was cooled to room tem perature, 
e th e r (550 ml) was added and the m ixture was allowed to s tan d  in  a refrigerator for 24 hrs. 
T he solvent was decanted  and the crystals were w ashed w ith  a m ixture of dry ethyl acetate 
and  ether (1 : 10) a t  0 °C, to  obtain  the di—N—acety l—L—(—)—leucine salt of ( ■ )-8 (4.8 g; 4.36 
mmoles), m.p. 68— 70 °C. A fter recrystallization from ethyl ace ta te  (23 ml), the compound 
h a d  m.p. 70—71 °C; [a]b° +  25.5 ± 1 °  (c =  4, methanol).

C33H 26N20 4 • 2C8H 15N 0 3 • 3H20  (935.21). Calcd. C 62.92; H  8.83; N 5.99; H ,0  5.78. 
F o u n d  C 62.85; H  8.7; N  6.16; H ,0  5.22% .
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(+ )-2 ß -[(6 ,,7’-Diethoxy-3,,4 , -dihydro-l’-isoquinolinyl)-methyl]-3a-ethyl- 
-l,3,4,6,7,llba-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine ( (  + )-8 )

The di-N-acetyl-L-(—)-leucine sa lt of (+ )-8  (1.0 g; 1.07 mm oles) was dissolved in 
w ater (10 ml). The solution was m ade alkaline w ith cone. N H 4OH and extracted  w ith ether 
(3 X 10 ml). The combined ethereal solution was dried over M gS04, filtered, and the ether 
evaporated . The residual oil (0.5 g) w as dissolved in anhydrous e ther (1.3 ml) and petroleum  
e th e r was added (1.3 ml) to the solu tion . The crystals which separated  on refrigeration were 
filte red  off to yield (+ )-8  (0.3 g; 5 2 % ), m .p. 50—52 °C; [a ]2D° +  42.6° ± 1 °  (c =  1.85, ethy l 
alcohol).

C33H46N20 4 (534.717). Calcd. C 74.11; H  8.67; N 5.24. Found C 74.08; H  8.67; N 5 .24% .
UV Ята°хН (log e): 232 (4.31), 260 (3.91,) 280 (4.01), 308 (3.80).
UV A m a í^ 'í lo g  e): 213 (4.21), 245 (4.22), (290 (3.84), 307 (3.91), 352 (3.87).
PM R (CDC13): 1.03 (t, 3H, CH2— CH3); 1.48 (dec., 12H O— CH2— CH3); 4.1 (dec., 

8H , O— CH2—CH3); 6.57; 6.59; 6.75; 7.09 (s, 4H , arom atic protons).

(—)-2ß-[6’,7,-D iethoxy-l’ß,2,,3 \4 ’-tetrahydro-l’-isoquinolinyl)-niethyl]-3a-ethyl-l,3,4, 
6,7,llba-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine ( lb )  and (—)-2ß-[(6’,7’-
-diethoxy-l,a ,2 ’,3 ,,4’-tetrahydro-l, -isoquinolinyl(-methyl] -3a-ethyl-l,3,4,6,7,llb!X- 

-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine (9b)

R aney nickel ca ta ly st (21 g), w ashed previously w ith w ater and e thanol, was suspended 
in  e thanol (40 ml). A solution of (+ ) -8  (8.0 g; 15 mmoles) and sod ium  ethoxide (19 g; 280 
mmoles) in e thanol (125 ml) was added  to  the suspension. The alcoholic suspension was 
subjected to  hydrogenation  a t 15 a tm  pressure. After the absorption of 1 mole of hydrogen 
(16 hrs) the ca ta lyst was filtered off and  th e  alcohol evaporated in vacuum . The residue was 
dissolved in  w ater (60 ml) a t room tem pera tu re  and extracted w ith  e ther (3 x 4 0  ml). The 
combined ethereal solution was dried over M gS04, filtered, and the so lven t evaporated. The 
residual sticky substance (8 g) was m ixed w ith  anhydrous oxalic acid (3.1 g; 34.5 mmoles) 
and  dissolved in hot m ethanol (9 ml). T he solution was allowed to  s tan d  a t  room  tem perature 
for about 2 hrs. The w hite crystals were filtered  off, washed w ith  cold m ethanol (7 ml), and 
dried; 6.4 g, m.p. 193— 195 °C. After recrystallization  from m ethanol (100 ml), the dioxalate 
of lb  (3.83 g; 35% ) h ad  m.p. 195— 198 °C.

C33H48N20 4 • 2C2H 20 4 (716.813). Calcd. C 62.0; H 7.31; N 3.91. Found  C 61.75; H 7.27; 
N  4 .14% .

The dioxalate of lb  (3.8 g) was dissolved in water (30 ml) and th e  solution was made 
alkaline w ith cone. N H 4OH. Rase lb  separa ting  from the aqueous solution was dissolved 
in e ther (20 ml), dried over MgS04, filte red , and the ether was evaporated. The residue was 
dissolved in ethanol (5 ml) and, after the a d d itio n  of ethanol containing an  equivalent am ount 
of hydrochloric acid, i t  was evaporated to  dryness in vacuum. The solid residue (3.31 g) was 
dissolved in chloroform (3 ml), ethyl ace ta te  (6 ml) was added and  the m ix ture  was allowed 
to  stand  in a refrigerator. The crystals w ere filtered  off and dried to give lb . 2HC1 • 2.5H20  
(2.5 g; 25.8% ), m.p. 210— 215 °C; [«]?? +  44.5° ± 1 °  (c =  1.01, CHC13).

C33H48N20 4 • 2HC1 • 2.5H„0 (652.40). Calcd. C 60.52; H 8.47; N  4.28; Cl 10.83; H 20  
6.88. Found C 60.44; H  8.65; N 4.42; Cl 10.93; H 20  6.93%.

UV Ami? 0°g &■ 211 (4.21); 230 (4.08); 282 nm (3.75).
lb . 2HC1 • 2.5H 20  (0.2 g; 0.3 mm oie) was dissolved in w ater (10 ml) and, w ith cooling 

in ice-water, the solution was made alkaline by the addition of cone. N H 4OH. The white 
am orphous precipitate was filtered off, w ashed w ith w ater ( 2 x 5  ml) and  dried over solid 
K O H  in a vacuum desiccator. Compound (— )-lb(0 .15  g; 0.275 mm ole) was obtained as a 
w hite amorphous powder, [a ]i?—49.70° ± 1 °  (c =  2.009, CHC13).

C33H48N20 4 • 1/2H20  (545.442). Calcd. C 72.66; H 9.05; N 5.14; H 20  1.65. Found C 
72.69; H  8.91; N 5.12; H 20  1.49%.

UV Ama°xH(log e): 226 (4.15); 285 nm  (3.83).
PM R (CDC13): 0.98 (t, 3H, CH2—CH3); 1.39 and 1.41 (t, 12H, J  =  7.32, O— CH2—CH3); 

1.8— 3.3 (m, 21H, aliphatic protons and N H  pro ton); 4.05 and 4.06 (q, 8H, J  =  18 and J  =  7.32 
О— CH2— CH3); 6.64, 6.6 (sh.), (3H, a rom atic  protons); 6.82 (1H, arom atic proton).

The methanolic m other liquor ob ta in ed  after filtering off the crystalline dioxalate 
of lb  (6.4 g) was evaporated to dryness in vacuum . The solid residue (4.5 g) was crystallized 
from  m ethanol (16 ml). The crystals were rap id ly  filtered off and recrystallized from  a m ixture
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of m ethano l and w ater (16 : 1). The crystalline substance obtained was th e  dioxalate of 
( — )-9h  (1.2 g; 18.6%), m .p. 145— 146 °C.

C33H48N20 4 • 2C2H 20 4 • H 20 .  Calcd. C 60.48; H  7.14; N 3.81; H 20  2.45. Found C 60.55; 
H  7.25; N 3.84; H20  2.55% .

Isolation of the base (— )-9b was accomplished as described for (— )-lb , starting  from 
th e  dioxalate (— )-9b.

Compound (—)-9b is a  w hite amorphous powder, [ a ] jf— 25° ± 1 °  (c =  1.18, CHC13).
PM R (CDC13): 1.01 (t, 3H , CH2—CH3); 1.41 (t, 12H, J  =  7, O— CH2— CH3); 1.8—3.5 

(m , 21H , aliphatic protons and  N H  proton); 4.04 and 4.05 (q, 8H, J  =  16, J  =  6, —О— 
— C H 2— CH3); 6.6 (3H, arom atic  protons); 6.7 (1H, arom atic proton).

*
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The synthesis of dehydroem etine ( la )  has been achieved through dehydroproto- 
emetine (3b) by  means of th e  P ic te t— Spengler type cyclization procedure. In  the 
preparation of the ethoxy analogue of dehydroem etine (lb ) the Bischler—N apieralski 
cyclization reaction  was used.

D ehydroem etine  (la ) is a d ru g  w ith  an  excellent am oebicide a c tiv ity . 
I t s  f ir s t  syn thesis  w as re p o rte d  b y  B r o s s i  et al. [1].

In  th e  h o p e  o f reducing  th e  to x ic  side effects o f b o th  em etine an d  
d eh y d ro em etin e , th e  e thoxy  an a lo g u e  o f dehydroem etine  (lb ) was also sy n ­
th es ized , follow ing a synthesis o f  th e  e th o x y  analogue o f  em etine  [3]. A  new  
reac tio n  p a th  w as s im u ltan eo u sly  developed  for th e  p re p a ra tio n  o f d eh y d ro ­
em etin e  (la ).

Since in  o u r earlier e m e tin e  syn th esis  [2] th e  ste reo se lec tiv ity  o f th e  
la s t  s tep  was successfully  e n h a n c e d  b y  th e  ap p lica tio n  o f th e  P ic te t—Spengler 
cyc liza tio n  p rocedure , th is re a c tio n  w as fav o u red  in  th e  p re p a ra tio n  of d eh y d ro ­
em etin e  (la ), to o .

T he sy n th esis  of the  e th o x y  analogue of d eh y d ro em etin e  (lb ) was 
ach ieved  by  u sin g  th e  B ischler— N ap ie ra lsk i cycliza tion  reac tio n .

On the  an a lo g y  o f the  m e th o d  given fo r th e  p re p a ra tio n  o f th e  d im eth o x y  
d e riv a tiv e  2a [4], th e  exo —*■ endo  iso m eriza tion  of th e  doub le  bo n d  of th e  
u n s a tu ra te d  es te r 2b [3] was e ffec ted  again  w ith  sodium  m eth o x id e  [3].

In  th e  course o f th e  new  sy n th es is  o f dehyd ro em etin e  ( la ) , th e  e s te r 
3a [4] was reduced  w ith  d i- iso b u ty la lu m in iu m  h ydride  y ie ld ing  d eh y drop ro to - 
em etin e  (3b), w hich  w as th en  c o n v e rte d  w ith  /l-(3 -hydroxy-4 -m ethoxypheny l)- 
e th y lam in e  in to  dehyd ro cep h aelin e  ( lc )  a n d  its  epim er, 5c, b y  th e  P ic te t—  
S peng ler m ethod . T hese re a c tio n  p ro d u c ts  w ere co n v erted  in to  d eh y d ro ­
em etin e  (la ) and  d ehydro isoem etine  (5a) w ith  d iazo m eth an e, w ith o u t prev ious 
sep a ra tio n .

In  order to  p rep a re  th e  e th o x y  analogue o f d eh y d ro em etin e  (lb ), th e  
e s te r  3c [3] was co n v erted  in to  th e  acid  am ide  3d w ith  d ie th o x y p h en y le th y l-

* P art IV: R o h á ly , J., Szántay , Cs .: A cta Chim. Acad. Sei. H ung. 96, 45 (1978)
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2 a R1 = R'-= C H :í R3 = OC2H5 

2 b R1 = R2 = C2H5 R3 = OCH3 3 b Rl = R 2 = CH3 R3 = H  

3 c R1 = R2 = C2H5 R3 = OCH3

3d R 1 = R1' = C2H0 R ' = NH—(ГН2)2- 
-CoH3(OC2H5)2

4
R' = R-= R3 = R4= Г0Н5
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am ine, accord ing  to  th e  m ethod  su g g ested  b y  Op e n s h a w  an d  W h it t a k e r  [5 ]. 
C yclization o f th e  reaction p ro d u c t  w ith  phosphorus oxych lo ride  g av e  th e  
e th o x y  analogue o f 2 ,3 -d id ehydro -O -m ethy lpsyho trine  (4), and  th is  y ie ld ed  
lb  an d  th e  isom eric  5b on re d u c tio n  w ith  zinc in  h y d ro ch lo ric  acid .

C om pounds lb  had n e a r th e  sam e an tiam oeb ic  p ro p e rtie s  to w a rd s  
Entamoeba hystolytica  strains as e m e tin e  o r dehyd ro em etin e  ( la ) , a t  th e  sam e 
tim e  th e  le th a l dose (LD50) was 1000 m g/kg , in  co n tra s t w ith  ab o u t 80 m g /k g  
o f em etine a n d  dehydroem etine , in  su b cu tan eo u s  a d m in is tra tio n  to  m ice. 
S im ilar d ifferences am ounting to  an  o rd e r o f m ag n itu d e  in  favour o f lb  w ere 
observed  in  th e  chronic to x ic ity  te s ts .

Experim ental

The IR  spectra were recorded in  K B r pellets w ith  a Spectromom 2000 in strum en t. 
The UV spectra were taken  with a U nicam  SP 800 spectrophotom eter, and the PM R spectra  
were obtained w ith  a Perkin—Elmer R12 (60 MHz) instrum ent. Chemical shifts are given 
in <5 (ppm ) units; th e  internal standard  was TMS. /S-(3,4-Diethoxyphenyl)ethylam ine was 
supplied by Chinoin Pharm aceutical and  Chemical W orks.

2,3-Didchydroproloemetine (3b)

E thy l [3-ethyl-9,10-dim ethoxy-l,6 ,7-llba-tetrahydro-4H -benzo(a)quinolizinyl-2]-ace- 
ta te  (3a) [4] (2.6 g; 7.25 mmoles) was dissolved in  anhydrous toluene (53 ml). The solution 
was cooled to  — 65 °C w ith  stirring in  d ry  n itrogen atm osphere, and di-isobutylalum inium  
hydride (1.2 g; 1.5 m l; 8.5 mmoles) w as added  to it. The solution was stirred a t — 65 °C for 
2 hrs. A sa turated  solution of sodium hydrogen  sulfite was then  added, while m aintain ing 
the tem perature  below — 40 °C.

A fter the add ition  of the N aH S 03 solution, the tem perature  of the m ixture was allowed 
to rise to  room tem peratu re . The precip ita te  was filtered  off and dissolved in  w ater (100 ml). 
Toluene was separated  from  the aqueous N a H S 0 3 solution. The aqueous phases were com bined 
and ex tracted  w ith e th e r (40 ml). The aqueous solution was then  m ade alkaline (pH  =  9) 
w ith 2iV NaOH, while cooling in an ice sa lt m ix ture: th e  tem perature of the solution m ust 
not exceed 0 °C. The precipitate produced by  the  add ition  of the alkali was dissolved in e ther 
(60 ml), and the aqueous phase was ex trac ted  w ith  e ther (3 X 30 ml).

The combined ethereal solution w as dried over MgS04, filtered, and the solvent was 
rem oved a t room tem peratu re  in vacuum  in a stream  of nitrogen. The residue was a pale 
yellow solid, 3b (1.4 g; 64% ).

PM R (CDC13): 1.04 (t, 3H, J =  7.2, CH2— CH3); 1.9—3.5 (m, 13H, aliphatic protons); 
3.84 (s, 6H , О— CH3); 6.58 and 6.61 (2 X s, 2H , arom atic protons); 9.68 (t, 1H, CHO).

The substance w as subjected to analysis in th e  form of the perchlorate. Compound 
3b (0.157 g; 0.5 mm ole) was dissolved in  e thano l (1 ml) and perchloric acid (0.17 ml; 70% ) 
was added dropwise. The perchlorate w as th en  precip ita ted  by the addition of w ater. The 
perchlorate 3b (0.175 g; 0.405 mmole) was dissolved in h o t m ethanol (3.2 ml), cooled to  room  
tem perature, a few drops of water were added  u n til the  solution became tu rb id  and the m ix ture  
was refrigerated. The crystals were filtered off to  ob ta in  the perchlorate of 3b. H20  (0.076 g; 
0.176 mmole), m.p. 198— 200 °C, analytically  pure.

C19H 25N 0 3 • HC104 • H 20  (433.86). Calcd. C 52.6; H  6.5; N 3.23; Cl 8.17; H „0 4.52. 
Found C 52.11; H  6.6; N  3.13; Cl 7.82; H 20  4.15% .

2,3-Didehydroemetine ( l a ) ,  2,3-didehydroisoemetine (5a) 
and 2,3-didehydrocephaeline ( lc )

Compound 3b (1.3 g; 4.34 mmoles) and J8-(3-hydroxy-4-m ethoxyphenyl)ethylam ine 
hydrochloride (1.71 g; 8.15 mmoles) were suspended in  w ater (36 ml) and glacial acetic acid 
(3 ml) was added. The solution (pH 4.5) w as allowed to stand in  nigtrogen atm osphere a t
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room  tem perature  for 5 days. The pH  of the solution was then  ad justed  to 9 by the addition  
of solid N a2C03. A pale brow n precipitate separated ; th is  was filtered off, washed w ith  some 
w ater and  dried over P 20 5 in  a vacuum desiccator. R aw  2,3-didehydrocephaeline (lc )  and 
its epim er (5c) (1.55 g; 81% ) were obtained. The products were dissolved in ethanol (35 ml), 
diazom ethane (3.5 g; 83.5 mm oles) in ether (300 ml) was added to  the solution, and the 
m ix ture  was allowed to  s tan d  a t  room tem peratu re  for 2 days. The solvents were rem oved 
on a w ater b a th  a t 35 °C in  vacuum .

The oily residue was dissolved in ether (75 m l) and extracted  w ith 21V N aOH  (20 ml) 
and w ater (5 X 20 ml). The e th e r solution was dried  over MgS04, filtered, and the e ther was 
evaporated  in  vacuum . The residue was a m ix tu re  (1 : 1) of 2,3-didehydroem etine (la ) and
2,3-didehydroisoemetine (5a) (1.5 g; 75%).

The m ixture was dissolved in m ethanol (2.7 ml) and a solution of anhydrous oxalic 
acid (0.6 g; 6.65 mmoles) in  m ethanol (1.6 ml) w as added to the solution. After seeding w ith 
th e  oxalate of 2,3-didehydroisoemetine (5a), th e  solution was allowed to stand a t  room 
tem peratu re  for one day . The oxalate of 2,3-didehydroisoem etine (5a) crystallized (0.9 g; 
1.35 mmoles), m.p. 175— 177 °C (lit. [1] m.p. 175— 178 °C).

The filtra te  was th e n  evaporated to dryness in  vacuum , the residue was dissolved 
in w ater (20 ml), clarified w ith  carbon and m ade alkaline w ith  lOiV N aOH  (1 ml). The precip­
ita te  was dissolved in benzene (40 ml). The benzene solution was ex trac ted  w ith w ater (3 X 20 
ml), dried over M gS04, filte red  and acidified w ith  ethanol, which contained hydrochloric 
acid, th en  evaporated to  dryness in vacuum . T he residue (0.8 g) was crystallized from  a 
m ix ture  of methanol (15 m l) and  ether (40 ml) to  o b ta in  the dihydrochloride of 2,3-didehydro­
em etine (la ) (0.75 g; 1.3 mmoles), m.p. 252— 254 °C (lit. [1] m .p. 248—250 °C).

[3-EthyI-9,10-diethoxy-l,6,7,llba-tetrahydro-4H-benzo(a)quinolizinyl-2] -acetic acid 
N -[ß-(3’,4’-diethoxyphenyl)]ethyl amide (3d)

Methyl [3-ethyl-9,10-diethoxy-l,6 ,7 ,llba-tetrahydro-4H -benzo(a)quinolizinyl-2]-acet- 
a te  (3c) [3] (4.5 g; 12 mm oles) and|:/?-(3,4-diethoxyphenyl)ethylam ine (6.2 g; 29.6 mmoles) 
were heated under nitrogen atm osphere a t  170 °C for 4 hrs. The excess of |S-(3,4-diethoxy- 
phenyl)ethylam ine was th e n  evaporated in a stream  of nitrogen in vacuum . The residue was 
recrystallized from ethy l ace ta te  (7 ml) to o b ta in  3d (5.2 g; 78% ), m .p. 115—116 °C.

This product was sufficiently pure for use in  the  following synthetic steps.
A sample recrystallized  from ethyl ace ta te  (5 ml) for analysis had m.p. 122— 124 °C.
C33H46N2O5(550.717). Calcd. C 71.97; H  8.42; N 5.09. Found C 71.44; H 8.31; N  5.04% .
IR  (KBr): 3320 (N H ); 1645 (Amide I); 1560 cm “ 1 (Amide II).

( )-2-[ (6’.7"- Diet hox y-3’.4’-dihydro-1 ’-isoquinoli n . 1 ) -inethvl I -3-ethyl-1,6,7,] lboc-tetra -
hydro-9,10-diethoxy-4H-benzo(a)quinolizine (4)

Compound 3d (5.5 g; 10 mmoles) was dissolved in anhydrous benzene (60 ml). Phosphorus 
oxychloride (3.85 g; 2.3 m l; 25 mmoles) was added  w ith  stirring, and the solution was refluxed 
for 1 hr. The solvent was evaporated in vacuum  and the residue dissolved in w ater (60 ml). 
The aqueous solution was m ade alkaline w ith cone. N H 4OH (7.5 ml) while cooling in ice-water. 
The precipitate was ex trac ted  w ith benzene ( 4 x 2 0  ml). The combined benzene solution was 
dried over MgS04, filte red , and the benzene was evaporated in vacuum. The oily residue 
was dissolved in m ethanol (5 ml) and acidified w ith  m ethanol containing hydrochloric acid. 
Cooling in ice-water was applied meanwhile. T he m ethanolic solution was mixed w ith  ether 
(30 ml) and refrigerated. Compound 4 • 2HC1 • 4 • H 20  was thus obtained (5.53 g; 81% ), 
m .p. 136—138 °C.

C33H44N20 4 • 2HC1 • 4.5 H 20  (686.802). Calcd. C 57.83; H 8.08; N 4.08; Cl 10.32; H 20  
11.80. Found C 57.80; H  7.92; N 3.81; Cl 10.37; H 20  11.30%.

UV Amaxr (log f): 213 (4.17), 242 (4.14), 290 (3.83), 307 (3.87), 353 nm (3.87).
Compound 4 • 2HC1 (1 g) was dissolved in  w ater (20 ml) and made alkaline w ith  cone. 

N H 4OH while cooling in ice-water. The yellow precip ita te  was filtered off, washed w ith  w ater 
and dried over KOH a t room  tem perature in a vacuum  desiccator to obtain a yellow pow der, 
4 (0.7 g).

C33H44N20 4 • 1 /2H ,0  (543.725). Calcd. C 73.14; H 8.14; N 5.17; H ,0  1.66. Found  C 
73.15; H 8.37; N 4.8; H ,0  1.14%.

UVAma°xH (log e): 232 (4.28), 282 (4.03), 310 nm  (3.82).
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IR  (K B r): 2790, 2750, 2730 (B ohlm ann bands); 1623 (C = N ); 1255 and 1225 cm 1 
(C—O—C).

PM R (CDClg): 1.09 (t, 3H, J  =  7.32, CH2—CH3); 1.4, 1.405 (t, 12H, O— CH2—CH3); 
1.9— 3.8 (m, 17H, alipathic protons); 4.06 (q, 8H, О—CH2— CH3); 6.59 (s, 2H , arom atic 
protons); 6.69 (s, 1H, arom atic proton); 7.15 (s, 1H, arom atic proton).

( ;b )-2 -[(6 ,,7,-D iethoxy-l,ß,2,,3,,4,-tetrahydro-l,-isoquinoH nyl)-m ethyl]-3-ethyl-l,6,7,llba- 
-tetrahydro-9,10-diethoxy-4H-benzo(a)quinolizine ( lb )  and ( =t) -2 -[(6 ’,7’-diethoxy- 
-Г а ,2 ’,3 \4 ’ -tetrahydro-l’-isoquinolinyl)-methyl]-3-ethyl-l,6,7,llbct-tetrahydro-9,Í0- 

(Kethoxy-4H-benzo(a)quinolizine (5b)

The dihydrochloride of 4 (4 g; 5.8 mmoles) was dissolved in aqueous alcoholic (1 : 1) 
2 N  HC1 solution (65 ml). The solution was heated and stirred on a w ater ba th , and zinc powder 
was added (4.0 g; 61 mmoles) by half-hour periods in 1-g portions. S tirring of the solution 
was continued on the w ater b a th  for 5 hrs. The alcohol was evaporated and the aqueous 
solution made strongly alkaline while cooling in ice-water, then  ex trac ted  w ith benzene 
(4 X 30 ml). The combined benzene solution was acidified to pH  6 w ith m ethanol containing 
hydrochloric acid, and evaporated to dryness in  vacuum . The residue was dissolved in 
m ethanol (17.5 ml), and e th e r (35.5 ml) was added; the m ixture was then  refrigerated. The 
crystals were filtered  off, washed w ith a small am ount of a m ixture of m ethanol and ether 
(1 : 2) a t 0 °C, and dried over CaCl2 in a vacuum  desiccator,. The dihydrochloride of lb  w ith 
1 mole of w ater of crystallization was obtained (1.52 g; 41% ), m.p. 210—212 °C.

C33H46N20 4 • 2HC1 • H 20  (625.66). Calcd. C 63.34; H  8.06; N 4.48; Cl 11.34; H 20  2.88. 
pound  C 63.48; H  8.30; N 4.4; Cl 11.11; H 20  2.96%.

UV Amax (log e): 213 (4.19), 230 (4.09), 282.5 nm (3.79).
IR  (K B r): 2600 c m '1 (NH2).
The dihydrochloride of lb  (1 g) was dissolved in w ater (10 ml) and the solution was 

m ade alkaline w ith  cone. N H 4OH while cooling in  ice-water. The resulting white precip itate 
was filtered off, w ashed w ith water, and dried over KOH in a vacuum  desiccator to obtain  
lb  as a w hite powder (0.7 g).

C33H4eN20 4 • 1/2H„0 (543.726). Calcd. C 72.88; H  8.62; N  5.15; H 20  1.65. Found  C 
73.05; H  8.48; N 5.19; H 20  1.52%.

IR  (K B r): 2795, 2755, 2735 cm -1 (Bohlm ann bands).
PM R (CDC13): 1.0 (t, 3H, J  =  7.3, CH2—CH3); 1.4 (t, 12H, J  =  6.66, 0 —CH2— CH3); 

1.7— 3.6 (m, 19H, aliphatic protons); 4.08 (q, 8H, J  =  6.66, О—CH2—CH3); 6.63 (s, 2H, 
arom atic protons); 6.7 and 6.76 (s, 2H, arom atic protons).

A fter the isolation of lb  • 2HC1, e ther (35.5 ml) was added to the m other liquor of 
crystallization. The solvent m ixture was decanted  from the precipitate and the residue (0.38 
g) was dissolved in m ethanol (1.3 ml). A few drops of e ther were added, and the m ixture 
was allowed to  stand  a t room tem perature. The crystals which deposited were filtered off 
to obtain  5b • 2HC1 (0.21 g; 5.52%), m .p. 175— 177 °C.

C33H46N20 4 • 2HC1 • 2.5H20  (652.78). Calcd. C 60.70; H  8.12; N  4.29; Cl 10.86; H 20  
6.94. Found C 60.89; H  8.29; N 4.2; Cl 10.61; H 20  6.86% .

U V A ^Ix (log e): 213 (4.21), 230 (4.11), 282 nm (3.77).
IR  (K Br): 2550 c m '1 (NH2).
The base liberated from 5b • 2HC1 was obtained in the form of an amorphous powder.
C33H46N20 4 • 1/2H20  (543.725). Calcd. C 72.88; H 8.62; N 5.15; H 20  1.65. Found C 

72.81; H  8.43; N 5.32; H 20  1.32%.
IR  (K Br): 2795 and 2735 cm -1 (B ohlm ann bands).
PM R (CDC13): 1.04 (t, 3H, J  =  7.3, CH2—CH3); 1.45 (t, 12H, J  =  6.66, O—CH2—CH3);

1.5—3.6 (m 19H, aliphatic protons, NH); 4.1 (q, 8H, J  =  6.66, О— CH2—CH3); 6.67 (s, 2H, 
arom atic protons), 6.76 and 6.8 (s, 2H, arom atic protons).
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The characteristics of th e  electronic s truc tu re  and the UV spectral properties 
of pyrido-as-triazines and benzo-as-triazine were investigated by the use of different 
semiempirical methods (P P P , CNDO). The reac tiv ity  properties of the molecules 
were studied on the basis of calculations. I t  is concluded th a t the UV spectral and 
electronic struc tu ra l properties are decided by th e  position of the pyrido-N -atom .

In  th e  re c e n t years s e v e ra l b io logically  ac tive  com pounds h av e  been 
fo u n d  am ong p y rid o - and q u in o lin o -a s -tr ia z in e s  ch aracterized  b y  fo rm u las  
I an d  II, re spec tive ly . For an  in te rp re ta t io n  o f th e  resu lts

re la tin g  to  r e a c tiv ity  and  bio logical a c tiv ity , an  inv estig a tio n  on th e  e lec tron ic  
s tru c tu re  of th e se  com pounds is necessa ry . In  co n tin u a tio n  of o u r ea rlie r 
w ork  [1— 6], in  th e  p re se n t p a p e r  we re p o rt th e  resu lts  o f q u an tu m  chem ical 
in v estig a tio n s on p y rid o -as-triaz in e  skeletons (III—VI) and  on benzo-as- 
tria z in e  (VU),

N .
^ N 2

N 1° N'

(3,2-e)
VI VII
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of th e  fo u r possible u n su b s titu te d  V II pyrido-a.s-triaz.ines (III—VI) th e  fo l­
low ing are  know n: 3 ,4e (IV), 3,2-е (VI) a n d  4,3-е (V). In  each ty p e  several 
d e riv a tiv e s  have been  p rep a red .

R e la tiv e ly  l i ttle  q u a n tu m  chem ical w o rk  has been done on aza- 
n a p h th a le n e s  co n ta in in g  m ore th a n  one n itro g e n  a to m s. F irs t F a v in i et al. [7] 
in v e s tig a te d  th e  e lec tro n ic  tra n s itio n  sp e c tra  o f  azan ap h th alen es b y  th e  
P a rise r— P a rr— P op le  (P P P )  m ethod . T hese a u th o rs  were also th e  f i r s t  to  
ex am in e  th e  ben zo -as-triaz in e  (VII) m olecule. I n  1966 W ait  an d  W e s l e y  [8] 
ca rried  o u t H ückel m o lecu la r o rb ita l (H M O ) c a lcu la tio n s  for azan ap h th a len es , 
in c lu d in g  py rid o -as-triaz in es . T hey  gave th e  H M O  charge  d en sity  d a ta  and  
th e  v a lu e  of th e  e x c ita tio n  energy ca lcu la ted  fo r th e  f irs t л  —► n* tra n s itio n  
in  ben zo -as-triaz in e . F o r  azan ap h th alen es c o n ta in in g  one or tw o  N  atom s 
in  one ring  some fu r th e r  P P P  calcu la tions a re  also know n [9— 10b]. A ll­
v a lence  e lectron  (C N D O , IN D O ) ca lcu la tio n s h av e  also been re p o rte d  for 
th e se  com pounds [11]. T he non-condensed  a s -tr ia z in e  m olecule w as th e o ­
re tic a lly  in v es tig a ted  b y  severa l w orkers [7, 12— 14].

Calculations

T he ca lcu la tio n s w ere carried  o u t b y  th e  use of th e  CNDO/2 [15] and  
P P P  [16, 17] m e th o d s. In  th e  CNDO ca lcu la tio n s  th e  original p ro g ram  and  
p a ra m e tr iza tio n  h av e  been  em ployed [15].

T he P P P  m eth o d  w as applied  in  th e  S C F — MO— LCAO— C l form  w ith  
ZD O  ap p ro x im a tio n  [16— 17]. In  th e  ca lcu la tio n  o f co n figu ra tiona l in te ra c tio n  
(C l) f i r s t  excited  con fig u ra tio n s were ta k e n  in to  account. T he y ((- an d  уц  
in te g ra ls  were o b ta in e d  b y  th e  P a r ise r —-P a r r  [17] and  N ishim oto— Mataga  
[18] ap p ro x im atio n s , respective ly . T h e-v a lu es  fo r th e  ion ization  p o te n tia l (1,) 
a n d  elec tron  a f f in ity  (M;), b o th  re fe rred  to  th e  valence s ta te , w ere ta k e n  
fro m  th e  w ork o f H in z e  an d  J a ffe  [19]. I n  th e  course of our ca lcu la tions, 
in c lu d in g  also th o se  b y  th e  CNDO m e th o d , a ll m olecules w eré supposed  to  
h av e  p la n a r  s tru c tu re  a n d  all valence angles w ere tak en  as n ea rly  120°. The

Table I

Bond distances used in  the calculations

Bond D istance (A) Ref.

c =  c 1.39 [17]
C =  N 1.36 [20]

II 1.33 [13]
C — H 1.08 [21]
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Table II

Initial data fo r  P P P  calculations

Atom h(eV)[13J Ai(eV)[19] Ref.

C(trt rVr,V3) 11.16 0.03 C =  C 2.39 [17]
N(t 2trVi,Vs) 14.12 1.78 C =  N 2.58 [20]

N =  N 2.20 [22]

ap p lied  bond  d is tan ce  (R/j) d a ta  a re  show n in T able  I .  T he a tom ic  p a ram e te rs  
(Aj,  I j) an d  bond p a ra m e te rs  (resonance  in teg ra l, ß y) are  show n in T ab le  I I .

T h e  UY s p e c tra  w ere reco rded  on a U N ICA M  SP-800 in s tru m e n t in  
e th a n o l so lu tion . T h e  experim en tal o sc illa to r  s tre n g th  v a lu es  [23] were d e te r ­
m in ed  from  the  log  s d a ta .

Results and  discussion

T h e  values fo r th e  f irs t four s in g id e t-s in g u le t л — л*  e lectron ic tra n s itio n  
energies (ZlE), (P P P  m ethod), the  w a v e  len g th  values (2.) an d  th e  osc illa to r 
s tre n g th  d a ta , to g e th e r  w ith  th e  e x p e rim e n ta l values dete rm in ed  in  th e  
p re se n t w ork , are sh o w n  in Table I I I .

I t  is seen t h a t  th e re  is a go o d  ag reem en t be tw een  th e  exp erim en ta l 
an d  th e o re tic a l v a lu e s  fo r  the tr a n s it io n  energies. F o r th e  oscillator s tre n g th  
( / )  th e  dev ia tio n  is la rg e r , h u t for th e  m a in  bands th e  values are accep tab le . 
In  th e  case  c f  h enzo -as-triaz ine  (VII) th e  d a ta  given b y  F a v in i  et al. [7] are  
also show n . I t  is seen  th a t  the d a ta  ca lcu la ted  in  th e  p re sen t w ork are  in  
b e tte r  ag reem en t w ith  th e  exp erim en ta l re su lts  th a n  tho se  o f th e  p rev ious 
au th o rs . T he reason fo r  th a t  lies in  th e  choice of th e  va lu e  for th e  /?N=N 
in teg ra l. In  the  p re se n t w ork the /?N = N v alue  (Table I I )  w as de te rm ined  b y  
a sp ec tru m -fittin g  te c h n iq u e  which m e a n s , th a t  /3N=N w as v a ried  as a p a ra m ­
e te r  u n ti l  th e  best f i t  betw een  the  e x p e rim e n ta l an d  th e o re tic a l d a ta  w as 
o b ta in ed . T his /?N=N v a lu e  was then u se d  in  th e  case o f th e  p y rid o -as-triaz in es .

P y rid o (3 ,4 -e )-as-triaz in e  (IV) a n d  pyrido(3 ,2 -e)-as-triaz ine  (VI) w ere 
p rep a red  f i r s t  b y  L e w is  an d  Sh e p h e r d  [24]. T hey  also gave UV d a ta  fo r 
these  com pounds (w ith  w hich our d a ta  are  in  perfec t ag reem ent). E ach  
com pound  can  be ch a ra c te riz e d  by a th re e -b a n d  UV sp ec tru m , in  ag reem en t 
w ith  th e  s ta te m e n t o f  P a u l  and R o d d a  [25] concern ing  py rid o -p y rid az in es . 
On th e  b as is  o f our th e o re tic a l results, th e s e  b an d s  belong to  л — л*  tra n s itio n s . 
(The n —>■ л*  b and  a p p e a rs  a t about 470  nm ).

I t  is  seen from  th e  d a ta  in T ab le  I I I  th a t  th e  UV sp ec tra l d a ta  show  
a d ep en d en ce  on th e  p o s itio n  of the N  a to m  in  th e  p y rido -ring . A t th e  f irs t
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Table III

Calculated and experimental electronic transition spectra

15
H

14 1
H ~ 18 .N . 2

13 4 11
H
U!

Theoretical Experim ental (EtOH)

Compound fp\
JE(eV ) A (nm) /**z!Ee-*(eV) A [nm] / a***

i - + J

3.932 315 0.176 205.9 5 — 6
(3.817)* 325 (0.154)*
4.150 299 0.200 120 4 — 6 4.137 300 0.066

VII (4.105)* 302 (0,116)* 5 — 7
5.739 216 0.881 259.3 5 — 8 5.413 229 0.767

(5.741)* 216 (0.183)* 5 — 7
6.041 205 0.019 333.1

(5.811)* 213 (0.456)*

4.024 308 0.245 165.4 5 -  6
4.451 279 0.249 323.4 5 -  6

i n 5 — 7
(2,3-e) 5.975 208 0.104 249.8 3 — 6

6.102 203 0.137 268.6 4 — 6

3.748 331 0.187 195.6 5 - 6 3.735 332 0.065
4.397 282 0.073 293.4 4 — 6

IV 5.630 220 1.008 271.6 5 — 7 5.486 226 0.472
(3,4-e)

6.030 206 0.069 179.5
4 -  7
5 — 6

3.966 313 0.199 330 5 —► 6
4.199 295 0.054 255.4 4 — 6

V 5.606 221 1.023 221.2 5 - 7
(4,3-e)

6.128 202 0.029 149.5
4 — 6 
3 — 6

4.107 302 0.260 347.2 5 — 6 
5 — 7

3.936 315 0.136

VI
(3,2-e)

4.419 281 0.222 152.3 5 — 6
4 — 6

4.065 305 0.157

5.930 209 0.670 77.6 5 — 7 5.904 210 0.700
6.084 204 0.017 288.4 4 — 7

* data  by F a v i n i  et al. [7], * * /  =  ■ [23]

*** a: polarization angle m easured from  y  (grades)
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л  —*■ л*  tra n s it io n  b a n d  (350— 290 nm ) th e  w ave len g th  sequence is th e  
follow ing:

Я Л — Л *
(3,4—e) ^  ^ (4 ,3 —e) ^

Л --- Л *
(2,3—e) >я Л — Л *

(3 ,2 — e)

In  all cases for th is  b an d , the d o m in a tin g  tra n s itio n  is <p„+ 1  (n  =  5), w ith  
th e  excep tion  o f th e  rin g  (3,2-е) (V I), w here  ç?” + 2 tra n s itio n  also c o n tr ib u te s  
sign ifican tly . In  th e  above m en tio n ed  cases, th e  b an d  is po larized  in  th e  
Y -d irec tion .

The position  o f th e  b an d  ap p earin g  a t  a b o u t 220 nm  is also in fluenced  
by  th e  position  of th e  pyrido -N -atom . T h is  b a n d  is po larized  in  th e  x -d irec tion , 
and  th e  g?„+2 e lec tron ic  tran s itio n  h as  a s ig n ifican t role in  its  appearance . 
In  com parison  w ith  b en zo -as-tria tin e  i t  is fo u n d  th a t  th e  in tro d u c tio n  o f  
a new n itro g en  a to m  —  w ith  the  ex cep tio n  o f py rido(3 ,4 -e)-as-triaz ine  (IV) —-
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Table IV

Total energies and HOM O  and LEM O  orbital energies calculated by the P P P  method

14
H

12 5 4 11

Р Р Р -я-energies (eV)

Compound Total я -energy HOMO* LEMO**

III (2,3-e) — 318.77329 — 10.55186 -  3.26150

IV (3,4-e) — 318.40316 — 10.05678 — 3.28738

V (4,3-e) — 318.44582 — 10.12894 — 3.22315

VI (3,2-e) — 318,7338 — 10.53008 — 3.28806

* H ighest Occupied Molecular Orbital. 
** Lowest E m pty  M olecular Orbital.

d oes n o t  cause a s ig n ifican t change in  th e  л — л,* tra n s itio n  energies. T h is is 
in  acco rdance  w ith  th e  general o b se rv a tio n  th a t  rep lacem en t o f sp 2 ca rb o n  
a to m s  b y  ÿï(t*,trt r , л ,  V2) does n o t c h a n g e  m arked ly  th e  s tru c tu re  o f th e  
U V  sp e c tra , th u s  w hen  com pared  w ith  th e  sp ec tra  of u n su b s titu te d  h y d ro ­
c a rb o n s , in  our case n a p h th a len e , no  a d d itio n a l л — л*  bands can be observed .

I t  w as found  fu r th e r  th a t  th e  U V  fea tu re s  of th e  tw o p y rid o -as-triaz in e  
p a ir s , (3 ,4-e)-(4,3-e) a n d  (2,3-e)-(3,2-e), a re  sim ilar to  each o ther. T he low est 
л — л*  tra n s itio n  energies are seen in  th e  (3,4-e) and  (4,3-e) fused  rings, th u s  
th e i r  л -electron sy s tem  can  easily be ex c ited . This is confirm ed b y  th e  va lu es  
o f  th e  all -л -electron energies (Table IV ) in d ica tin g  th e  s ta b ility  th e  л -e lec tron  
s y s te m  in  these com pounds, and  b y  th e  energy  d iagram  for th e  CNDO m ole­
c u la r  o rb ita l show n in  Fig. 1.

I t  can  be in fe rred  from  th e  Р Р Р - л -energy  values and  from  F ig . 1 th a t  
th e  s ta b ili ty  of th e  л -system  is th e  sm alle st in  th e  case of th e  p y rid o -a s-tr i-  
az in es  (3,4-e) an d  (4,3-e) (IV and  V, respective ly ).

F igure  1 show s th e  CNDO m o lecu la r o rb ita l energy values fo r th e  com ­
p o u n d s  exam ined . (The energy d iag ram  is n o t com plete, because o f th e  possib le 
44 o rb ita ls  th e  energy  values for on ly  o rb ita ls  No. 9— 30 are show n.) T h e  c h a r­
a c te r  o f th e  d ifferen t M O’s was d e te rm in ed  from  th e  o rb ita l coeffic ien ts . (Those 
M O ’s fo r w hich th e  re-character is g re a te r  th a n  60% , are d en o ted  b y  n [26].

I t  appears t h a t  in  all cases th e  h ig h es t occupied o rb ita l (H O M O ) has 
re-character, w hile th e  low est e m p ty  MO (LEM O) has л -ch a rac te r. I t  is seen 
t h a t  fo r com pounds (2,3-e) and  (3,2-e) th e  HOMO energies a re  h ig h er com -
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Table V

Total energies calculated by the CNDO method

14
H

13 я
Н ч т Д з

N JL
15

H
12

1
AC 2cxN
4 11

Compound
T otal energy (a.u.) 

CNDO

III (2,3-e) — 92.19951
IV (3,4-e) — 92.19186

V (4,3-e) — 92.20722

VI (3,2-e) — 92.20643

p a re d  w ith  th o se  o f th e  analogous com pounds (3,4-e) an d  (4,3-e), respective ly . 
In  th e  case o f  th e  h ighest occup ied  я -o rb ita l th e  s itu a tio n  is reversed . A 
fu r th e r  d ifference betw een  th e  p y rid o -as-triaz in e  p a irs  (3,2-e)-(2,3-e) an d  
(4,3-e)—(3,4-e) is t h a t  in  th e  fo rm e r i t  is o rb ita l N o. 20, w hile in  th e  la t te r  
o rb ita l No. 22, w hich  h as  n -c h a ra c te r . This fa c t can  be  ra tio n a lized  b y  
suggesting  th a t  th e  single e lec tro n  p a ir  of th e  p y rid o -N -a to m  is m ore de­
localized  in to  th e  rin g  for (3,4-e) a n d  (4,3-e) lin k ag e , th a n  fo r (3,2-e) an d  
(2,3-e) linkage.

T he CN D O  to ta l  energy  v a lu es  (Table У) are  in fo rm ativ e  reg a rd in g  
th e  general s ta b ili ty  fea tu res o f th e se  com pounds. F ro m  th ese  d a ta  i t  can  
be in fe rred  th a t  th e  s ta b ility  is th e  low est fo r th e  p y rido (4 ,3 -e)-as-triaz ine  
(IV ) skeleton , an d  th e  s ta b ility  sequence o b ta in ed  b y  CNDO ca lcu la tions 
differ from  th e  sequence fo r th e  я -sy stem  o b ta in ed  b y  th e  P P P  m eth o d .

Besides th e  UV sp ec tra l p ro p e rtie s , we also exam ined  th e  e lec tron  
d is tr ib u tio n  of th e  m olecules. T h e  d a ta  fo r th e  g ro u n d  s ta te  e lectron  d is tr ib u ­
tio n  ca lcu la ted  b y  th e  CNDO m e th o d  are  show n in  T ab les V I— X . T h e  я- 
e lec tro n  densities w ere d e te rm in ed  b y  W a it  and  W e s l e y  [8 ] using  th e  HM O 
m eth o d , th u s  we can  use th e ir  d a ta  as th e  o n ly  reference for com parison  
w ith  ou r CNDO an d  P P P  re su lts , as we did in  Fig. 2 fo r pyrido(2 ,3-e)-os- 
-triaz in e  ( I I I ) .

I t  is seen th a t  th e  v a rious a p p ro x im a tio n  m e th o d s  y ield  d a ta  o f th e  
sam e ch a ra c te r  b u t  differing in  n u m erica l va lue . T he va lu es  o b ta in ed  b y  th e  
HM O an d  P P P  m e th o d s  are, how ever, also num erica lly  n ea r to  each  o th e r. 
In  th e  in te rp re ta tio n  of r e a c tiv ity  fea tu re s , th e  ff-electron densities c an n o t 
be neglec ted ; in  th is  respect th e  CNDO resu lts  are  th e re fo re  m ore v a lu ab le .
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Fig. 2. я -electron density d a ta  for some atom s of pyrido-as-triazines calculated by
methods

Fig. 3. CNDO electron density  d a ta  for th e  N atom s of pyrido-as-triazines

different
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Table VI

Electron and charge densities fo r Compound VII 

14
H

Atom Bonding type Total Charge

N ( l ) O '4.0596 
я  0.9963

5.0559 — 0.0559

N (2 ) <r 4.0505 
n  1.0443

5.0948 — 0.0948

C (3) о-2.9010 
я  0.9576

3.8586 0.1414

N (4 ) 04.1127 
я  1.0453

5.1580 — 0.1580

C (5) о 3.0044 
я  1.0242

4.0286 — 0.0286

(6) о  3.0021 
л  0.9789

3.9810 0.0190

C (7) о  2.9940 
я  1.0034

3.9974 0.0026

C (8) о 3.0084 
я  0.9963

4.0047 — 0.0047

C (9) 0 2.9408 
я  0.9958

3.9366 0.0634

C (10) о  2.9202 
я  0.9579

3.8781 0.1219

H ( l l ) о  1.0029 1.0029 — 0.0029

H  (12) о 0.9969 0.9969 0.0031

H (1 3 ) о 1.0040 1.0040 — 0.0040

H (14) о 1.0035 1.0035 — 0.0035

H  (15) о 0.9990 0.9990 0.0010

On the  basis  o f d a ta  fo r th e  я -electron system s of all p  yrid o -as-triaz in es , 
th e  m ost neg a tiv e  —  th u s  th e  m o st basic —  N a to m  is th e  one in  th e  pyrido- 
ring . F rom  th e  CN D O  to ta l  e lec tro n  d e n s ity  (cr -f- л)  v a lu e s  i t  can  be seen 
(F ig . 3), how ever, t h a t  th e  e lec tro n  densities on th e  N  a to m s  an d  on  th e  C-3 
a to m  depend on th e  position  o f th e  p y rido -N -a tom . I t  is  also sh o w n  th a t
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Table УП

Electron and Charge Densities fo r Compound H I

14 8 1

Atom Bonding type Total Charge

N ( l) a 4.0681 
я  0.9793

5.0474 — 0.0474

N (2) a  4.0459 
я  1.0562

5.1021 — 0.1021

C (3) er 2.9035 
я  0.9426

3.8461 0.1539

N (4) (14.1080 
я  1.0622

5.1702 — 0.1702

N (5) er 4.0836 
л 1.0977

5.1813 — 0.1813

C (6 ) а 2.9532 
я  0.9379

3.8911 0.1089

C (7) er 3.0026 
я  1.0320

4.0346 — 0.0346

C(8) (7 3.0178 
л  0.9440

3.9618 0.0382

C (9) а 2.9504 
я  1.0064

3.9568 0.0432

C (10) er 2.8588 
я  0.9417

3.8005 0.1995

H  (11) а 1.0005 1.0005 — 0.0005

H  (12) сг 1.0069 1.0069 — 0.0069

H  (13) а 0.9997 0.9997 0.0003

H (14) а 1.0010 1.0010 — 0 .0010

in  all cases i t  is th e  N - l  a to m  w hich  h as  th e  sm allest charge . T he m ost n eg a tiv e  
n itro g en  atom  of th e  as-triaz ine  r in g  is N -4. T he CNDO re su lts  reveal —  c o n tra ­
d ic tin g  th e  P P P  a n d  HMO d a ta  —  t h a t  th e  pyrido-N  a to m  is n o t fo u n d  to  
be  th e  m ost n eg a tiv e  in  all cases. In  th e  case of th e  co m pounds (2,3-e) and  
(3,2-e), in  accordance  w ith  th e  P P P  an d  HMO calcu la tio n s, th e  la rg es t neg-
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Table VIII

Electron and charge densities for Compound IV

Atom Bonding type Total Charge

N(l) a  4.0499 
я  1.0155

5.0654 — 0.0654

N (2 ) a 4.0622 
я  1.0203

5.0825 — 0.0825

C (3) 0-2.8952 
л  0.9706

3.8658 0.1342

N (4 ) (7 4.1199 
я  1.0253

5.1452 — 0.1452

C (5) 0 2.9513 
я  0.9871

3.9384 0.0616

N (6 ) (7 4.0947 
я  1.0366

5.1313 — 0.1313

C (7) 0-2.9329 
я  0.9869

3.9198 0.0802

C (8) 03.0118 
я  1.0143

4.0261 — 0.0261

C (9) 0 2.9417 
я  0.9665

3.9082 0.0918

c (10) 0 2.9314 
я  0.9771

3.9085 0.0915

H(ll) о 1.0008 1.0008 — 0.0008

II (12) о 0.9999 0.9999 0.0001
H (13) о 1.0064 1.0064 — 0.0064

H (14) о 1.0017 1.0017 — 0.0017

ative  charge is lo ca ted  on th e  py rido -N -a tom , b u t  for pyrido(3,4-e)- a n d  
(4 ,3-e)-as-triazines th e  la rg est n eg a tiv e  charge is on th e  N -4-atom  o f th e  
as-triaz ine  ring . T h e  reason  for th is  difference lies in  th e  d ifferen t e x te n t 
o f de localization  o f  th e  single n -e lec tron  p a ir o f th e  p y rid o -N -a to m , because 
th is  e lectron  p a ir  is m ore localized on th e  N  a to m  in  th e  (2,3-e) an d  (3,2-e) 
m olecules, th a n  in  th e  tw o  o th e r cases.

A t p re se n t we h av e  no ex p erim en ta l d a ta  fo r th e  dipole m om en t. On 
th e  basis o f  th e  CNDO resu lts  th e  values for d ipole m o m en t v a ry  in  th e  
following sequence:

^ (D )  4.02 2.3 2.01 0.31
(3,2-e) >  (2,3-e) >  (4,3-e) >  (3,4-e)
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Table IX

Electron and charge densities fo r  Compound Y

A tom Bonding t y p e T otal Charge

N(l) a  4.0639 
я  0.9778

5.0417 — 0.0417

N (2) a  4.0425 
л 1.0554

5.0979 — 0.0979

C (3) <7 2.9084 
я 0.9399

3.8483 0.1517

N (4 ) <7 4.1080 
я  1.0561

5.1641 — 0.1641

C (5) ст 3.0126 
я  1.0483

4.0609 — 0.0609

C (6) ст 2.9436 
я  0.9561

3.8997 0.1003

N (7 ) ст 4.0778 
л  1.0696

5.1474 — 0.1474

C (8) ст 2.9562 
л  0.9527

3.9089 0.0911

C (9) ст2.9542 
я  1.0134

3.9676 0.0324

c (10) ст 2.9239 
л  0.9308

3.8547 0.1453

H ( l l ) ст 1.0011 1.0011 — 0.0011
H  (12) ст 0.9925 0.9925 0.0075

H (13) ст 1.0074 1.0074 -  0.0074

H (14) ст 1.0080 1.0080 — 0.0080

T h u s  on th eo re tica l g rou n d s th e  (3,2-e) p y rid o -triaz in e  sy s tem  is th e  m ost 
p o la r , while th e  (3,4-e) is th e  leas t po lar.

F rom  our d a ta  i t  can  be in fe rred  th a t  th e  C-3 a to m  o f th e  a s-triaz ine  
r in g  is unequ ivocally  fav o u red  in  resp ec t to  nucleophilic a tta c k s . T he carbon  
a to m s of th e  p y rid o -rin g  have  e lec troph ilic  ch a rac te r. T hese conclusions are 
in  agreem ent w ith  th e  ex p erim en ta l fac ts .

An in te rp re ta tio n  o f th e  d iffe ren t re a c tiv ity  p ro p ertie s  o f C3-su b s titu te d  
de riv a tiv es  [1— 6] w ill be g iven in  fo rth co m in g  p u b lica tio n s .
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Table X

Electron and charge densities fo r  Compound VI

A tom Bonding type T otal Charge

N ( l ) a  4.0512 
я  1.0106

5.0618 — 0 .0618

N ( 2 ) er 4.0471 
я  1.0368

5.0839 — 0 .0389

C (3 ) ст 2.8976 
я  0 .9668

3.8644 0 .1356

N ( 4 ) ст 4.1165 
я  1.0336

5.1491 — 0.1491

C (5) ст 3.0169 
я  0 .9770

3.9939 0.0061

C (6 ) ст 3.0130 
я  0 .9999

4 .0139 — 0 .0129

C (7 ) ст 2.9462 
л  0.9561

3.9023 0 .0877

N ( 8 ) ст 4.0929 
я  1.0692

5.1621 -  0 .1621

C (9) ст 2.8872 
л  0.9832

3 .8704 0.1296

C (1 0 ) 0-2.9318 
л  0.9669

3.8987 0.1013

H ( l l ) ст 1.0002 1.0002 — 0.0002

H  (12) ст 0.9966 0 .9 9 6 6 0.0034

H ( 1 3 ) ст 0.9985 0.9985 0.0015

H  (14) ст 1.0052 1.0052 — 0.0052

Conclusions

A ccording to  o u r in v es tig a tio n s , th e  re su lts  of d iffe ren t sem iem pirical 
m e th o d s p roperly  re f le c t th e  exp erim en ta l ch a rac te ris tic s  o f u n su b s titu te d  
py rid o -as-triaz in e  co m p o u n d s. A b o u t th e  electron ic  s tru c tu re s  of pyrido-os- 
tr ia z in e s  i t  can be e s tab lish ed  th a t  th e  in tro d u c tio n  of a new  n itrogen  a tom , 
as co m p ared  w ith  th e  case o f benzo-as-triaz ines does n o t  cause s ign ifican t 
changes in  th e  UV sp e c tra l  p ro p ertie s  an d  in  e lec tron  d is tr ib u tio n . The observed  
differences are m a in ly  d u e  to  th e  d ifferen t positions of th e  pyrido -N -atom . 
In  d e te rm in in g  th e  re a c tiv i ty  of th e  m olecules, th e  d o m in a tin g  fac to r is th e  
s tro n g  n uc leoph ilic  c h a ra c te r  of th e  C-3 a to m .
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M. S it t ig : Toxic Metals. P o llu tio n  C ontrol an d  W o rk er P ro tec tio n

Pollution Technology Review, No. 30, pp. 300.
Noyes Data Corp., Park Ridge, New Jersey, U.S.A. 1976

Mass poisoning with tragical outcome, e.g. Minimata illness in Japan, have proved 
that metals which are toxic already in low doses endanger not only those who work with 
them but, if they find their way into the environment, endanger also the population.

The aim of the author in this work is to offer some guiding principles concerning the 
elimination of the possibly poisonous effects of toxic metals, through organization of pre­
vention and testing. This book is a comprehensive survey of the latest information which 
bears upon preventive measures at work sites and in the environment. The bulk of this infor­
mation consists of reports, patent specifications and communications in competent journals, 
derived from studies financed or sanctioned by governing bodies.

Each in a separate chapter of its own, the following metals are discussed: antimony, 
arsenic, barium, beryllium, boron, cadmium, chromium, copper, indium, lead, manganese, 
mercury, molybdenum, nickel, selenium, tin, vanadium and zinc. Lucidity is enhanced by 
all the substances being treated uniformly and with regard to the following features: toxicity, 
incidence and the extent of exposition to the substance, detection in air, water and in biological 
media, the standards of tolerability in the environment, prescribed methods of treatment, 
removal of the substance from air and from water, solid waste disposal, economic effects 
and consequences of measures of control. References are given at the end of each chapter.

This book is a recommended item on the bookshelves of specialists who work as environ­
mental engineers, industrial sanitary personnel, toxicologists and chemists.

J . Mo ln á r

E . C l e m e n t i: Determination o f L iqu id  Water Structure. C oord ination  N u m b ers  
fo r Io n s an d  S o lv a tio n  for B iological M olecules

pp. 107. Springer Verlag, Berlin, Heidelberg, New York 1976

The structure of water, the solvation of ions and molecules are important problems 
of present day chemical physics. This second volume of the series “ Lecture Notes in Chem­
istry” acquaints the reader with the quantum-mechanical treatment of these. The work 
done in the last five years by the author and his team, well known for their extensive quantum- 
chemical calculations, is reported in thirteen parts in the Journal of Chemical Physics, 
forming the core of this book. The 107 pages carry 3 chapters; in them we find 23 tables, 
32 figures, with 122 references to the literature.

The chapters are: 1. Description of a Chemical System as a Set of m  Fixed Nuclei 
and n Electrons; 2. Structure of Liquid Water as a Test Case; 3. Co-ordination Numbers and 
Solvation Shells.

The first chapter is an introduction into the quantum-mechanics of molecular aggregates. 
The SCF—LCAO—MO approximation used is explained in detail. The advantages of the 
choice of basic sets and the electron population analyses and bond energy analyses in m ole­
cules and in molecular complexes are discussed. It is especially useful that the physical and 
chemical meaning of the quantities which constitute the classical final results of quantum-me­
chanical calculations, viz. electron density, total energy, orbital energies are underlined. 
Considering the subject matter of this chapter and its volume of 56 pages, the unusually 
high number of examples, numerical data, and comparative tables render this discussion 
most enjoyable.

The second chapter shows the application of the method in the study of the structure 
of liquid water. The determination, based upon the Hartree—Fock potentials, of the energy con­
tours of the water dimer is discussed and results are compared with those obtained by the em-
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pirical Ben Nairn—Stillinger and Rowlinson potentials. From the analysis of the stabilization 
energy of many different (H 20)„-type aggregates of various configurations theconclusion is 
drawn that none of the individual clusters shows favoured stability. This is contrary to va ­
rious mixture models of liquid water for which the properties of water are explained in terms of 
small, regular polymers. The existence of clusters nearly equivalent energetically but rather dif­
ferent in geometrical structure suggests that the exact geometry of the clusters is of little im­
portance and that the probability distribution of the clusters with various structures is 
physically the more significant parameter Finally, in this chapter the pair correlation functions 
determined by Monte-Carlo calculations based upon Hartree—Fock pair potentials of liquid 
water are compared with results of X-ray and neutron-diffraction experiments.

The third chapter shows the applications of quantum mechanics in the study of ion- 
—water aggregates and of ion hydration. The results of Monte-Carlo calculations, based upon 
Hartree—Fock pair potentials, for the hydration of alkali and halide ions as well as for ion 
pairs are shown. The role of three-particle forces in the case of H20 —Li—F is discussed and 
at the end of the chapter, briefly the study of the solvation of amino acids and of other biolog­
ically interesting systems is dealt with.

The text reads easily and affords the fundamentals for a more thorough study, for 
both expert and beginner. By dedicating this work its author has paid tribute to Prof. Per- 
Olov L ö w d in  at his 60th birthday. Finally the reviewer wishes to note that this book fully 
achieves the purpose of the Series, which is: “ to report new developments in chemical research 
and teaching — quickly, informally and at a high level”.

E . KÁLMÁN

Structure and Bonding , Y o l. 30 

pp. 197. Springer Verlag, Berlin, Heidelberg, New York 1976

The task continuously to keep up with progress even in a narrow field of science is 
made even more burdensome by the proliferation o f scientific communications, both in respect 
of numbers and volume. Also this is a reason why publications that give a comprehensive 
account of the actual state of a narrowly defined domain of problems are especially welcome. 
“Structure and Bonding” contains such summaries; these significantly facilitate inquiry into 
a certain field and help to review the most important recent achievements.

Volume 30 is already the fourth in a series which deals with the chemistry of the rare 
earths: a fact which points to the importance attributed and the interest accorded to both 
theory and practice in connection with this group of elements and their compounds.

This volume contains four reviews. The first is the work of S. P. Sin h a , entitled 
“A Systematic Correlation of the Properties of the/-T ransition Metal Ions” . Several param­
eters that describe properties of lanthanides and actinides, v iz . spectroscopic parameters, 
oxidation potentials, constants of formation, crystallographic data, linear complete angular 
momentum, show an L-dependence. However, in many cases a linear function emerges only 
if  J is taken into consideration. Such cases are: atomic number, extraction data, Racah- 
parameters, spin orbital coupling parameter, etc. The great number of data collected shows 
that the J-dependence permits the realization of really well manageable linear correlations, 
though deviations occur also in these cases. This review refers the reader to 98 items of the 
literature; the possibilities of illustration are shown by 67 figures.

The second article, by R. R e is f e l d , deals with “ Excited States and Energy Transfer 
from Donor Cations to Rare Earths in the Condensed Phase” . Here it is demonstrated how 
the probability of energy transfer in microscopic and in macroscopic dimensions can be 
calculated. Resonance transition plays hardly any role; however, the diffusion of energy 
m ust be taken into account together with ‘phonon-assisted’ energy transfer. As a technique, 
selective laser excitation combined with ‘time-resolved’ spectroscopy is proposed. The donor 
ion can be excited selectively and from the time-resolved emission of the rare earth acceptor 
the energy rate, increasing with time, is obtainable. Optical characteristics are well inter­
pretable by the nephelauxetic effect found by J h r g e n s e n  and by electronegativity according 
to P a u l in g . 74 items of literature are cited, 10 figures and 10 tables illustrate the text.

M. Cam pagna , G. K. W e r t h e im , and E. B u c h e r  wrote the third review, its title is 
“ Spectroscopy of Homogeneous Mixed Valence Rare Earth Compounds” . The 4/-photo- 
emission of the rare earths can be adequately discussed on the basis of intensity and mul-
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tiplet structures. As reflected by the results of the electron spectroscopic method, the electron 
structure of homogeneous mixed valence compounds is expounded in quite a new way. The 
phenomenon is discussed in consideration of the results of X-ray photoemission, XPS, of 
ultraviolet photoemission, UPS, and of electronic energy-loss spectroscopy, ELS. Spectro­
scopic results are shown in 27 figures; 76 items of literature are cited.

C. K. J ö r g e n se n  is the author of the fourth review, entitled “ Deep-lying Valence 
Orbitals and Problems of Degeneracy and Intensities in Photoelectron Spectra” . Here the 
validity of s—p separation, the overlap of neighbouring atoms of the same element, the role 
of 5p and 6p shells in post-transition elements, the Gelius-effect, electron transition and the 
type of information to be gained for the ground state from the final ionization state are 
discussed. All these questions are answered on the basis of results gathered by photoelectron 
spectroscopy. 224 items of the literature are germane to this highly concise treatment of 
the subject.

All the four articles in this book attest that the exacting standards set in the edition 
of this series have been fully adhered to. The reader is given four very succinct summaries 
and is helped to significant information about spectroscopic and theoretical studies con­
cerning lanthanides and actinides, the electronic states and the structures of their compounds.

J .  C s á s z á r

C on ta c t  C a ta l y s i s ,  V o l s  1 a n d  2

pp. 1019. Editor-in-chief Z. G. Szabó, Assistant editor D. K alló  
Akadémiai Kiadó, Budapest, and Elsevier Publishing Co., Amsterdam 1976

This work, issued as a joint venture of the two publishing houses, is a revised version 
in English of the Hungarian “ Kontakt katalízis” written by a team of authors from the 
Hungarian Catalysis Club. Each of the authors is a specialist in some field, thus what the 
reader holds in h is hands is a fully comprehensive treatment of the entire science of contact 
catalysis. In the first volume primarily a theoretical approach to catalysis and the disciplines 
pertinent to it is offered; the second volume deals with practical problems of the preparation 
of catalysts and with reactor design. This work certainly is a remarkable attempt at the 
creation of a handbook: the reader is given if not the answer to, then at least an instruction 
for the solving of, every problem in connection with contact catalysis.

The first chapter (J. L a d ik  and F. S oly m o si) is about the electronic structure of 
metals and semiconductors. Not only the most modern approaches of solid state physics to 
the structure of metals and semiconductors are shown here but also the application, still in 
an initial phase, of quantum-mechanical methods to the calculation of the surface states 
of solids are treated. Good approaches are shown to the band structures of metals and semi­
conductors, to the theories about defects in semiconductors. The defect structures of the 
most important n- and p-conductors, further those of the intrinsic conductor oxides are 
discussed separately. There is only one topic the omission of which is perhaps regrettable: 
theoretical considerations concerning alloys.

The second chapter (P. F e j e s ) treats the adsorption of gases on the surface of solids. 
Here we get the phenomenological description of the interaction of adsorbent and adsorbate, 
the derivation and the interpretation of the established isotherms, viz. L a n g m u ir , F r e u n d ­
l ic h , T e m k in , etc. After the expounding of the thermodynamics of adsorption, the changes 
in enthalpy and in entropy, the heat of chemisorption, the mobility of the absorbed layer, 
theories concerning the rate of sorption, energy, considerations of geometrical features and 
the determination of the rate constant of desorption are discussed. The methods used for 
the determination of rates of adsorption and desorption also belong here. The chapter concludes 
with a critical review of theories relating to the mechanism of chemisorption.

The third chapter (D. K alló and F. Solym osi) is devoted to questions of catalyst 
structure and activity. Not only the effects of geometrical and of energy factors are thor­
oughly and critically discussed, but also the theory of processes which occur at energetically 
heterogeneous surfaces; e.g. the rule of compensation, is considered, further an introduction 
to the electron theory of catalysis is given. The mechanisms of the most important catalytic 
reactions and the effect of changes in the catalyst upon the mechanism of the process were 
reviewed according to types of catalysts, i.e. metal, semiconductor, supporter and insulator 
catalysts.
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The kinetics of heterogeneous catalytic reactions form the subject of the fourth chapter 
(F . N a g y  and D. K alló), where the most important problems of reaction kinetics are dealt 
with in a logical order. Thus, we read about the concepts o f reaction rate, the elementary 
steps of heterogeneous catalytic reactions, the rate-determining process and the transport 
processes. Various static and dynamic reactors are described; these can be used for the labor­
atory determination of the rates of processes. The calculations for the solution of kinetic 
equations which represent the catalytic processes A -*■ B, A —► B, -f- B2 and Aj +  A2 ->- В 
are summarized. At the end of this chapter we find examples of how to solve rate and kinetic 
equations derived from work with various laboratory reactors.

In  th e  f if th  c h a p te r  ( J .  P etró ) heterogeneous c a ta ly s ts  a re  described : operations in 
th e  p re p a ra tio n  of a c a ta ly s t ,  viz. p re c ip ita tio n , im p reg n atio n , w ash ing , d ry ing , form ing, 
a c tiv a tio n , e tc . A se p a ra te  p a r t  is d ev o ted  to  th e  m odification  o f c a ta ly s ts , to  p ro m o te r 
e ffec ts , to  carrier effects a n d  to  th e  a lte ra tio n  o f c a ta ly s t se lec tiv ity  w ith  th e  help  of ca ta ly s t 
po isons. F ina lly  th e  v a rio u s  ty p e s  o f c a ta ly s ts  a re  discussed.

The physical testing of catalysts is treated in the sixth chapter (K . Sa sv á r i, К. I b rá n y i 
M. Á r k o s i, G. Me n y h á r t , A. Ge r g e l y , F. T u n g l e r , J. So ly m o si, S. K ir á l y , S. H olly  
and L. R adios). This chapter describes X-ray diffraction methods used for the determination 
of the structure of a catalyst. Electron optical studies, i.e. electron microscopy, electron 
diffraction, LEED and Auger spectroscopy, give information about the morphology of surfaces. 
The efficiency of the latter two techniques places them uncontestably in the foremost rank 
among those suitable for use in the study of the composition and the structure of a catalyst 
surface.

The study of magnetic properties reveals the ways of interactions; at present, however, 
it is successfully used for the determination of the dispersity of metal catalysts. Electrical 
characteristics, e.g. conductivity and Hall effect are important primarily in the case of semi­
conductor catalysts.

One of the dominant features of a catalyst is its surface: the part about adsorption 
deals with the techniques suitable for the determination of this feature. The BET equation, 
Harkins— Jura method, their criticism, their limits of applicability are all mentioned. Infrared 
spectroscopy isf accorded a separate part; unfortunately this is not detailed enough, consid­
ering the signiicance of this method. The series of experimental methods closes with the 
application of EPR. In the cases of insulator and oxide- type catalysts the importance of 
these methods is considerable. Also it is regrettable that no space could be found for the ever 
more often applied ESCA method and for Mössbauer spectroscopy.

The last chapter (M. B akos) comprises the practical realization of heterogeneous 
catalytic processes. Here not only the transport processes, i.e. heat and material transport 
occurring together with a catalytic process, are shown but also the methods used for the 
determination of the most important parameters of the catalytic process itself, viz. rate 
equations, order of reaction, apparent reaction rate, etc. Besides this, the estimation of the 
parameters most important for engineering design calculations is shown, i.e. catalyst volume, 
length of catalyst bed, reactor diameter, etc. and the use of these data in the design of various 
reactor types is discussed.

L. G uczi

N M R :  Basic Principles and Progress 

E d . P . D ie h l , E . F l u c k , R . K o s f e l d ,

Vol. 11, pp. 246. M. M e h r in g  (University of Dortmund): High Resolution NMR Spectrosopy 
in Solids. Springer Verlag, Berlin, Heidelberg, New York 1976

As well known by chemists, in the NMR spectrum of a liquid sample sharp lines emerge; 
these have, however, a width that corresponds to about 0.1— 1 Hz, due to the inhomogeneity 
of the magnetic field and to spin relaxation. Hamiltonian interactions manifest themselves 
in isotropic chemical shifts and in scalar spin—spin interactions. Owing to rapid isotropic 
molecular motion, all other anisotropic interactions, e.g. chemical shift anisotropy, dipole-dipole 
or quadrupole interaction are averaged to zero. In the solid state, however, these anisotropic 
interactions prevail and ought to furnish interesting information in respect of features of 
symmetry and in electron configurations. Since most often, e.g. with *H, l9F nuclei, in the 
case of the generally applied magnetic field, that is with 1 to 6 Tesla, the dipole—dipole inter­
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action dominates, in the NMR spectrum of a solid sample very broad, featureless bands 
will appear and from these no conclusions on local symmetry and electron distribution can 
be drawn. Therefore the fundamental purpose of high resolution NMR spectroscopy of solid 
psamles is the elaboration of methods suppressing unwelcome dipolar interactions responsible 
for the broadening of the bands and leave, more or less, unaffected the anisotropies of chemical 
shifts and the scalar interactions. The chief objective of this book is to acquaint its readers 
with the recent methods evolved for this purpose. This topic is treated in seven chapters 
with 283 references.

1. The introduction is a short survey of the most important methods and results of 
high-resolution NMR spectroscopy of solids.

2. In the chapter “Nuclear Spin Interactions in Solids” the discussion in terms of 
tensors, of spin interactions is given. Here the rotation about the ‘magic’ angle =  
=  54°44’8” 12’” , i.e. the “specimen rotation method” is explained: the result of this is 
that dipolar interactions and shielding anisotropy average out to zero. The isotropic chemical 
shift, Knight-shift and scalar coupling thus become accessible besides. In addition to metal 
powders, this methods has been successfully applied to polymers and to biologically interesting 
compounds. These measurements have proved that in the solid state, especially in organic 
solids, rapid molecular re-orientation may occur even at not too high (100—500 °K) temper­
atures.

3. Multiple Pulse NMR Experiments. This chapter deals in detail with multiple 
pulse tests applied in cycles, among these with the so-called WHH-4 four-pulse sequence. 
This fundamental method, which operates in the spin space, brings about the averaging of 
dipole and quadrupole interactions but does not interfere with shift interactions. It has the 
advantage that the broadening of bands due to shift interaction and paramagnetic contam­
inants becomes amenable to study. The limit of this method is set chiefly by pulse imper­
fections.

4. Double Resonance Experiments. Since dipole interactions are inversely proportional 
to the third power of the distance r between spins, the suppression of band diffusion due to 
homonuclear dipole—dipole interactions is possible also through a dilution of the spin system. 
Thus e.g. in the case of 13C, 15N, 43Ca nuclei, rarely met with in nature, homonuclear inter­
actions are rather negligible; the interaction with the surrounding Ш , 19F, etc. nuclei which 
abound in nature, can be eliminated by decoupling techniques, consequently, a high resolution 
spectrum is obtained. Since the 13C, 15N , etc. nuclei give very weak signals, the reservoir 
furnished by commonly available spins is used for the enhancement of sensitivity. This may 
be achieved in two ways, viz. (1) by the indirect method where rare spins are detected through 
their effect upon the common spins, or (2) by the direct method where the rare spins are 
polarized by the common ones. This is the method known as proton enhanced nuclear induction 
spectroscopy or cross-polarization experiment. The latter of the two has been found the more 
advantageous for practical applications.

5. The chapter about Magnetic Shielding Tensors is a review of the various shielding 
tensors, determined by various methods, for XH, 19F, 13C, etc. nuclei. Not only the actual 
measure, but also the symmetries of these tensors are important since this also is a function 
of the structure of a molecule or a crystal.

6. Spin-Lattice Relaxation in Line Narrowing Experiments. This chapter treats the 
pnisy and a few useful applications of spin=lattice relaxation processes hitherto not consid­
ered as very important in the high-resolution NMR spectroscopy of solids.

7. The book ends with an Appendix: here the author summarizes all the theoretical 
aspects which he has utilized in the preceding chapters.

Due to the method of discussion and the deductions which require a relatively high 
level of mathematical knowledge, this book is designed chiefly for physicists and for specialists 
in NMR spectroscopy; nevertheless, it allows also chemists and organic chemists to catch 
glimpses of some possibilities of collecting information relevant to structures of molecules 
and crystals with the help of high-resolution NMR spectroscopy of solid specimens. This is 
important also because this branch of science, regarded as a curiosity at present, may furnish 
an important research tool applicable to a wide range of problems, thanks to the rapid devel­
opment of instrumentation and techniques.

G . T ó th
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Cs. Szánta  y  a n d  L. N o v a k : “ Prosztaglandinok szintézise”
( Synthesis o f Prostaglandins)

Akadémiai Kiadó, Budapest, 1976. pp. 317. Cloth. Ft 49.—

This book, the 33rd volume in the series: “A kémia újabb eredményei” (New Results 
in Chemistry), offers an evaluative and comprehensive review, interspersed with comments 
based on experimental work done by the authors themselves active in this field, of the chem­
istry of a group of compounds which is highly interesting from a biological point of view. 
Researches in the syntheses of prostaglandins have enriched chemical theory as well as 
methodology. Beyond the factual communication of results, Szántay  and N ovak  discuss 
the why and how of the chemical reactions and, in connexion with given processes, throw 
light upon several general regularities. Owing to this, their book is of interest not only for those 
who are engaged in the study of prostaglandin chemistry, but also for those who wish to 
keep pace with the development of organic chemistry. Copious references to the literature 
at the end of each chapter render this volume an indispensable source book for those actively 
engaged in this field, while those about to enter it will find that these references will spare 
them much time and labour.

Attractive type and printing, clearly and carefully reproduced formulae highly facilitate 
perusal without weariness. It is a very great pity that the binding is by cheap sticking at 
the spine: this breaks after short use and allows the pages fall apart. Such a fundamental 
book which certainly will be thumbed very often ought to have been given some much more 
lasting form.

Considering the high professional level of this work, the not too rare and more than 
once rather sense-distorting misprints weigh heavily, viz. on p. 86 phosphonate is formed 
from a phosphonium salt by alkyllithium; on p. 99 thorium nitrate is printed instead of 
thallium nitrate; on p. 105 the reference number to an item in the literature is erroneous 
etc. At least a list of errors should have been provided.

The information-content of some figures showing synthetic routes is open to censure. 
For instance, on p. 107, Fig. 2.10 is one of simple reaction steps which are clear even when 
given in a contracted form; in contrast, the illustration of the Prins reaction which comprises 
complicated rearrangements of bonds is not provided with even a single arrow for pointing 
out electron shifts, though formulae 2.127 and 2.128 are drawings of the fundamental skeleton 
from different points of view.

The detailed Table of Contents placed at the beginning of the book seems to be quite 
a lucky device and helps to find one’s in this concrete domain better than would a subject 
index of minute particulars.

The structural division of this book follows the topics dealt with. An Introduction, 
five pages altogether, delineates the importance, history of research of prostaglandins, and 
where these compounds are to be found in nature.

The first chapter is about the structure, nomenclature, physical properties of prosta­
glandins, and about how to convert one into another.

In the second chapter the linear variants of syntheses are explained, thus the Co r ey - 
syntheses, grouped according to the types of prostaglandins; then the methods according 
to Co r e y  for the preparation of lactone-aldehydes; the variant according to W o od w a rd ; 
and the syntheses which start from norbornadiene, and from bicyclohexyl derivatives. There 
was no time to include a later method developed in the laboratories of the Chemical and 
Pharmaceutical Works Chinoin, Budapest.

The third chapter contains a discussion of the convergent variants of the synthesis 
of prostaglandins. The methods proposed for the synthesis of cyclopentenone derivatives 
which serve as synthones, are dealt with in detail, then less convergent transformations 
(addition of cyano compounds, nitromethane) follow; after these the high degree of convergence 
and stereoselectivity to be achieved by the addition of organometallic compounds, i.e. Grignard 
reagents, copper compounds, is illustrated with a number of examples very much to the point. 
In its concluding part this chapter treats the regionally selective ring, cleavage of epoxy­
cyclopentane derivatives; the way of planning syntheses with a computer is then outlined.

Chapter 4 starts w ith an exposition of the concepts of chirality and asymmetrical 
synthesis. This part has a smack of a textbook: beyond technical terms precisely and concisely 
explained, scarcely anything else is offered here; th is review is a useful refresher, but it is 
not really needed for the comprehension of what this chapter intends to convey.

The discussion of the brilliant synthesis worked out by U skokovic  et al. is perhaps 
too laconic. The designation “ pseudo-symmetrical meso-compound” used in the description
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of Fischli’s synthesis is not very well chosen since in the meso-eompound (which has a plane 
of symmetry) not the symmetry but the asymmetry is ‘pseudo’, thus the meso-compound 
is ‘pseudo-asymmetrical’. The concluding part of this chapter deals with the microbiological 
reductions reported by Sih  et a l.

In the fifth chapter we find syntheses of prostaglandin derivatives and analogues. 
Perhaps this is the field where progress is most rapid and most diversified at the present time; 
this is also the part of their book where the authors’ sense of proportion is most happily in 
evidence. The examples discussed comprise the syntheses of methyl-, oxa-, and thia-prosta- 
glandin analogues.

In the sixth chapter the biosyntheses of prostaglandins and their recovery from natural 
sources are described. Unfortunately the recently published achievements of biosyntheses, 
viz. thromboxanes, prostacycline, could not be included, though, as a formula, i.e. 6.23 on 
p. 300, the so-called T X 2B, even if under another name, is to be found here.

The Appendix which concludes this work gives an outline of the chemical analysis 
methods used in connexion with prostaglandins.

I .  TÖMÖSKÖZI

A. R o m a n o v  (ed ito r): M odified Polymers, their Preparation and Properties

Pergamon Press, Oxford—New York—Toronto— Sydney—Paris—Frankfurt, 1977 (70 pages)

The volume contains the main lectures presented at the 4th Bratislava Conference 
on Polymers 1—4 July, 1975.

It includes the following papers:
J. D o bó : Radiation cross-linking of PYC with ethylene glycol dimethacrylate 
P. R e m p p : Recent results on chemical modification of polymers 
A. A. A s k a d s k ij: Influence of chemical structure on the properties of polymers 
W. J a e g e r  and G. R e in is c h : Mikrogebildung durch thermische Aktivierung 
N. G. Gaylord  and T. T o m o n o : Alternating copolymer graft copolymers — X I. Grafting 

through matrix polymerization 
A. D. J e n k in s : Acrylonitrile block and graft copolymers
N. A. P l a t e : P rob lem s o f po lym er m o d ifica tio n  an d  th e  re a c tiv ity  of fu n c tio n a l g ro u p s o f 

m acrom olecules
H. I n a g a k i, T. K otaka  and T. I. M i n : Separation and characterization of block and graft 

copolymers by thin-layer chromatography
The content of the book is identical with that of the periodical Pure and Applied 

Chemistry, Yol. 46, No. 1, pp. 1—70 (1976).
I .  G é c z y
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A CTA  C H IM IC A

TOM 96—ВЫП. 1 

Р Е ЗЮ М Е

Электрогидрирование и гидрирование простых алифатических кетонов
в кислых средах

Ш. САБО и ДЬ. ХОРАНИ

Э лек троги др ир овани е и  ги д р и р о в а н и е  некотор ы х просты х кетонов (2 -бутан он
3-пентанон , З -м ети л-2-бутан он  и 2-п ен тан он ) было исследован о на платиновом  к атали за­
торе в ки сл ой  ср еде . У глеводороды  всегда обр азую тся  в этой  реакц ии . О днако, есл и  в, 
сл уч ае  бутанон а основны м п р одук том  является  у гл ев о д о р о д , то в случае пентан онов  
основны м пр одук том  яв л я ется  соответствую щ ий вторичны й спирт. Н а основе р езул ь татов  
и сследован ий  и ли тературн ы х д ан н ы х м ож но сделать зак лю ч ени е, что при эл ек тр оги д­
ри рован ии  кетонов спирты  и углев одор оды  обр азую тся  не в д в у х  независим ы х с т у п ен я х  
реакц ии , а я в л я ю тся  пр одуктам и разветвленн ой  р еак ц и и . С тупенью , лим итирую щ ей ско­
рость яв л я ется  та, которая п р едш ествует ответвлению .

Применение теории Флори к расчету избыточных термодинамических 
функций систем пиперидин-тетрагидропиран, пиперидин-циклогексан и

тетрагидропиран-циклогексан

ДЖ. Д. ПАНДЕЙ и Р. Л. МИШРА

С татистическая теор и я  ф лори  была прим енена к  систем ам : п и пери дин-тетр агид- 
р оф ур ан , п и п ер и д и н -ц и к л о гек са н  и тетр аги др оп и р ан -ц и к л огек сан . И збы точны е тер м о­
динам ические ф ун к ц и и  бы ли опр еделены  в зави си м ости  от  тем п ературы  и состава, а р е­
зультаты  бы ли использованы  д л я  проверки  теории.

Исследование хелатов некоторых менее распространенных переходных
металлов, II

Ru(III), Rh(III), Ir(III) и Pt(IV)

P. К. УПАДХАЙ и М. Л. СИНГАЛ

И ссл едован и я  элек трон н ы х спектров  ком плексов  н екоторы х м енее расп р остр а­
ненны х п ер еходн ы х м еталлов с четы рьмя кетонильним и ли гандам и бы ли проведены  в 
связи  с теор и ей  ли гандного  п ол я  д л я  d — d п ер еходов  п ерен оса  зар я да . Н и зк осп и н н ая  
октаэдри ческ ая стер еохи м и я , о п р ед ел ен н а я  спектроскоп ич ески , бы ла доказана м агнитны м  
п утем . А бн орм ал ьн ое парам агнитное поведен ие ком плексов  R h (III ) , Ir (III) и P t(IV ) было 
приписано эф ф екту Зе-м ана второго порядка. И К  спек троск оп и ч еск и е исследован ия  бы ли  
использованы  д л я  оп р едел ен и я  м ест коор дин ации  в л и га н д а х  и  д л я  оп р едел ен и я  стр ук тур ы  
ком плексов. Бы ло най ден о, что электро-донорны е свойства пара-зам ещ енны х гр у п п  ли­
гандов оказы ваю т прям ое вли яни е на стабильность ком плекса. Бы л оп р едел ен  п о р я д о к  
стаби льн ости ком плексов  (по л и га н д у  и по м етал л у), которы й п одтвер ж дается  и х  вели­
чинам и lO D q.



Реакции некоторых алканов на катализаторе палладиевой черни
А. ШАРКАНЬ, Л. ГУЦИ и П. ТЕТЕНИ

Б ы л а исследована а д со р б ц и я  метана и этана, реакц ии  дей тер и й н ого  обм ена метана, 
этан а , н -б у та н а  и 2 ,2 -ди м ети л п р оп ан а а т а к ж е  ги др оген ол и з и и зом ер и зац и я  этан а, б у -  
тан ов  и  2,2-ди м ети лпропана на п ал л ади евой  черни. И сх о д я  и з данн ы х а дсор бц и и  м етана и 
этан а м о ж н о  полагать разл и ч н ы е формы адсор бц и и . «Слабая» необрати м ая адсор бц и я  
м о ж е т  играть важ ную  р о л ь  в р еа к ц и я х  д ей тер и й н ого  обм ена, в то врем я как  «сильное» 
взаи м одей стви е приводит к  р а зр ы в у  связи  С— С и к  отравлению  к атали затора. Стерические  
п р еп я т св и я  в образовании св я зе й  а  бы ли о б н а р у ж ен ы  не только на основе данн ы х по 
обо га щ ен и ю  начальных п р о д у к т о в  алканам и [2Н ,] ,  но т а к ж е  и на основе хор о ш о  оп р еде­
л ен н о го  разделения дей тер и й н о го  обм ена от  ги др огеноли за . К ин етич ески е параметры  
ги др о ген о л и за  и изом еризации , а  т а к ж е  расп р едел ен и е  продуктов  бы ли оп р едел ен ы  в за ­
ви си м ости  от тем пературы  и д а в л ен и я  водорода. Р езул ьтаты  указы ваю т на то, что различ­
ные поверхностны е п р ом еж уточ н ы е продукты  приним аю т участие в р е а к ц и я х  изом ериза­
ци и  и гидрогенолиза.

Мокрое рафинирование фосфатной желтой лепешки до тетрафтористого
урана

М. Р. ЗАКИ, С. А. ИЛЬ-ФЕКЕЙ и М. Й. ФАРАХ

М етод фотолитического раф и нировани я — восстановлени я, прим еняем ы й д л я  п р ед­
вар и тел ь н о  очищ енных ф осф атны х ф ильтр-прессны х л еп еш ок , был расп р остр ан ен  и дл я  
п о л у ч е н и я  тетрафтористого у р а н а . Бы л исследован  эф ф ект вы саж дени я  и пром ы вки про­
д у к т а  н а  его текструру и п л отн ость , а т а к ж е  на его Д ебайгр ам ы . Бы л п ол уч ен  тетраф торид  
с я д е р н о й  чистотой, как  это  бы ло п одтвер ж ден о его  спектром  эм иссии.

Синтез алкалоидов ипекакуаны, IV 
Синтез этокси-аналога эметина

Я. РОХАЙ и Ч. САНТАИ

Б ы л  синтезирован а н а л о г  эм етина, со д ер ж а щ и й  это к си гр у п п у  (1ь).  Э м етин (1а)  и 
и зоэм ети н  (9а),  а так ж е и х  эток си -ан ал оги  (1ь)  и (9ь)  бы ли исследованы  м етодам и О Р Д  и 
П М Р.

Синтез алкалоидов ипекакуаны, V 
Новый путь получения дегидроэметина и его этокси-аналога

Ч. САНТАИ и Я. РОХАЙ

Б ы л  осущ ествлен си н тез дегидроэм етина (1а)  через дегидроп ротонэм етин  (Зь)  с 
пом ощ ью  циклизации тип а П и к тет— Ш пенглера. Д г я  синтеза эток си -ан ал ога  деги др о­
эм ети н а (1ь)  использовали ци к ли зац и ю  типа Б и ш л ер — Н апи ральского.

Квантовохимические исследования пиридо- и хинолино-астриазинов, I 
Модельные соединения пиридо-ас-триазина

3. ДИНЯ, П. БЕНКО, А. И. КИШ, Л. ПАЛЛОШ, Э. БЕРЕНИ, П. ЕКЕЛ и С. РОХЛИЦ

С помощ ью различны х пол уэм п и р и ч еск и х м етодов (П П П , К Н Д О ) бы ли исследованы  
элек трон острук тур н ы е и У Ф -сп ек тр оск оп и ч еск и е данны е п и ри до-ас-три азин а и  бензо-ас-  
-т р и а зи н а . Н а основе р езу л ь та то в  расчета бы ли о б су ж д ен ы  данны е реакти вности . Было 
у ста н о в л ен о , что У Ф -сп ек трал ьн ы е и элек трон острук тур н ы е хар ак тер и сти к и  изм еняю тся  
в зави си м ости  от п о л о ж ен и я  п и ри до-N-aTOMa.
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A STUDY OF THE DISSOLUTION OF TUNGSTEN 
AND MOLYBDENUM IN MIXTURES COMPOSED 

OF SULPHURIC ACID, NITRIC ACID AND WATER

A. B . K is s  and  É .  S z a l á n c z y

(Research In s titu te  o f  the U nited Incandescent 
L a m p s a n d  Electric Co. L td ., B udapest)

Received April 6, 1976

The rates of dissolution of tungsten and m olybdenum  in m ixtures composed 
of sulphuric acid, nitric acid and  w ater have been studied. Based on rates of dissolution 
as m easured, the concentration-dom ains in triangular diagram s, characteristic of the 
two m etals, have been delim ited . Due to  the vigorous oxidizing effect of the reaction 
products formed when m olybdenum  goes into solution, the corrosion of tungsten in­
creases significantly, i.e. w hen these two metals are placed into the acid m ixture at 
the same tim e. W hen m olybdenum  is also present in the acid m ixture, the location 
and the shape of the concentration  domains in the triangular diagram s, characteristic 
of the ra te  of solution of tungsten , will aproxim ate those characteristic of molybdenum 
rather th an  of tungsten. G enerally the ex ten t of corrosion of tungsten  is propor­
tional to the mass of m olybdenum  gone into solution a t the same tim e. A method 
is proposed for the calculation of dissolution rates when the two m etals are in inseparable 
mechanical combination in th e  sam ple and thus their initial masses cannot be deter­
mined by  weighing, only by  calculation from the tn(f (- m^° to ta l in itia l weight. The 
relative error of the calculation of the initial weight of tungsten  is expressed as a func­
tion of the relative error in the m easurem ent of the common density  o1+2 of the com­
posite sample.

Introduction

M etals, e.g. tu n g sten  or m o ly b d en u m , w hich form  acidic oxides, can  be 
d issolved b o th  in  acidic or a lk a lin e  m edia  if  ox idative  cond itions are  secured. 
M any  various acidic or a lkaline so lv en ts  th a t  con ta in  som e o x id a tiv e  ag en t are 
know n  [1, 2], severa l am ong th e se  a tta in e d  considerable p ra c tic a l im p o rtan ce . 
U n d e r th e  head  of acidic o x id a n t n itr ic  acid m igh t be considered  as th e  m ost 
im p o r ta n t one; in  o rder to  red u ce  i ts  aggressiveness i t  is ad m ix ed  also w ith  su l­
p h u ric  acid, th u s , in  fac t, one h as  to  deal w ith  a te rn a ry  sy stem  com posed of 
n itr ic  acid, su lphuric  acid an d  w a te r . I t  is well know n [3] th a t  in  th e  corrosion 
o f tu n g s te n  a sign ifican t increase  o f  th is  will be effected b y  reac tio n  p roduc ts 
w hich  form  w hen som e o th e r m e ta l e.g. m olybdenum  is also d isso lved  in  th e  
sam e m edium , in  o th e r w ords, w h en  these  tw o m etals are  p u t  a t  th e  sam e tim e  
in to  th e  acidic m ix tu re . This exp erien ce  ju stifies  th a t  th e  ra te  o f d issolution
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o f tu n g s te n  be s tu d ied  in  a sy s tem  w here also m o ly b d en u m  is dissolved a t th e  
sam e  tim e , a p a r t from  th e  s tu d y  o f th e  processes th a t  ta k e  p lace w hen these  
m e ta ls  are dissolved sep a ra te ly .

Experimental

V ariously  com posed  m ix tu re s  o f su lphuric  acid  (specific  w eight 1.84), 
n itr ic  acid  (sp.w. 1.40 a n d  1.52), a n d  w a te r  w ere k e p t a t  te m p e ra tu re s  betw een  
60 an d  100 °C, ^ 0 .5  °C, th e n  w eighed  pieces o f tu n g s te n  an d  m o lybdenum  were 
p laced  in to  th e  m ix tu re s . A fte r  a ce rta in  period of tim e  th e  m e ta l pieces were 
rem o v ed  from  th e  acid , rin sed , d ried , th e n  th e  w eigh t losses w ere determ ined  
a n d  re ferred  to  th e  in itia l su rface o f  th e  pieces an d  to  u n it  tim e .

In  order to  rem o v e  th e  ox ide lay e r from  th e  su rface , th e  m etals w ere 
k e p t  fo r some tim e  in  a 10 p e r  cen t so lu tion  o f sod ium  h y d ro x id e  an d  th e  
w e ig h t of th e  sam ples th u s  p re - tre a te d  w as accep ted  as th e  in itia l w eight. In  
th e  case of som e com positions o f th e  acid m ix tu re  th e  w eig h t o f th e  tu n g sten  
sam p le  becam e h ig h e r th a n  its  in itia l w eigh t; th is  w as due  to  th e  fo rm ation  
o f  an  oxide, v isib le  to  th e  n a k e d  eye. Therefore th e se  sam ples, w eighed a fte r 
r in s in g  and  d ry in g , w ere s tr ip p e d  o f  oxide in  a w arm , 10 p e r cen t so lu tion  of 
so d iu m  hydrox ide  an d  w eighed  again .

Since th e  r a te  o f  d isso lu tio n  o f tu n g s te n  is v e ry  low , a piece of a given 
m ass h ad  to  be w o rk ed  so as to  p resen t th e  la rg es t possib le surface th a t  an 
a c c u ra te ly  m easu rab le  loss o f w eig h t be recorded. P ieces o f  sp irals of in candes­
c e n t lam p  filam en t w ere m ost su itab le  for th is  p u rpose . T he surface F  (in cm 2) 
o f  a  sp ira l piece o f  th e  f i la m e n t 0.005 cm in d iam e te r w as ca lcu la ted  according 
to  th e  equa tion

F
4m

dg
=  41.343 • m

w here  m s tan d s fo r  th e  m ass o f th e  sp iral (in g ram m es), d for th e  d iam eter of 
th e  filam en t, an d  q fo r th e  d e n s ity  of tu n g s te n  (19.35). S ince th e  so lub ility  of 
m o lybdenum  is h ig h er b y  sev era l orders of m ag n itu d e , from  th is  m eta l p la te ­
le ts  10 by  10 b y  0.25 m m  w ere used.

In  te s ts  w hich  invo lv ed  th e  sim ultaneous d isso lu tion  of th e  tw o m etals, 
15 pieces of tu n g s te n  sp irals w ere f i t te d  t ig h tly  a ro u n d  a 50 m m  len g th  of a 
m o lybdenum  w ire o f 2 m m  d iam ete r. W ith  th e  g eom etrica l a rran g em en t of th e  
sam ples alw ays th e  sam e, w ell defined  conditions w ere assu red  for th e  co n tac t 
be tw een  n itro u s  gases an d  tu n g s te n  spirals.

Since th e  acids com m ercia lly  availab le  w ere o f v a rious co ncen tra tions we 
th o u g h t i t  b e t te r  to  express th e  com position  o f th e ir  m ix tu re s  un iform ly  as per 
cen ts b y  w eigh t, i.e. g ram m es o f  acid in  100 g ram m es o f th e  acid m ix tu re , and  
n o t  as per cen ts b y  vo lum e o f acids of asce rta in ed  specific  w eight.
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Results and discussion

1. Dissolving o f tungsten

N o m easurab le  q u a n titie s  of tu n g s te n  dissolved a t  te m p e ra tu re s  below  
100 °C, therefo re  tests  w ere carried  o u t a t  th is  te m p e ra tu re . S ince besides 
n itr ic  acid  also su lphuric  acid  can  be an  ac tiv e  com ponen t, f i r s t  th e  b in a ry  
sy stem s su lphuric  acid an d  w a te r, re spec tive ly , n itr ic  acid an d  w a te r  w ere s tu d ­
ied  (cf. F ig . 1). In  d isag reem en t w ith  th e  s ta te m e n t of v a n  L ie m p t  [1] we have

Fig. 1. Change of weight of tungsten  in sulphuric acid and water, respectively in  nitric acid 
and  w ater systems. 1. A fter trea tm en t in sulphuric acid. 2. A fter trea tm en t in  sulphuric acid 
and  subsequent alkaline rem oval of oxide. 3. A fter trea tm en t in nitric acid. 4. A fter trea tm en t 

in nitric acid and subsequent rem oval of oxides by alkali

fo u n d  th a t  su lphuric  acid  dissolves tu n g s te n  slightly . T he m ax im u m  ra te  
o f d isso lu tion  is a t  th e  co n cen tra tio n  o f 45 p er cen t (C urve I) . A fte r th e  
ac id  t re a tm e n t a sligh t lay e r of oxide is fo rm ed  on th e  su rface  o f th e  m e ta l: 
th e  m easu re  of th is fo rm atio n  as a fu n c tio n  o f th e  co n cen tra tio n  o f th e  acid is 
show n b y  Curve 2 p lo tte d  w ith  d a ta  g a th e red  a fte r  alkaline boiling . In  n itric  
acid  th e  w eight of th e  tu n g s te n  sam ple increases a t  th e  b eg inn ing  (Curve 3); 
i t  is on ly  a t  co ncen tra tions above 40 p er c en t th a t  th e  r a te  o f  d isso lu tion  
is g re a te r  th a n  th e  ra te  o f oxide fo rm atio n . A fte r rem oval o f th e  oxide lay e r 
from  th e  surface we found  th a t  fo rm atio n  o f oxide and  d isso lu tion  p roceeded  
a t  h ig h es t ra te s  betw een  co n cen tra tio n s o f 25 an d  30 p er cen t (C urve 4) an d  
th e n  decreased  considerab ly .

T h e  tr ia n g u la r  d iag ram  in  Fig. 2 m aps th e  ch a rac te ris tic  co n cen tra tio n  
dom ains in to  w hich, w ith in  n o ted  lim its, th e  d isso lu tion  ra tes  of tu n g s te n  belong. 
The n u m erica l values given refe r to  100 °C, an d  to  th e  d im ension an d  o rder o f 
m a g n itu d e  10- 5 g - cm -2  • h o u r-1 . In  th e  case of com positions lo ca ted  w ith in  
th e  co n cen tra tio n  dom ain  m ark ed  A in  Fig. 3, a yellow ish la y e r  o f oxide can  
be seen on th e  tu n g sten  surface a t  th e  tim e  th e  corrosion process is in te r ru p te d ;
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w ith in  th e  dom ain  m ark ed  B , how ever, th e  surface re ta in s  its  m etallic  co lour 
th ro u g h o u t. In  th e  case o f dom ain  A th e  w eight o f th e  tu n g s te n  sam ple  still 
decreases su b s ta n tia lly  a fte r  tre a tm e n t in  boiling sod ium  hydrox ide  th a t  fol­
low s th e  corrosive t re a tm e n t, in  dom ain  В th e  su b seq u en t alkaline t re a tm e n t 
causes p rac tica lly  no loss of w eight an y  m ore.

Fig. 2. Dissolution ra te  of tungsten in m ixtures of various proportions (per cent by weight) 
o f sulphuric acid, n itric acid and water. Tem perature 100 °C. Dissolution rate 10-5 g • cm -2 •

• h o u r-1

Fig. 3. Concentration domains delimited according to coverage by  oxide of tungsten  surfaces.
A =  tungsten  surface, oxide-covered; В =  tungsten  surface, metallic

2. Dissolution o f  molybdenum

In  c o n tra s t to  tu n g s te n , m o lybdenum  is n o t a tta c k e d  by  su lphuric  acid 
in  an y  c o n cen tra tio n , u p  to  100 °C; n itric  acid, how ever, dissolves m o ly b d e­
n u m  b y  som e orders o f m ag n itu d e  b e tte r . This fea tu re  can be u tilized  for th e  se­
p a ra tio n  of m o lybdenum  from  tu n g s te n . O n th e  ascend ing  section of th e  curves 
in  F ig . 4, u p  to  th e  p o in t of m ax im u m  (a t ab o u t 36 to  38 per cen t), th e  sur-

Acta Chim. Acad. Sei. Hung. 96, 1978



KISS, SZALÁNCZY: STUDY OF THE DISSOLUTION OF TUNGSTEN 87

Fig. 4. Changes of weight of m olybdenum  in n itric acid and w ater system s. 1. 60 +  0.5 °C;
2. 70 +  0.5 °C; 3. 80 +  0.5 °C

face o f  th e  m o lybdenum  tak en  o u t o f  th e  acid is b row n-b lack , a t  co n cen tra tio n s  
h ig h er th a n  these  th e  surface has a c lear m eta llic  colour. T he b u lk  o f th e  d a rk  
su rface  lay e r is M o 0 2, consequen tly  i t  ca n n o t be dissolved b y  a lk a lin e  tre a tm e n t, 
th e re fo re  no curves as shown in  F ig . 1 can  he p lo tted  for m o ly b d en u m .

In  Fig. 5 th e  co n cen tra tio n  dom ains delim ited  on th e  basis o f d isso­
lu tio n  ra te s  n o ted  for m o lybdenum  h av e  been draw n. T hese show  th a t  acid

Fig. 5. R ate  of dissolution of m olybdenum  in m ixtures of various proportions (per cent by  
weight) of sulphuric acid, nitric acid, and  w ater. Tem perature 80 °C. R ate  of dissolution

10-5 g • cm -2 • sec-1

com positions in d ica ted  by  the  h a tc h e d  p a r t  are th e  m ost su ita b le  fo r th e  d is­
so lu tion  o f m olybdenum . A t th e  in te r ru p tio n  o f th e  d isso lu tion  processes th e  
oxide co a tin g  on th e  m olybdenum  su rface  is confined to  a m uch  sm alle r do m ain  
o f co n cen tra tio n s th a n  in  th e  case o f  tu n g s te n  (cf. Fig. 6).
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Fig. 6. Concentration dom ains delimited according to coverage by  oxide of molybdenum sur­
faces. A =  m olybdenum  surface, oxide-covered, В =  m olybdenum  surface, metallic

3. Simultaneous dissolution o f tungsten and molybdenum

I n  th e  p resence o f  th e  m uch  m ore read ily  d isso lvab le  m olybdenum  th e  
p ow erfu l oxidizing re a c tio n  p ro d u c ts , viz. n ascen t oxy g en  an d  N 0 2, sign ifi­
c a n tly  enhance th e  o x id a tio n  an d  d isso lu tion  of tu n g s te n . Corrosion begins 
a lre a d y  a t  60 °C, i.e. a t  a te m p e ra tu re  w here m o ly b d en u m  begins to  dissolve a t  
a  n o ta b le  ra te . In  F ig . 7 we p resen t ra te  dom ains reco rd ed  for th e  d isso lu tion  
o f  tu n g s te n  w hen also m o ly b d en u m  is p re se n t in  th e  acid  m ix tu re . J u x ta p o s i­
t io n  o f Figs 2, 5, a n d  7 inform s us, accord ing  to  e x p ec ta tio n , th a t  in  th e  
presence  of m o ly b d en u m  th e  loca tio n  an d  shape o f  th e  co n cen tra tio n  
dom ains ch a ra c te ris tic  o f  th e  d isso lu tion  ra te  o f tu n g s te n  ap p ro x im ate  th ese  
fea tu re s  in  F ig . 5, fo r  m o lybdenum , ra th e r  th a n  th e  corresponding  ones in  
F ig . 2, for tu n g s te n . A t th e  sam e tim e  we see t h a t  u n d e r  th e  exp erim en ta l

Fig. 7. Solution ra te  o f tungsten  a t sim ultaneous dissolution of m olybdenum  in the same me­
dium. T em perature 80 °C. R ate  of dissolution 10-3 g • cm -2 • hou r-1
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cond itions described  th e  ra te  of d isso lu tion  o f tu n g s te n  increases b y  a b o u t tw o  
orders o f m ag n itu d e .

W e m ig h t s ta te , generally , th a t  th e  corrosion o f tu n g s te n  is p ro p o rtio n a l 
to  th e  dissolved q u a n ti ty  o f m o lybdenum ; in  g iven cases th e  loss o f w eigh t can  
a m o u n t even  to  10— 12 p er cen t. F igures 8 an d  9 co n ta in  corrosion d a ta  fo r

Concentration of molybdenum dissolved, (mol/l)

Fig. 8. The corrosion of tungsten  as a function of the concentration of molybdenum  dissol­
ved a t the same tim e in the same solvent. Tem perature 80 °C. D uration of trea tm en ti 30 m in

1 2
Sulphuric acid 12.5% 16.6%
N itric acid 19.5% 50.0%
W ater 68.0% 33.4%

Concentration of molybdenum dissolved, lmol/ll

Fig. 9. The corrosion of tungsten  as a function of the concentration of molybdenum dissolved 
a t the same tim e in the same solvent. Tem perature 80 °C. D uration of trea tm en t 30 m in

1 2
Sulphuric acid 23.0%  35.0%
N itric acid 30.0% 40.0%
W ater 47.0%  25.0%
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tw o  c o n cen tra tio n  dom ains of d issolved m o lybdenum  and  tw o  acid  m ix­
tu re s .

T h e  m easure o f  corrosion o f  th e  f ila m e n ts  te s ted  can be d e m o n s tra te d  
v e ry  w ell also b y  th e ir  change o f re s is tan ce . In  F ig . 10 we show  th e  sc a tte r  
o f th e  resistance  o f pieces of tu n g s te n  u n tre a te d  (1), tre a te d  in  th e  absence (2), 
a n d  in  th e  p resence  (3) o f m o ly b d en u m . T his F igure shows v e ry  v iv id ly  
t h a t  u n d e r  o therw ise  id en tica l e x p e rim en ta l conditions an  increase o f resis­
ta n c e  in c id en ta l to  a sign ifican t d im in u tio n  o f  cross-section occurs w hen  aggres­
sive n itro u s  gases evo lved  in  th e  course o f  th e  d isso lu tion  o f m o lybdenum  
en h a n c e  th e  corrosion  o f th e  tu n g s te n  surfaces.

10 20 30 ' 10 20 30 10 20 30
n ( pieces)

F i g .  1 0 .  Change of the resistance of tungsten filaments, due to corrosion. Temperature 80 °C. 
Duration of treatment 60 minutes. Final concentration of molybdenum 0.7 mole per litre. 

Acid mixture: sulphuric acid, 23.0%; nitric acid 30.0%; water 47.0%

As show n in  F ig . 11, corrosion  o f  tu n g s te n  is a lin ear fu n c tio n  o f te m ­
p e ra tu re .

W hen  th e  co n cen tra tio n s o f  th e  com ponen ts of th e  acid m ix tu res  w ere 
d e te rm in ed  acco rd in g  to  th e  m e th o d  o f S t u c k  [4 ] for s ta te s  co rrespond ing  to  
p o in ts  of m easu rem en ts  in  Fig. 9, th e  process o f th e  ex h au stio n  o f th e  acid 
m ix tu re  could be k e p t tra c k  o f ( c f .  F ig . 12). As d issolution  p roceeds th e  con­
c e n tra tio n  o f th e  m ix tu res  changes a long  a line para lle l to  th e  su lp h u ric  acid 
ax is  o r along a  cu rv e  th a t  does n o t d e v ia te  v e ry  fa r  from  it. S ince th e  position  
o f  th e  co n cen tra tio n d o m ain s as show n in  F ig . 7 is m ore or less ho rizo n ta l, 
s ta r t in g  from  a d o m ain  of a given d isso lu tio n  ra te  i t  is generally  feasib le th a t  in  
th e  course o f th e  corrosion process passage  th ro u g h  zones m ore and  m ore 
dangerous for tu n g s te n  he evaded .
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F ig .  11 .  Corrosion of tungsten as a function of temperature. Duration of treatment 30 minutes. 
Final concentration of molybdenum 1.25 mole per litre

1 2
Sulphuric acid 23.0% 35.0%
Nitric acid 30.0% 40.0%
Water 47.0% 25.0%

F ig .  12 .  Change of the concentration o f the mixture of acids, in the course of dissolution
processes

T ak ing  F igs 5 an d  7 as a b a s is , we can c ircum scribe th e  co n cen tra tio n  
dom ain  w herein  th e  tw o  conflic ting  req u irem en ts , viz. q u ick es t possible d isso­
lu tio n  o f m o ly b d en u m  and least possib le  corrosion o f tu n g s te n , will b e s t be 
sa tisfied  by  com prom ise (cf. Fig. 13).

4. Calculation o f  the rate o f dissolution for tungsten-molybdenum systems

W hen these  tw o  m etals are in se p a ra b ly  w orked to g e th e r  th e n  a d e te rm i­
n a tio n  o f th e ir  in it ia l  m asses is n o t  feasib le . In  such cases i t  is ex p ed ien t to  
p roceed  along th e  follow ing lines.
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F i g .  1 3 .  The domain of concentrations most suitable for the prevention of the corrosion of
tungsten

T he overall w e ig h t o f th e  tu n g s te n  a n d  m o lybdenum  com m on sam ple is 
n o te d  an d  its d e n s ity  is d e te rm in ed  in  a p y cn o m eter. W ith  th e se  d a ta  know n, 
tw o  equations are w r it te n , viz.

a n d

' " i  . m  2 _  m 1+2

Ql @2 !?l+2

m1 +  m 2 =  m1+2,

w h ere  m1 is th e  m ass o f  tu n g s te n , m2 is th e  m ass of m o ly b d en u m , m1+2 is th e  
co m m o n  mass; дг is th e  specific w eight o f  tu n g s te n  (19.35) [5], g2 is th e  specific 
w e ig h t of m o lybdenum  (10.20) [6] an d  p1+2 is th e  com m on specific w eight o f th e  
sam p le  w ith  th e  m ass m x -f- m2-

q2
W hen th e  te rm  К  =  1 ------- is in tro d u ced  for su b s ti tu tio n  we get th e

Qi
in it ia l  mass of tu n g s te n  in  th e  com m on sam ple , i.e.

m w _i —
92

K qi+2
m l+ 2

a n d  for th a t  of m o ly b d en u m  we have

m Mo
2

1

К
Q2

K q1+2
m1+2.

L et i t  be su p p o sed  th a t  th e  reac tio n  is allow ed to  p roceed  till m o lybde­
n u m  is com pletely  d isso lved . B y  w eighing th e  m ass of tu n g s te n  le ft undissolved, 
respective ly , b y  ca lcu la tin g  th e  in itia l w eigh t o f tu n g s te n  as suggested , th e  
difference be tw een  th e  tw o d a ta  rep resen ts  th e  m ass o f tu n g s te n  gone in to
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so lu tion ; th e  surface area b e in g  know n, also th e  ra te  o f d isso lu tion  can be 
de te rm in ed . N o p a rticu la r e x p e rim e n ta l su p p o rt fo r th e  v a lid ity  o f th is  m ethod  
is needed; th e  accuracy of th e  ca lcu la tio n s  depends on th e  accu racy  o f th e  d e te r­
m in a tio n  o f  specific g rav ity , b y  p y cn o m e try . W e m ay  n o te , how ever, th a t  in 
v iew  of th e  v e ry  low ra te  o f d isso lu tio n  o f tu n g s te n , a v e ry  h igh  level o f accuracy  
m u st be a tta in e d  in  th e  c a lc u la tio n  o f th e  in itia l w eigh t o f  th is  m e ta l in  th e  
sam ple.

The re la tiv e  error in  th e  in it ia l  w eight o f tu n g s te n  is a fu n c tio n  o f th e  
re la tiv e  e rro r in  g1+2.

dmY
I -

92
{?2

ÔO1+ 2  ■

9 l+ 2  .
9 l+ 2

q2
Since in  th e  case of tu n g s te n  a n d  m o lybdenum  th e  va lu e  o f -------m ay  v a ry

9 l+ 2
betw een  1.0 a n d  0.527, th e  co u rse  o f th is  fu nc tion  be tw een  th e se  lim its m igh t 
be stu d ied . A ccording to  F ig . 14 i t  is obvious th a t  for th e  ca lcu la tio n  of th e  
in itia l m ass m  Y o f tu n g sten  th e  con d itio n s are th e  m ore fav o u rab le  th e  nearer

th e  te rm  approaches th e  v a lu e  0.5, i.e. th e  h igher is th e  co n cen tra tio n  of
9 l+ 2

tu n g s te n  in  th e  sam ple. In  p ra c tic e  th e  cases m ost o ften  m e t w ith  are o f sys­
tem s to  be exposed  to  corrosion in  w h ich  th e  respective  in itia l m asses of m o lyb ­
denum  an d  o f tu n g s te n  fall b e tw e e n  th e  lim its

mY <C m2Mo <  2m Y .

F ig .  1 4 .  Relative error of the calculation of rn^f as a function of the relative error in +2
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In  th is  dom ain  th e  values o f  ■ ■■ fall betw een  th e  lim its  0.77 an d  0.85; from
P i+2

th is  i t  follows th a t  in  o rd e r to  arrive  a t  a re su lt fo r th e  in itia l m ass mY of 
tu n g s te n  w ith in  th e  lim its  o f  re la tiv e  errors 1.0 an d  1.5 p e r c en t —  and  th is  is 
su ffic ien tly  accu ra te  in  m o st o f th e  cases —  th e  ôo1+2 re la tiv e  errors in  pycno- 
m e tric  d e te rm in a tio n s m u s t be lim ited  betw een  0.15 an d  0.5 p er cen t: th is  
degree o f accuracy  is a t ta in a b le  w ith o u t an y  d ifficu lty .
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Calculations were carried ou t for the molecular structure of silicon-centered 
free radicals, para-substituted trim ethylsilylbenzenes, para-substitu ted  silylbenzenes, 
m ethyltrim ethoxysilane and some compounds containing silicon—nitrogen bond. 
The correlation between various experim ental physico-chemical da ta  (ionization 
energy, dipole mom ent, 13C and  29Si NM R chemical shifts) of different organosilicon 
compounds and values calculated by the CNDO/2 method was investigated.

In tro d u c tio n

In  our p rev ious paper [1] w e h av e  g iven an  accoun t of th e  P P P , I P P P  
an d  CNDO/2 calcu la tions ca rried  o u t fo r various organosilicon com pounds. 
W e h av e  rep o rted  on th e  choice o f  p a ra m e te rs  used in  th e  ca lcu la tions an d  on 
th e  s tru c tu ra l inv estig a tio n  o f  pheny lhalogenosilanes, phenoxysilanes an d  
v in y l, allyl, p h en y l, allyl d e riv a tiv e s  o f fo u r th  m ain  g roup  e lem ents. In  th e  
p re se n t p ap er th e  resu lts  for o th e r  organosilicon com pounds are described. 
W e re p o rt on calcu la tions on s ilicon -cen te red  free rad icals an d  on th e  possib il­
ities o f app ly ing  th e  P P P  and  C N D O /2 m eth o d s in  th e  in te rp re ta tio n  o f th e  
re su lts  o f various physico-chem ical m easu rem en ts.

Silicon-centered free radicals p la y  an  im p o r ta n t role in  severa l reac tions. 
All th e  ex p erim en ta l evidence fav o u rs  th e  p y ram id a l co n fig u ra tio n  for silyl 
(S iH 3), m ethy lsily l (M eSiH2), d im e th y ls ily l (Me.,SiH) an d  trim e th y ls ily l 
(Me3Si) radicals. To investiga te  th e se  rad ica ls  CNDO/2 calcu la tions w ere c a r­
ried  o u t for v a rious assum ed a rra n g e m en ts  o f hyd rogen  atom s an d  m e th y l 
g roups bonded  to  th e  cen tra l silicon a to m , and  th e  conform ations w ith  m in im um  
to ta l  energy  were ta k e n  to  be th e  m o s t p robab le  a rran g em en ts . A ccording to  
th e  calcu la tions a t  th e  energy m in im u m  th e  H - S i- H  bond  angle is a b o u t 99° fo r 
th e  sily l rad ical, th e  bond  angles are  la rg e r fo r th e  m ethy lsily l an d  d im e th y l­
silyl rad ica ls  and  th e  calculations in d ic a te  energy  m in im um  a t  C—Si—C bond 
angle o f 114° for th e  tr im e th y ls ily l rad ica l. W ith  increasing  m e th y l s u b s ti tu ­
tio n  th e  rad ica l becom es more p la n a r , b u t  even th e  trim e th y ls ily l rad ica l is 
n o n -p lan a r. The sam e tre n d  is con c lu d ed  based  on th e  m easu red  29Si E S R  
sp littin g  co n stan ts  fo r tr im e th y ls ily l a n d  silyl rad ica ls [2, 3].
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In  o rd e r to  in v es tig a te  th e  efficiency o f th e  CNDO m eth o d  in  d e te rm in ing  
eq u ilib riu m  bond d istances and  to  s tu d y  th e  change o f sibcon—carbon  bo n d  
le n g th  as a function  o f b o n d  order, CN D O /2 ca lcu la tions w ere carried  o u t for 
tr im e th y lp h e n y ls ila n e  n e u tra l  m olecule a n d  th e  co rrespond ing  an ion  rad ica l. 
In  th e  ca lcu la tions th e  sibcon—carbon  b o n d  d is tan ce  w as v a ried  in  th e  range  of 
1.75— 1.95 Â. C onsidering th e  energy  m in im u m , th e  resu lts  in d ica te  th a t  th e  
e q u ilib riu m  bond  d is tan ce  is 1.886 Â fo r th e  n e u tra l  m olecule an d  1.848 Â  for 
th e  a n io n  rad ical. T he ca lcu la ted  b o n d  o rd e r be tw een  sibcon a to m  and  a ro m a t­
ic c a rb o n  a to m  is 1.09 an d  1.35 in  case o f n e u tra l  trim e th y lp h en y ls ilan e  and  
an io n  ra d ic a l, respective ly . As th e  b o n d  o rd e r increases th e  equ ilib rium  bo n d  
d is ta n c e  decreases. T he b o n d  d is tan ce  o b ta in e d  fo r n e u tra l  m olecule is consis­
t e n t  w ith  th e  bond  d is tan ce  d a ta  o f sibcon—aro m atic  ca rb o n  bo n d  d e te rm ined  
ex p e rim e n ta lly  for pheny lsilanes. A ccord ing  to  th e  m easu rem en ts  th is  bo n d  
le n g th  is a round  1.87 A [4].

C alcu lations w ere carried  o u t fo r para-subsituted trimethylsilylbenzenes 
an d  para-substituted silylbenzenes b y  th e  P P P  an d  CNDO/2 m ethods. T he inv es­
t ig a te d  su b s titu e n ts  w ere th e  follow ing: H , C H 3, F , Cl, N (C H 3)2, CN, N 0 2. 
O u t o f  our resu lts  th e  ca lcu la ted  an d  ex p e rim en ta l d ipole m om ents for th e  
p -X C eH 4Si(CH3)3 series are  show n in  T ab le  I ,  th e  ca lcu la ted  an d  exp erim en ta l 
e le c tro n  tran s itio n s  a re  sum m arized  in  T ab le  I I .

Table I

Calculated and experimental dipole moments o f compounds 
p -X C ^ H ^ ifC H 3) 3 in  Debye

(“ calc.
(“exp.

Del Re + PPP CNDO/2

H 0.09 0.32 0.25 [5]

CH3 0.44 1.41 0.46 [6]

F 1.23 1.16 1.69 [7]
Cl 0.99 1.96 1.70 [7]

N(CH3)2 1.33 — 1.83 [6]

CN 2.89 — 4.34 [8]

NO, 4.54 5.17 4.45 [8]

As fa r  as th e  dipole m om ents are  concerned  th e  D el R e -j- P P P  calcu la tions 
show  large d ev ia tions from  th e  ca lcu la ted  values fo r th e  chloro an d  cyano d e riv ­
a tiv e s , w hich can  be exp la ined  b y  th e  d ifficu lties in  de te rm in in g  th e  D el R c 
p a ra m e te rs  in  th e  case o f cyano group . T he CNDO/2 m eth o d  gives w rong resu lts  
o n ly  fo r m e th y l su b s titu tio n . T he u ltra v io le t sp ec tra  are know n on ly  fo r th ree  
d e riv a tiv e s  of th e  com pounds in v es tig a ted . T he ag reem en t be tw een  th e  sing let
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Table II

Calculated and experimental transition energies fo r  compounds
р-ХС еН ^ ( С Н 3) 3 in eV

4 W  (ppp) ■̂̂ exp.

H 4.67 4.69 [9]
5.69 5.77
6.39 6.59
6.43

CH3 4.78 4.70 [10]
5.75 5.61

N(CH3)2 4.69 4.23 [11]
4.69

e lec tron  tra n s itio n s  o b ta in ed  by  P P P  calcu la tio n s an d  tra n s itio n  energies c o r­
respond ing  to  th e  m ax im a  of ex p erim en ta l sp ec tra  of th ese  derivatives seem s 
ap p ro p ria te .

N a g a i an d  his co-workers [12] d e te rm in ed  th e  N M R  chem ical sh if t o f 
hydrogens bon d ed  to  silicon and th e  J  (29S iH ) coupling co n stan ts  for som e co m ­
p o u n d  in  th e  p -X C eH 4S iH 3 series. F ig . 1 illu s tra te s  th e  co rre la tion  b e tw een  
th e  p ro to n  signs, th e  coupling  co nstan ts  an d  th e  <5h p a r tia l  charge of th e  co rre ­
spond ing  hydro g en  a to m s. In  b o th  cases th e  p o in t belonging to  th e  u n su b s ti­
tu te d  com pound lies fa r th e r  from  th e  reg ression  line. T he re la tiv e  ra te  c o n s ta n ts  
of th e  cleavage re a c tio n  o f su b s titu te d  trim e th y ls ily lb en zen es b y  h y d ro x id e
[13] an d  th e  bond  o rd e r values ca lcu la ted  fo r Si—C bonds are  presen ted . B ased  
on th e  re su lts  of th e  CND O /2 calcu lations th e  values o f bo n d  orders were a p p ro ­
x im a te ly  d e te rm in ed  b y  tw o m ethods (m ark ed  b y  A and  B , respectively) [14]. 
B ecause of d ifficu lties in  carry ing  o u t ca lcu la tions for la rg e r m olecules w ith  
m an y  o rb ita ls , C N D O /2 calculations co idd  be  perfo rm ed  fo r all th e  su b s ti tu te d  
com pounds in  q u es tio n  on ly  for th e  p -X C 6H 4S iH 3 series an d  these  ca lcu la ted  
resu lts  w ere co m p ared  w ith  th e  values o f  ex p erim en ta l ra te  co n stan ts . I t  can  
be seen c learly  from  th e  d a ta  of T able I I I  t h a t  th e re  exists a re la tionsh ip  b e ­
tw een  th e  re la tiv e  r a te  co n stan ts  and  th e  Si—C bond  orders. W ith  th e  ex cep tion  
of u n su b s titu te d  d e riv a tiv e s  th e  com pounds follow  th e  sam e o rder w h e th e r 
th e y  are lined u p  acco rd ing  to  decreasing ra te  co n stan ts  or increasing b o n d  
orders. T he s tro n g ly  e lec tro n  a ttra c tiv e  n itro  group  w eakens th e  Si—C bond , on 
th e  c o n tra ry , th e  d im eth y lam in o  group enhances th e  (p —d)n ch a rac te r a n d  
th e  s tre n g th  o f th is  b o n d . T he correlation  o f  n  bo n d  orders ca lcu la ted  b y  th e  
P P P  m eth o d  is g en era lly  worse w ith  th e  re la tiv e  ra te  co n stan ts .

T he con fo rm atio n  analysis of methyltrimetoxysilane m olecule was carried  
ou t b v  th e  CNDO/2 m e th o d . The geom etry  o f  th e  m olecule was fix ed  b y  G e r g ő
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Fig. 1. Relationship betw een partial charges of hydrogens (<5H) as well as chemical shifts 
(dsi-н )  and  coupling constants (J (29SiH )) for compounds p-X C 6H4SiH3

et al., using  e lec tro n  d iffrac tion  m eth o d  [15]. T he m in im um  value of R  fa c to r  
w as d e te rm in ed  b y  le a s t squares re fin e m e n t, w hich  gives th e  m ost p robab le  s ta te  
o f th e  m olecule fro m  am ong th e  v a rio u s possib le  conform ers.

F igure 2 show s th e  change o f R  fa c to r  w hen  th e  m e th y l groups are  ro ta te d  
a long  th e  Si—О axis keep ing  th e  C3 sy m m e try  of th e  m olecule unchanged . T h e  
to ta l  energies ca lcu la ted  by  th e  CN D O /2 m eth o d  are also rep resen ted  d u rin g  
th e  sam e ro ta tio n a l opera tions, and  as i t  c an  be seen th e  ag reem en t b e tw een  
th e  shapes of th e  tw o  curves is good. T h is ag reem en t raises th e  question  w h e th e r 
th e  R  fac to r  can  be reg a rd ed  as th e  ex p e rim e n ta l m easure o f th e  p o te n tia l en erg y  
o f  a m olecule. T he re su lt has to  be consid ered  ra th e r  carefu lly  since th e  R  fa c to r

Table III

Relative rate constants and S i—C bond orders fo r  compounds 
p -X C JI.S ifC H .J ,, and p -X Q H ß ill . ,

Bond o rd er (CND O/2)

fc,el. [13]
7r-bond o rder

P P P - Si(CH,):, - S iH 3

m e th o d  A m eth o d  В m eth o d  A m eth o d  В

NO, 1 0 1 2 0 0 .1 7 7 — — 1 .1 2 4 1 0 .9 9 5 1

Cl 3 4 .5 0 .1 9 9 1 .0 9 3 8 0 .9 8 6 6 1 .1 3 8 9 1 .0 0 1 4

CN — 0 .1 8 7 — — 1 .1 4 3 5 1 .0 0 3 4

F 8 .0 0 .1 9 7 1 .1 0 7 4 0 .9 9 2 0 1 .1 5 4 7 1 .0 0 8 2

H 1.0 0 .1 9 3 1 .0 8 6 6 0 .9 7 7 0 1 .1 5 2 0 1 .0 0 9 5

CH3 0 .2 6 5 0 .1 9 3 1 .1 1 4 3 0 .9 9 4 2 1 .1 5 9 3 1 .0 1 0 4

N(CH3)2 0 .0 2 6 0 .2 0 3 — — 1 .1 7 3 6 1 .0 1 6 2
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Angle of rotation

Fig. 2. P lo t of to ta l energy and  value of R  fac to r against the angle of ro tation  in the case of
CH3Si(OCH3)3

is sensitive , e.g. to  th e  in scrib ing  of b a c k g ro u n d . In  an y  case i t  is w o rth  o f c a r ry ­
ing o u t sim ilar ca lcu la tions for o ther m olecules.

T he P P Î3 and  I P P P  m ethods w ere  used  for th e  in v estig a tio n  o f th e  
follow ing compounds containing silicon—nitrogen bonds: N -trim e th y ls ily lan ilin e , 
N ,N '-b is-(trim e th y ls ily l)-p h en y len ed iam in es, N -p h en y lh ex am eth y ld is ilazan e , 
N -trim e th y ls ily lp y rro le . T o  illu stra te  o u r  re su lts  we chose th e  ca lcu la ted  elec­
tro n ic  tra n s itio n s  and  p lo tte d  in th e  fu n c tio n  o f th e  ex p erim en ta l values in  
Fig. 3.

I t  can  be seen th a t  th e  results o b ta in e d  b y  th e  I P P P  m ethod  show  a b e t­
te r  ag reem en t w ith  th e  d a ta  of ex p e rim en ta l UV sp ec tra  th a n  th e  values ca l­
cu la ted  b y  th e  P P P  m e th o d .

In  th e  following figu res some re su lts  o f  o u r CND O /2 calcu lations carried  
ou t fo r d iffe ren t organosilicon  com pounds are  p re sen ted  in  com parison  w ith  
th e  co rrespond ing  ex p e rim en ta l d a ta . T h e  ca lcu la ted  o rb ita l energies o f  th e  
h ighest occupied  m o lecu lar o rb ita ls a re  p lo tte d  in  th e  fu n c tio n  of th e  ex p eri­
m en ta l ion iza tion  energies in  Fig. 4. T h e  ca lcu la ted  values are la rger th a n  th e  
ex p erim en ta l ones, b u t  th e  correlation  is good , m ore considerab le  d ev ia tio n  is 
in d ica ted  only  for th e  S iH 4 molecule.

F igu re  5 illu s tra te s  th e  calcu lated  a n d  ex p e rim en ta l d ipole m om ents. T he 
po in ts  are sca tte re d  considerab ly ; m ain ly  m olecules co n ta in in g  Si—H  and  Si-C l 
bonds are  fa r th e r  from  th e  s tra ig h t line o f  45°. T he cause o f  th is  fa c t can  pos­
sib ly  he a t tr ib u te d  to  th e  CN D O  m ethod  w h ich  gives ex trem e ly  h igh n eg a tiv e
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Fig. 3. Electronic transition  energies calculated by  the P P P  and IP P P  m ethods in  the function 
of experim ental values for com pounds containing Si-N  bond

Fig. 4. Ionization energies calculated by  the CNDO/2 m ethod in the function of experim ental
values

Acta Chim. Acad. Sei. Hung. 96, 1978



RÉFFY et al.: APPLICABILITY OF THE PPF AMI. CNDO/2 METHODS, II 101

Fig. 5. Plot of dipole mom ents calculated by  the CNDO/2 method against experim ental values

charges to  th e  hyd ro g en  atom s an d  to o  low  negative  charges to  th e  ch lorine 
atom s a tta c h e d  to  silicon.

The 13C N M R  chem ical shifts o f th e  a ro m atic  carbon  atom s in  n u m ero u s 
pheny lsilanes are  com pared  w ith  th e  c a lc u la te d  electron  densities on th e  co rre­
spond ing  ca rb o n  a to m s in  Fig. 6 . T he e x p e rim e n ta l d a ta  w ere given b y  Ch v a - 
l o v s k y  et al. [16, 17]. F o r th e  carbon  a to m s in  o rtho , m e ta  an d  p a ra  positions 
th e  co rre la tion  b e tw een  th e  ex p erim en ta l d a ta  and  ca lcu la ted  e lec tron  densi­
ties m ay  be considered  good, for th e  a ro m a tic  carbon  atom s bon d ed  to  silicon 
th e  slope o f th e  regression  line is d iffe ren t, an d  th e  degree o f co rre la tion  is m u ch  
sm aller.

W e also in v es tig a ted  th e  c o rre la tio n  betw een  th e  29Si N M R  ch em ica l 
sh ifts an d  th e  e lec tro n  densities on silicon  a to m s, as i t  is illu s tra te d  in  F ig . 7. 
T he ex p e rim en ta l d a ta  were tak en  from  th e  w orks of E r n s t  [18] an d  S c h r a m l  
[19]. T he m o st considerab le  deviations can  be  observed  fo r com pounds c o n ta in ­
ing  S i—F  b o n d , a n d  fo r these com pounds a se p a ra te  regression line can  be draw n..

The CN D O /2 m ethod  gives th e  b o n d  energy  of an  in v es tig a ted  co m p o u n d . 
This value can  fa ir ly  be calcu lated  acco rd in g  to  th e  re la tiv e ly  sim ple S a n d e r ­
s o n  m eth o d  [2 0 ] . T his m ethod  resu lts  in  b o n d  energies in  accordance  w ith  th e  
ex p erim en ta l h e a ts  o f a tom ization . T he v a lu es  o f th e  CNDO m eth o d  are  tw o  to  
th ree  tim es h ig h er. T he S a n d e r s o n  m e th o d  w as also app lied  using  th e  charge  
d is tr ib u tio n  o b ta in e d  b y  th e  CNDO m e th o d . This w ay  th e  ca lcu la ted  b o n d  
energies w ere s lig h tly  larger th a n  th e  e x p e rim e n ta l values. I t  is show n in  F ig - 
8 th a t  e.g. in  case o f  p heny lm ethy lsilanes th e  bond  energies o b ta in ed  b y  th e
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Fig. 6. Relationship betw een 13C NMR chemical shifts of phenylsilanes and electron densities
on the corresponding carbon atoms

Fig. 7. Relationship betw een 29Si NMR chemical shifts and electron densities on silicon atom s
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CNDO m eth o d  c o rre la ted  well w ith  th o se  o b ta in ed  b y  b o th  th e  Sa n d e r s o n  
m eth o d  and  th e  m od ified  Sa n d e r s o n  m eth o d  based  on CNDO charge d is tr i­
b u tio n . S im ilar re la tio n  holds for o th e r  series of com pounds, too.

Ph-SiHj Ph-SiH2CH3 PhSiH(CH3)2 PhSi(CH3)3

F ig .  8 .  Correlation of the bond energies calculated by various methods for phenylmethylsilanes
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The 300 MHz NMR spectrum of N ',N '-dipropionyl-N -am inoim ide of anthracene- 
maleic anhydride has revealed different conform ations for the propionyl groups. The 
ежо-propionyl group shows free ro tation  abou t the N-CO and CO-CH2 bonds, while 
the endo-group has a preferred conform ation about these bonds. An angular m ethy l 
group in the cage m oiety gives an ABC3 p a tte rn  for the endo-CO-CH2CH3, further sup­
porting a preferred conformation. The observations on some substitu ted  N '-acety l 
derivatives are consistent w ith the proposed conformations.

N o n -p lan ar g ro u n d  s ta te  conform ations a b o u t th e  N -N  b o n d  in  te tra a c y l-  
hyd raz in e  d e riv a tiv e s  (1) have been observed  [1— 3] an d  in te rp re te d  in  te rm s  
o f repu lsive in te ra c tio n s  in  th e  p lan a r tra n s it io n  s ta te  be tw een  th e  tw o  lone 
p a ir  electrons in  th e  p -o rb ita ls  o f th e  N -a to m s [4, 5]. H igh  to rs io n a l b a rrie rs  
to  th e  N -C O  b o n d  h as  been  corre la ted  [6] w ith  th e  p a r tia l double bond  c h a r ­
ac te r o f th e  am ide  b o n d . H ow ever, p re fe rred  con fo rm ation  ab o u t N —N a n d  
N -C O  bonds has also been  rep o rted  fo r c e r ta in  acyclic N ,N '-d iacy lh y d raz in es
(2) [7]. The sp ec tru m  o f th e  N '-m o n o ace ty l d e riv a tiv e  o f N -am inocam phor- 
im ide (3) [8] a t  44.5 °C ind ica tes free ro ta tio n  ab o u t th e  N —N ' bond  an d  re ­
s tr ic te d  ro ta tio n  a b o u t th e  N '-C O  bond , w h ich  has been  ch arac terized  b y  th e  
shield ing c o n s ta n t o f th e  /?-m ethyl g roup . T he N M R  sp ec tru m  of com pound  
(4a) [1] in d ica tes  h in d e red  ro ta tio n  a b o u t th e  N —N  bo n d  an d  th e  o bserved  
large shield ing effect o f  th e  cage benzo rin g  (a b o u t 90 H z in  th e  60 M Hz spec­
tru m ) on th e  endo-N -acety l p ro tons can be ex p ec ted  from  th e  p referred  con fo r­
m atio n  a b o u t th e  N —CO bond , w here th e  c a rb o n y l group is o rien ted  aw ay fro m  
th e  cage benzo ring . W e now  rep o rt th e  o b se rv a tio n  o f h in d ran ce  to  ro ta tio n  
a b o u t th e  CO—C H 2 b o n d  o f th e  en d o -(a -substitu ted ) ace ty l group in  com pounds 
o f th e  ty p e  (4)
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(4 )

(4a) R = H R ' = H R" = H
(4b) R = C H 3 R ' = C H 3 R" = H
(4c) R = C H 3 R ' = C H 3 R" = C H 3
<4d) R = H R ' =C1 R" = H
(4e) R = H R ' =C1 R" = C H 3
(4f) R = H R ' = C 6H 4OCH3 (p) R" =11
(4g) R = H R ' = C 6H ,O C H 3 (p) R" = C H 3

T he 60 M H z N M R  sp ec tru m  o f co m p o u n d  (4b) in  CDC13 (Table I) show s 
a q u a r te t  a t  d 3.00 (2H ) an d  a  tr ip le t  a t  d 1.10 (3H) fo r th e  елго-p rop io n y l 
g ro u p  and  a com plex  m u ltip le t a t  d 0.80 (5H ) for th e  endo-propionyl g roup . 
T h e  o th e r cage p ro to n s  ex h ib it a n o rm a l p a tte rn . S im ilarly , th e  sp ec tru m  of 
co m p o u n d  (4c) e x h ib ite d  a com plex p a t te r n  a t  d 0.85 (5H ) fo r th e  eredo-pro- 
p io n y l group and  a n o rm a l p a tte rn  fo r th e  o th e r p ro to n s (Table I). 300 M H z 
sp e c tra  of these  com pounds revealed  som e evidence fo r th e  co n fo rm atio n a l 
p reference  ab o u t th e  CO—CH2 bond  in  th e  erado-propionyl group . In  th e  spec­
t r u m  o f com pound  (4b) in  CDC13, th e  earo-propionyl p ro to n s ap p ear as an  A2X 3 
p a t te rn ,  i.e. a sh a rp  q u a r te t  a t  d 2.93 (2H , J  =  7.5 H z) and  a sh a rp  tr ip le t  
a t  d 1.09 (3H , J  =  7.5 H z) while th e  endo-propionyl p ro to n s ex h ib it an  A„B3 
p a t te rn  [9] (J AB ^  7 H z an d  A vab =  42 H z) (Fig. 1). T he o th e r cage p ro to n s  
show  th e  n o rm al resonances. In  th e  sp e c tru m  of com pound (4c) in  CDC13, th e  
exo-propionyl p ro to n s  ex h ib it a n o rm al A 2X 3 p a tte rn , while th e  erado-propionyl 
p ro to n s  show  an  A B C 3 p a tte rn  (F ig. 2).

The cage m o ie ty  o f com pound (4b) possesses a p lane  of sy m m e try  p e r ­
p en d icu la r  to  th e  succin im idy l p lane a n d  passing  th ro u g h  th e  N -N  b o n d . T he 
tw o  p ro p iony l g roups lie in  th e  p lane  o f  sy m m etry  in  th e  n o n -p lan a r g ro u n d  
s ta te  con fo rm ation  a b o u t th e  N —N  b o n d . T he m agnetic  equivalence o f th e  tw o  
m e th y len e  (gem inal) p ro to n s of th e  p ro p io n y l groups suggests t h a t  (a) th e

Fig. 1. 300 MHz NM R spectrum  of com pound (4b) in CDC13 a t am bient tem perature
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Fig. 2. 300 MHz N M R spectrum  of com pound (4c) in  CDC13 a t  am bient tem perature

pro p io n y l group m a y  free ly  change th e  con fo rm ation  o f th e  N -C O -C H 2 sy s­
tem , an d  (b) i t  m a y  ta k e  up  a p re fe rred  s tab le  con fo rm atio n  like (5) or (6), 
w hich is sym m etrica l a b o u t th e  sam e p lan e  of sy m m etry  o f th e  cage m o ie ty . 
I f  an y  o th e r co n fo rm atio n  of the  p ro p io n y l g roup  w ere s ta b le , i t  would m ak e  
th e  gem inal p ro tons m ag n e tica lly  n o n eq u iv a len t. The cage m o ie ty  of com pound  
(4c) has no p lane o f sy m m e try  and hence  th e  tw o  m eth y len e  (gem inal) p ro to n s  
of an y  o f th e  tw o p ro p io n y l groups m a y  be ex p ec ted  to  be m agnetica lly  n o n ­
eq u iv a len t [5]. H o w ev er, th e  spec trum  show s th a t  th e  tw o m ethy lene  p ro to n s  
of th e  e^o-propionyl g ro u p  are  m ag netica lly  eq u iv a len t, w hile tho se  of th e  endo- 
pro p io n y l group are  n o n eq u iv a len t. T h is o b se rv a tio n  could  be explained b y  
assum ing  stab le  c o n fo rm a tio n  (7) a b o u t th e  N —CO—CH2 sy stem  of th e  endo- 
p rop iony l group. T h e  еяо-propionyl g roup  is free from  an y  steric h in d ­
rance o f  th e  cage m o ie ty  an d  m ay ra p id ly  change its  conform ations ab o u t th e  
N —CO—CH2 system . T h u s , th e  m ethy lene  p ro to n s  seem  to  be  less sensitive to  
th e  cage asy m m etry  cau sed  b y  the  a n g u la r  m e th y l group . T h e  endo-propionyl 
seem s to  assum e a p re fe rred  conform ation  o f ty p e  (7), in  w hich  th e  tw o m e th ­
ylene p ro to n s are h e ld  r ig id ly  in such a w ay  th a t  th e y  are  d iffe ren tly  affec ted  
b y  th e  cage a sy m m e try  due  to  the a n g u la r  m e th y l group an d  m ay give rise  
to  an  A B C 3 p a tte rn .

T he possib ility  o f  th e  existence o f  con fo rm atio n  (6) m a y  be e lim inated  
on th e  basis suggested  b y  R ig g s  et al. [1 ] . T he la rg e r sh ield ing  effect o f th e  cage 
benzo ring  on the  m e th y le n e  protons re la tiv e  to  th a t  on th e  m e th y l p ro tons o f  
th e  endo-propionyl g ro u p  is also in acco rd an ce  w ith  conform ations (5) or (7). 
In  th ese  conform ations th e  m ethylene p ro to n s  p o in t to  th e  cage benzo ring , 
w hile th e  m ethy l p ro to n s  are slightly  aw ay  from  th is  ring .

In  o rder to  e lim in a te  th e  sp ec tra l co m p lex ity  due to  v ic inal couplings, 
com pounds (4d)— (4g) h a v e  been p rep ared . T he 60 M H z sp ec tru m  of com pound
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Table I

N M R  data for compounds (4a—4g) in  CDCl3 at 44.5 °C
оoo

No. c h 2r CH 2R ' R" C12 CIO C9
Aromatic
protons

4b 3.00 (1H, q) 
1.10 (1.5H, t); 
J  =  7.2Hz and 
0.80 (2.5H, 
complex)

3.00 (1H, q) 
1.10 (1.5H, t); 
J  =  7.2Hz and 
0.80 (2.5H, 
complex)

3.46 (1H, t) 3.46 (1H, t) 4.97 ( lH , t ) 4.97 (1H, t) 7.42 (8H, m)

4c 3.05 (Ш , q) 
1.15 (1.5H, t); 
J  =  7.5Hz and 
0.85 (2.5H, 
complex)

3.05 (1H, q) 
1.15 (1.5 II, t);
J  =  7.5Hz and 
0.85 (2.5H, 
complex)

1.33 (3H, s) 3.93 (Ш , d) 
J  =  3.5Hz

4.60 (1H, s) 4.94 (1H. d) 
J  =  3.5Hz

7.50 (8H, m)

4tl 1.72 (3H, ds) 
3 : 2; 96Hz

3.68 (2H, ds) 
2 : 3; 122Hz

3.41 (111, m) 3.41 ( lH ,m ) 4.87 ( lH ,m ) 4.87 (1H, m) 7.31 (8H, m)

4e 1.73 (3H, ds) 
1 : 1; 95.5Hz

2.66 (1H, ABq)
4.67 (1H, s)

1.27 (3H, ds) 
Av =  1.5Hz

2.84 ( lH ,d )  
J  =  3.5Hz

4.45 (1H, s) 4.78 (1H, d) 
J  =  3.5Hz

7.42 (8H, m)

4f* 2.49 (3H, s) 2.10 (2H, s) 
3.78 (3H, s)

3.43 (1H, m) 3.43 (1H, m) 4.87 (1H, m) 4.87 (1H, m) 7.15 (12H, m)

4f** 1.75 (3H, ds) 
1 : 1.2; 92Hz

3.16 (2H, ds) 
1.2 : 1; 1241Iz 
3.79 (3H, ds) 
2.5Hz

3.43 (1H, dt) 
Av =  4.5Hz

3.43 ( lH ,d t)  
Av =  4.5Hz

4.92 ( lH ,m ) 4.92 (1H, m) 7.20 (12H, m)

4g* 2.52 (3H, s) 2.15 (2H, ABq) 
3.82 (3H, s)

1.32 (3H, s) 2.91 (1H, d) 
J  =  3.5Hz

4.50 (1H, s) 4.80 (1H, d) 
J  =  3.5Hz

7.17 (12H, m)

4g** 1.73 (3H, ds) 
1 : 2; 92Hz

2.15 (1.36H, ABq) 
4.19 (0.64H, s) 
3.79 (3H, ds);
2Hz

1.28 (3H, ds) 
3.5Hz

2.85 (1H, dd) 
J  =  3.5Hz

4.49 (Ш , ds) 
2.5Hz

4.82 (1H, bt) 7.17 (12H, m)

* Spectral data  of the freshly prepared solution 
** Spectral data  of the solution after standing for 6 hrs

In  case of m ultiplicity due to slow rotations, the ratio  of the in tensity  of the upfield signal to th a t of the downfield signal and the 
separation (in Hz) are indicated
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(4d) in  CDClg (T able  I) shows co n fo rm atio n a l isom ers a b o u t th e  N -N  b o n d  
and  tw o sh a rp  singlets for th e  m ethy lene  p ro to n s correspond ing  to  th e  tw o  
conform ers. T he 60 M Hz sp ec tru m  o f com pound  (4e) in  CDC13 also reveals 
(Table I) tw o  conform ations a b o u t th e  N —N  bond . B u t th e  m ethy lene  p ro to n s 
of th e  exo-COCH2Cl conform ations ap p e a r as a sh a rp  sing let, while those  o f th e  
endo-COCH2Cl con fo rm ation  a p p ea r as an  AB p a tte rn , th e  w eak  o u te r signals 
of w hich  can n o t be observed  as th e  in te rn a l chem ical sh ift o f th e  tw o gem inal
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p ro to n s  is very  sm all. T h e  60 M H z sp e c tra  o f fresh ly  p rep a red  so lu tions o f 
co m p o u n d s (4f) and (4g) in  CDC13 (T able I) show  th a t  th e  endo-COCH2C6H 4O C H 3 
(p) conform ation  a b o u t th e  N —N  bo n d  is p re fe rred  exclusively . T he m ethy lene  
p ro to n s  of com pound (4f) a p p e a r as a sing le t while those o f (4g) show  an  AB 
p a t te rn .  On s tand ing , b o th  con fo rm ations ab o u t th e  N -N  bond  w ere observed 
in  th e  solutions of (4f) a n d  (4g) (T able I).

T hus m agnetic no n eq u iv a len ce  o f  th e  tw o m ethy lene  p ro to n s in  th e  endo- 
(a -su b s titu te d ) ace ty l g ro u p  and  th e  absence o f such nonequ ivalence  in  th e  
exo-group  m ay  be considered  as ev idence fo r h indered  ro ta tio n  ab o u t th e  
N —CO—CH2 system . T h e  h in d ran ce  to  ro ta tio n  ab o u t th e  —CO—CH2 b o n d  in  
th e se  com pounds is p ro b a b ly  s teric  in  origin.

E xperim en ta l

NMR spectra were recorded on a V arian A-60D NMR spectrom eter and IR  spectra 
were recorded on P erk in -E lm er 257 and 720 spectrophotom eters. Chemical analyses, melting 
points and IR  data are reported  in Table II . All compounds were recrystallized from  ethanol.

Table II

IR  and physical data fo r  compounds (4b)—(4g)

Analysis

No. M.p. (°C) Found Calculated
IR

’■’max (cm—I)
C (%) H  (%) C <%) H  (%)

(4b) 259-61 71.41 5.58 71.63 5.51 1708 m, 1738 s, 1745 s, 1798 w
(4c) 2 37 -39 71.89 5.75 72.10 5.81 1705 w, 1725 m, 1740 s, 1795 w
(4d) 231—33 64.52 4.08 64.63 4.16 1745 s, 1800 w, 1820 w
<4e) 191—93 65.46 4.38 65.32 4.50 1730 s, 1760 m, 1800 w

(4f) 202—04 72.16 4.89 72.49 5.03 1740 s ,  1790 w

(4g) 188—90 72.92 5.14 72.86 5.30 1740 s, 1800 w
(10) 210—11 65.63 3.97 65.76 4.10 1690 m, 1730 s, 1795 w, 3175 m

(И ) 259—61 66.43 4.35 66.23 4.47 1690 s, 1730 s, 1795 w, 3175 m
(12) 263-65 74.12 4.92 73.96 5.06 1665 s, 1730 s ,  1795 w, 3180 m
(13) 266-88 74.18 5.18 74.34 5.35 1680 s, 1725 s ,  1785 w, 3200 m

s =  strong; m =  m edium ; w =  weak

Preparation  of compounds (4b) and (4c)

Compound (4b) was prepared as follows: the adduct of anthracene and maleic anhydride
[10] was treated with an equim olar am ount of hydrazine hydrate in ethanol a t room  tem per­
a tu re  to  yield N-aminoimide (8) [1]. The la tte r  was refluxed w ith propionyl chloride (more 
th a n  2 mol) and a few drops of pyridine for abou t 6 hrs. After rem oving the excess propionyl 
chloride, the solid obtained was washed w ith w ater and recrystallized.

Compound (4c) was prepared in a sim ilar fashion from the N-aminoimide (9) [11] 
ob ta ined  from the adduct o f anthracene and citraconic anhydride [12].
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Preparation  of compounds (4d), (4e), (4 f) and (4g)

These compounds were prepared in two steps: N r-m onoacyl derivatives (10), (11), (12) 
and (13) were obtained by  th e  addition of the respective substitu ted  acetyl chlorides (in d ry  
benzene) dropwise to an equim olar am ount of the corresponding N-aminoimides [(8) and (9)] 
in dry  benzene under stirring . The reaction m ixture was then  refluxed for 1 hr. A fter rem oving 
the solvent, the products obtained  were washed w ith  w ater, recrystallized and characterized 
by their elemental analyses and IR  spectra (Table II).

(10) =  N '-monochloro acetyl of (8)
(П ) =  N '-m onochloroacetyl of (9)
(12) =  N '-p-m ethoxyphenylacetyl of (8)
(13) =  N '-p-m ethoxyphenylacetyl of (9)

The m onosubstituted derivatives [(10), (11), (12) and (13)] thus obtained were acetylated by 
heating w ith an excess of acetic anhydride on a w ater b a th  for about 2 hrs. After rem oving 
the excess of acetic anhydride, the products were recrystallized from ethanol.

*

The authors wish to  th an k  Dr. J . N. S h o o l e r y , NM R Applications Laboratory, V arian 
Associates, California, for providing 300 MHz NM R spectra of the two compounds. One of us 
(RMS) is grateful to the C .S.I.R . for the aw ard of a R esearch Fellowship.
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o-Ps yields were determined in various liquid hydrocarbons, tetram ethylsilane 
and m ixtures thereof as a function of C2H6B r and CC14 concentration. These molecules 
are known to be good electron scavengers and positronium  inh ib ito rs as well. The spur 
reaction model of Ps form ation predicts a  correlation between the inhibition coefficient 
and the chemical ra te  constant of electrons w ith scavenger molecules. We found th a t  
the dependence of the inhibition coefficient on the work function  ( V0) of eletrons 
in  different liquids shows a very unusual behaviour, similar to  th a t  recently found for 
the chemical ra te  constants of quasifree electrons w ith the same scavenger molecules. 
The inhibition coefficient as a function of V 0 had  a m axim um  for C2H6Br, while i t  in ­
creased m onotonously w ith decreasing V0 for CC14. The inhibition coefficient for C2H 6B r 
in  a 1 : 1 m olar tetram ethylsilane-re-tetradecane m ixture was found to be g reater 
th an  in  bo th  of th e  pure components. The clear correlation found between electron 
scavenging ra te  constants and positronium  inhibition constitu tes the severest te s t to  
date of the spur reaction  model of positronium  form ation. The im portance of the po ­
sitron annihilation m ethod from the point of view of rad iation  chem istry is also em ­
phasized.

Introduction

F o r m an y  y ea rs  th e  excess e lec tron  in  liqu ids (e.g. th e  h y d ra te d  e lec tron
[2]) has been an  im p o r ta n t  sub jec t o f re search  in  ra d ia tio n  ch em istry . In  p a r t ic ­
u la r  th e  excess e lec tro n  in  n o n p o la r liqu ids is s tu d ied  in  m u c h  deta il a t  p re s ­
en t. I t  is p ro b a b ly  less know n th a t  th e  p ro p ertie s  of th e  tw o  o th e r ligh t p a r ­
ticles: th e  p o sitro n  an d  th e  positron ium  (Ps) a to m  [3] in  liqu ids are s tro n g ly  
co rre la ted  to  th o se  o f  th e  excess e lectron . W e shall give an  acco u n t of such co r­
re la tio n  in  th is  a rtic le .

W hen  p o sitro n s, i.e. th e  an tip a rtic le s  of e lectrons, a re  in jec ted  in to  a 
m ed ium , th e y  slow dow n m ain ly  th ro u g h  ion iza tio n  processes to  n early  th e r ­
m al energies, w h e re a fte r  th e y  an n ih ila te  in to  pho tons w ith  th e  electrons of th e  
m ed ium  [3]. B efore th is  ann ih ila tio n  process, how ever, th e  p o sitro n  can fo rm  
—  w ith  a given p ro b a b ility  (P ) depend ing  on th e  n a tu re  o f th e  m edium  —  a 
b o u n d  s ta te  w ith  an  e lec tron , i.e. a so-called p o sitron ium  (Ps) a to m . Ps a to m s 
are fo rm ed  in  tw o d iffe ren t s ta te s  d epend ing  on w h e th e r th e  sp ins of th e  tw o

* D epartm ent of Physical Chemistry and Radiology, L. Eötvös U niversity , B udapest,
see [1]
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p a rtic le s  are parallel (ort/io-Ps or o-Ps) o r  an tip a ra lle l (p a ra -P s  or p -P s) . In  
v a c u u m , o- and  p -P s  h a v e  m ean  life tim es o f  1 .4 х Ю ~ 7 a n d  1 .2 5 x l0 ~ 10 sec, 
re sp ec tiv e ly . The life tim e  o f o-Ps is red u ced  to  0.5— 5 nsec  in  condensed  
m e d ia . T he theo re tica l fo rm a tio n  p ro b a b ility  of o-Ps is th re e  tim es g rea te r th a n  
t h a t  o f  p -P s . B o th  th e  life tim e an d  th e  fo rm atio n  p ro b a b ili ty  of o-Ps a re  
s tro n g ly  affected b y  th e  physica l o r chem ical n a tu re  o f  its  en v iro n m en t.

F o r  m any years, th e  b eh av io u r o f  P s  in  various m o lecu la r liquids an d  
so lids w as in v estig a ted  th ro u g h  m easu rem en ts  o f th e  2-y  a n g u la r  co rre la tion  
d is tr ib u tio n s  and  th e  p o s itro n  lifetim e sp ec tra . In  p u re  o rganic  liquids th e  
lo n g e s t lifetim e ( r3) is n o rm a lly  ascribed  to  o-Ps p ick-off an n ih ila tio n  w ith  th e  
o u te r  electrons of th e  m olecules. The ra te  o f  p ick-off an n ih ila tio n  for th e  d iffer­
e n t  p u re  liquids can he  ex p la in ed  fa irly  w ell b y  th e  b u b b le  m odel [4]. C hem ical 
re a c tio n s  of o-Ps a to m s w ith  solu te m olecules in  liquids decrease th e  long life­
tim e . F rom  the  c o n c e n tra tio n  dependence o f th is  decrease, th e  chem ical ra te  
c o n s ta n ts  can be easily  ca lcu la ted  and  th e  resu lts  are now  q u ite  well in te rp re te d .

H ow ever, th e  v a lu es  o f th e  Ps fo rm a tio n  p ro b ab ilities  m easu red  fo r d if­
f e re n t  liquids, and  th e  in h ib itio n  o f Ps fo rm a tio n  in th em  caused  by  d iffe ren t 
so lu te s , were very  l i t t le  un d ersto o d  u n til  v e ry  recen tly  [3] w hen one o f th e  
p re s e n t au thors (O .E .M .) proposed a new  id ea  of Ps fo rm a tio n : th e  sp u r re a c ­
t io n  m odel [5]. This m odel correlates th e  Ps-yields to  th e  re su lts  o f sp u r k i­
n e tic s  ob tained  in  r a d ia tio n  chem istry . A  sp u r  form ed due to  th e  in te ra c tio n  
o f  a n  ionizing p artic le  w ith  m a tte r  can  be  defined  as a g roup  o f reac tive  in te r ­
m e d ia te s  which are so close to g e th e r t h a t  th e re  is a s ig n ifican t p ro b ab ility  of 
th e i r  m u tu a l reac tions w hile  th e y  diffuse in to  th e  b u lk  o f th e  m edium . T he 
p o sitro n iu m  is assum ed  to  be form ed b y  a reac tion  b e tw een  a p ositron  an d  an  
e le c tro n  in  the  p o sitro n  sp u r. The p o sitro n  sp u r is th e  g roup  o f reac tiv e  species 
(e.g. th e  positron , excess electrons, p o sitiv e  ions, etc.), w h ich  is c rea ted  a ro u n d  
th e  p o sitro n  w hen i t  loses th e  la s t of its  k in e tic  energy. P s fo rm a tio n  com petes 
w ith  th e  recom bination  o f  th e  electrons a n d  th e ir  p a re n t p o sitiv e  ions (‘gem i­
n a te  recom bination’), a n d  also w ith  th e  diffusion of e lec trons o u t o f th e  sp u r. 
R eac tio n s  of the  e lec trons o r th e  positrons in  th e  sp u r w ith  th e  so lven t m olecules, 
o r w ith  scavengers, w ill also decrease th e  p ro b a b ility  of Ps fo rm atio n . S o lvation  
o f  th e  electrons or th e  p o sitro n s  in  th e  s p u r  m ay  s trong ly  in fluence  th e  Ps fo r­
m a tio n  on account o f  th e  increased  d ie lec tric  shielding o f th e  Coulom b forces 
b e tw e e n  th e  partic les. C hem ical reac tio n s betw een  scavengers and  th e  s h o r t­
liv ed  species in  th e  sp u r , w hich  w ould o therw ise  reac t w ith  th e  electrons o r th e  
p o s itro n , m ay also in flu en ce  Ps fo rm a tio n . The sp u r re a c tio n  m odel o f  Ps 
fo rm a tio n  has been te s te d  on several p rev io u s occasions [6] an d  p roved  to  be 
v e ry  fru itfu l and  p re d ic tiv e  for in te rp re tin g  Ps y ield  d a ta . In  p a r tic u la r , a 
g en e ra l discussion o f th e  m odel is fo u n d  in  references [5] a n d  [6b]. Ps in h ib i­
t io n , explained as th e  re su lt  o f e lectron  scavenging  in th e  p o sitro n  spu r, is d is­
cussed  in  detail in reference  [6c].
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R ecen tly  A l l e n  et al. [7] m easu red  th e  chem ical reac tio n  ra te s  o f quasi- 
free e lec trons in n o n p o la r liquids. T h ey  fo u n d  th a t  th e  chem ical reac tio n  ra te  o f 
e lec trons w ith  d ifferen t scavenger m olecu les w as s tro n g ly  in fluenced  b y  sol­
v e n ts . T h ey  co rre la ted  th e ir  results w ith  th e  q u a n tity  V 0, th e  w ork  fu nc tion  of 
th e  elec trons in  th e ir  m obile  s ta te  in  th e  liq u id s . F o r C2H 5B r, th e  r a te  co n stan ts  
ex h ib ited  a pronounced  m axim um  for a ch a ra c te ris tic  v a lue  o f V 0, rem in iscen t 
o f th e  re so n an t energy m ax im um  in th e  d issocia tive  a tta c h m e n t cross-sections 
fo r e lec tro n  reaction  show n b y  the  sam e m olecules in  th e  gas phase . H ow ever, 
fo r CC14, th e  reaction  r a te  constan ts in c rea sed  m onotonously  w ith  decreasing 
V 0. T his k ind  of dependence  of e lec tro n  ra te  co n stan ts  on V 0 was recen tly  
th e o re tic a lly  in te rp re te d  b y  H e n g l e in  [8] an d  b y  S c h il l e r  an d  N y ik o s  [9].

T he purpose of o u r w ork  was to  m easu re  th e  in h ib itio n  of Ps fo rm ation  
b y  C ,H 5B r and  CC14 in  n o n p o la r liquids a n d  to  co rre la te  th e  s tre n g th  of th e  Ps 
in h ib itio n  to  th e  e lectron  ra te  constan ts  m easu red  b y  A l l e n  et al. [7 ] . B ecause 
o f th e  sp u r m odel o f P s  fo rm ation  p re d ic ts  s tro n g  co rre la tio n  (i.e., paralle l 
tre n d )  be tw een  Ps in h ib itio n  and e lec tro n  ra te  co n stan ts , i t  is expec ted  th a t  
th e  s tre n g th  of th e  Ps in h ib itio n  versus V 0 w ill show  a m ax im u m  a t th e  sam e 
F 0-value  as th e  electron ra te  co nstan t in  th e  C2H .B r case, w hile a m onotonously  
increasing  inh ib ition  s tre n g th  for d ec reasin g  V 0 is expec ted  fo r CC14. The ex ­
p ec ted  beh av io u r of th e  P s inh ib ition  w as found . The Ps y ields were co rre­
la te d  also to  th e  s tead y  s ta te  electron scav en g in g  w ork of S c h u l e r  et al. [10]. 
I t  seem s to  be qu ite  d ifficu lt to  explain  th e se  resu lts  in  te rm s o f th e  o lder Ps 
fo rm a tio n  m odel [3, 11], th e  Ore m odel m od ified  w ith  h o t P s reactions.

H ere  we p resen t positro n iu m  in h ib itio n  m easu rem en ts fo r th e  following 
sy stem s: C2H 5B r in  n -te tra d e ca n e  (ra-C14), n -hexane (n-C6), 2 ,2 ,4 -trim eth y l- 
p e n ta n e  (iso-octane, iso-C8), 2 ,2 -d im eth y lp ro p an e  (neo-C5) a n d  te tra m e th y l-  
silane (TM S); CC14 in re-C14, iso-C8 and  T M S . In  add itio n  o f th e se  system s th e  
in h ib itio n  function  for C2H 5B r were a lso  d e te rm in ed  in  n-C 14-TMS (X TMS=
0.49) a n d  ra-Ce-neo-C5 ( X „ . Cl — 0.25) m ix tu re s  (X  rep resen ts  th e  m o lar fra c ­
tio n  o f th e  com ponent in  th e  subscrip t).

Experim ental

Lifetime measurements. A bout 40 //Ci 22N aCl deposited between two K ap ton  (Du Pont) 
polyimide foils of 1 mg/cm2 constitu ted  the positron  sources. The positron lifetim es were m ea­
sured as usual by  determining th e  tim e interval betw een the detection of a 1.28 MeV photon, 
em itted  simultaneously w ith the emission of a positron  (s ta rt signal) and the detection of an 
0.511 MeV annihilation photon (stop signal) [3]. A  tim e-to-pulse-height converter generates 
o u tp u t pulses w ith amplitudes proportional to th e  tim e in terval between the s ta r t and stop 
signals. Then the pulse height distribution of o u tp u t signals, i.e. the lifetim e distribution of 
positrons, can directly be recorded by a m ultichannel analyzer. The tim e resolution function 
of our conventional lifetime spectrom eter, determ ined by measuring the spectrum  of a 60Co 
source, could well be described as a sum of three G aussian curves w ith a FW HM  =  390 psec 
for the to ta l curve. The lifetime spectra were analyzed  by the Positronfit-E xtended [12] com­
p u ter program  for three lifetim es [13] and in tensities w ith 8% source correction. Details of 
the application of this program  are discussed in  reference [6c].
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Materials. The chemicals were of analytical grade from Merck and were used 
w ithou t fu rther purification. All the liquid samples were thoroughly degassed by the freeze- 
thaw  m ethod and afterw ards distilled in vacuum  into an ampoule containing the positron 
source. During the recording of the lifetime spectra the source and the sample were k ep t 
in th is a ir-tight ampoule. The necessary am ounts of neopentane and tetram ethylsilane solvents 
and of solutes added to a given volume of solvent were determ ined by PY technique in the same 
appara tu s  as used for degassing the samples. All the measurem ents were performed a t 20 °C.

Results
♦

T he analyses o f  th e  lifetim e sp ec tra  gave th e  follow ing resu lts . T h e  
sh o r te s t  lifetim es (xq) w ere found a ro u n d  150 psec, th e  m ed ium  lifetim es ( r2) 
a ro u n d  500 psec, w hile  th e  longest life tim es ( r3) for th e  p u re  so lvents an d  m ix ­
tu re s  w ere: n-C14 3.35 nsec, n-C6 3.94 nsec, iso-C8 4.11 nsec, neo-C5 5.17 nsec , 
TM S 4.77 nsec, T M S-n-C 14 3.75 nsec, re-C6-neo-Cä 4.61 nsec and C2H .B r 3.23 
nsec. B y  th e  life tim e resu lts  for th e ir  so lu tions, C2H 5B r an d  CC14 p ro v ed  to  
be p rac tica lly  p u re  in h ib ito rs ; hence, i t  was u n necessary  to  m ake an y  co rrec ­
tio n s  to  th e  in te n s ity  d a ta  due to  quench ing  co n tr ib u tio n s . The re la tiv e  P s  
y ie ld  P(e) is th e re fo re

P(c)  =  Ш 1 Ы 0 )  ( l )

w here  I 3(c) is th e  in te n s i ty  of th e  longest-lived  co m p o n en t e x tra c te d  from  th e  
life tim e  spectrum  a t  an  in h ib ito r co n cen tra tio n  c. T he J 3(0) values, i.e., th e  o- 
P s yields m easured  in  th e  pure so lven ts or th e ir  m ix tu re s  w here: n-C14 3 7 .5 % , 
re-Ce 41 .6% , iso-C8 4 4 .2 % , neo-C5 52 .7% , TMS 5 5 .5 % , TM S-n-C14 45 .6%  a n d  
n-Ce-neo-C5 45 .3%  (C2H 5B r 5 .2% ) (u n certa in ties  ^  ^ 0 .7  abso lu te  % ) [13]. 
T h e  values of P(c) ca lcu la ted  from  th e  ex p erim en ta lly  found  f 3(c) va lu es  b y  
E q . 1 are p resen ted  in  Fig. 1 w ith  th e  in h ib ito r  co n cen tra tio n  (in m o le /d m 3) 
on a logarithm ic  scale . D a ta  found  fo r C2H 5B r in  n-Ce-neo-C5 m ix tu res fo llow ed 
a cu rv e  alm ost id e n tic a l w ith  th a t  fo r n-Ce; hence, th e y  w ere o m itted  fo r th e  
sake  o f c larity .

T he re la tiv e  P s y ields from  rig h t to  le ft co rrespond  to  increasing  in h ib i­
t io n  s tren g th s , b ecau se  i t  is obvious th a t  s tro n g e r in h ib ito rs  decrease th e  P s  
y ie ld  a t  lower co n cen tra tio n s . E v en  if  th e  curves are com pared  in  on ly  th is  
s im ple graphic w ay , th e  clear q u a lita tiv e  ag reem en t w ith  electron  ra te  c o n s ta n t 
d a ta  [7] is im m ed ia te ly  m anifested .

Parameter fitting  o f the relative Ps yields

A discussion o f  th e  possibilities o f ob ta in in g  a th e o re tic a l expression fo r 
th e  re la tiv e  Ps y ie ld  P (c) as a fu n c tio n  o f e lec tron  scavenger co n cen tra tio n  in  
th e  fram ew ork  o f th e  sp u r reaction  m odel of Ps fo rm a tio n  has been p u b lish e d  
elsew here [6c]. H ere  i t  was concluded  th a t  an  ap p lica tio n  o f a d e ta iled  s p u r
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C , ( M)

Fig. 1. R elative p -Ps intensities as a function of inhibitor concentration in  various solvents. 
Symbols: д  n-C14, •  ra-C6, □ iso-C8, X neo-C5, о  TMS, a  TMS—re-C14 m ixture. Solid curves for 
C,H5Br and dashed ones for CC14 are f it to E q. 7 w ith a  and a values in Table I. (The solid curve 

for the TMS—ra-C14 m ixture is om itted)

diffusion  th e o ry  to  th e  p ositron  sp u r p ro b lem  is n o t p rom ising  a t  p resen t. 
H ow ever, th e  Ps y ield  m ay  be co rre la ted  to  th e  e lectron  sp u r resu lts  b y  use 
of th e  reasonab le  assum ption  th a t  th e  re la tiv e  elec tron— positro n  ‘reco m b in a­
tio n ’ in  th e  p o sitro n  spur (i.e., th e  P s yield) is s tro n g ly  co rre la ted  to  th e  re la ­
tiv e  e lec tro n — ion recom bination  in  th e  e lec tron  spur. T he y ie ld  o f a given 
p ro d u c t G(p) o f an  electron reac tio n  w ith  a scavenger is n o rm ally  described  b y

G(P ) =  Gfi +  GgiF(c) . (2)

H ere  Gfi deno tes th e  y ield  of ‘free ions’, w hile Ggi rep resen ts th e  y ield  o f ‘gem i­
n a te  ion  p a irs ’. F(c) is th e  scavenging  fu n c tio n  [10]. W e m a y  assum e th a t

P (c) =  (Gfi-+  Ggi -  G(P ))IGgi =  1 -  F (c) . (3)

T hus th e  m ean ing  of E q . 3 is th a t  th e  p ro b a b ility  o f Ps fo rm atio n  is p ro p o rtio n a l 
to  th e  frac tio n  of unscavenged  ‘gem in a te  e lec trons’. 1 —  E(c), i-e., fo rm ally  
ou r P(c), p lays an  im p o rta n t role in  S c h u l e r ’s phenom enological scavenging  
m odel specify ing th e  d is trib u tio n  fu n c tio n  of th e  ion -pa ir life tim es [10b].

W ith  reg a rd  to  th e  explic it a n a ly tic a l form  o f F(c) an d  o f th e  co rresp o n d ­
ing P(c), th ree  form ulas have m ain ly  been  used  in  ra d ia tio n  ch em istry . F o r 
v e ry  d ilu te  so lu tions, several au th o rs  [14, 15] have  th eo re tica lly  derived  th e  
follow ing expression :

F(c) =  K c 1, . (4)
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H ow ever, th is  fo rm u la  is to ta lly  in ap p licab le  in  o u r case, since we use h igh  
so lu te  co n cen tra tio n s. A n o th e r scaveng ing  fu n c tio n  th a t  can  be th eo re tica lly  
d eriv ed  using a s im p le , com petitive  k in e tic  m odel [10a] is:

F (c ) =
ac

1 +  ac (5)

T h e  corresponding  re la tiv e  Ps yield is:

P{c)  =
1

1 -(- ac
(5a)

S c h u l e r  et al. [10], how ever, found  th a t  E q . 5 d id  n o t describe th e ir  scavenging  
re su lts  well enough in  cyclohexane an d  re-hexane so lven ts. T hey  p roposed  th e  
use o f  an  em pirical fu n c tio n

F(c) _ Ы ÍL.
1 +  (ffc)1/! '

( 6 )

T h e  re la tiv e  Ps y ie ld s corresponding  to  E q . 6 w ould be:

P (c) =
1

1 +  (cc)1/' '
(6a)

The analyses o f  o u r Ps yield re su lts  show ed th a t  fa irly  good fits  could  be 
o b ta in ed  b y  use o f  (5a) in  som e so lven ts an d  (6a) in  o th e r  so lvents. To im prove  
th e  goodness o f  th e  f i t  fo r all so lven ts we th ere fo re  f i t te d  th e  resu lts  w ith  a 
s lig h tly  m odified  em p irica l expression using  a second a d ju s ta b le  p a ra m e te r  a 
in  th e  exponen t:

P(c) = -------1
1 +  (<*)■

(7)

w hich  w ould co rresp o n d  to  th e  follow ing scaveng ing  fu n c tio n :

F(c) = ( g c ) tt

1 +  (tfcp '
(7a)

I t  is im p o r ta n t  to  realize th a t  we c an n o t ex p ec t a de ta iled  q u a n tita tiv e  
co rre la tion  b e tw een  th e  m easured p ro p ertie s  of th e  p o sitro n  and  e lectron  spurs 
[5, 6]. The p o sitro n  sp u r , being p a r t  o f  a ‘high  lin ea r-en erg y -tran sfe r’ t ra c k , is 
v e ry  p ro b ab ly  m ore  dense th a n  th e  n o rm ally  s tu d ied  electron spurs. T he 
d is tr ib u tio n  o f e le c tro n —positron  d is tan ces  a t  th e rm a liz a tio n  p ro b ab ly  also 
d iffers from  th e  d is tr ib u tio n  of e lec tron—ion d istances. S everal o th e r p ro p ertie s  
o f  th e  tw o spurs (e.g. y ields of specific ions and  rad ica ls) m ay  be d ifferen t too . 
T h e  ex p erim en ta lly  dete rm in ed  Ps y ie ld  m ig h t also be in fluenced  by  th e  re a c ­
tio n  of Ps w ith  th e  reac tiv e  species in  th e  spu r. A n o th e r p o in t o f in te re s t is 
t h a t  detailed  te s ts  o f  (5) or (6) seem  n o t to  h av e  been perfo rm ed  in  som e o f  th e
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u sed  solvents (see below ). H ence, th e  fa c t th a t  i t  w as n ecessary  to  use a tw o - 
p a ra m e te r  fo rm ula  (7) instead of th e  o n e -p a ram ete r fo rm ulas (5a) or (6a) to  ge t 
good fits , is n o t su rp ris in g  a t all.

The f ittin g  p ro ced u re  w ith  tw o  a d ju s ta b le  p a ra m e te rs  was carried  o u t on 
a p rog ram m ab le  ta b le  calcu lator (EM G  666) m in im izing  th e  RMS d ev ia tio n  
b e tw een  th e  m easu red  and ca lcu la ted  p o in ts . T he resu lts  o f  th e  f ittin g  p ro ced u re  
are p resen ted  in  T a b le  I. The V 0 va lues for p u re  so lven ts are  H o lroyd’s [16] 
la te s t  d a ta  for 20 °C , while for th e  m ix tu re s  th e y  are ca lcu la ted  values a ssu m ­
ing  a linear re la tio n sh ip  betw een V 0 and  th e  m o lar frac tio n , as i t  was fo u n d  b y  
H o lr o y d  and  T a u c h e r t  [17] to  be  va lid  fo r th e  TM S— n-Ce and th e  neo- 
C5— re-Ce m ix tu res . T h e  last co lum n o f T ab le  I  co n ta in s th e  goodness of th e  f i t  
expressed  as th e  R M S deviation  b e tw een  th e  m easu red  a n d  ca lcu la ted  p o in ts . 
T he d a ta  in  p a re n th e se s  represen t th e  re su lts  w hen  on ly  th e  u p p e r p a r t  o f  th e  
to ta l  inh ib ition  c u rv e  (P(c) >  0.6) w as in v o lved  in  th e  f i t t in g  procedure. I n  
th e  cases of C2H 5B r  in  TMS and CC14 in  all th e  th re e  so lven ts in v estiga ted , th e  
tw o f it t in g  p rocedures gave p rac tica lly  id en tica l resu lts .

Table I

Summary o f  results obtained by parameter fitt in g  o f relative o-Ps yields 
measured in various liquids and liquid mixtures

Solvent V,»
(eV)

Inhibitor a
(M->)

a

C,H6Br 3.9 +  0.4 0.61 +  0.01 0.032
n-tetradecane 0.21 (5.2) (0.78) (0.012)

(n-C14) CC14 20.5 +  1 0.88 +  0.01 0.005

rc-hexane
(«-C6)

0.00 C,H5Br 5.3 +  0.5 0.57 +  0.01 0.025
(8.2) (0.74) (0.005)

C2H5Br 6.0+0.6 0.48 +  0.01 0.018
iso-octane — 0.26 (10.3) (0.62) (0.005)

(iso-C8) CC14 46.0 +  1 0.67 +  0.01 0.006

neopentane — 0.35 C2H5Br 2.4+0.2 0.73 +  0.01 0.014
(neo-C5) (2.8) (0.83) (0.004)

tetramethyl- C„H5Br 1.04+0.1 0.94 +  0.01 0.011
silane (TMS) — 0.51 CC14 59.0 +  1 0.58 +  0.01 0.021

TMS +  re-C14 — 0.14* C,H6Br 4.8 +  0.5 0.56 +  0.01 0.021
(XTMS =  0.49) (7.8) (0.75) (0.002)

n-C6 +  neo-C5 
(X„_c6 =  0.25) — 0.26* C,H5Br 4.3 +  0.5 

(5.5)
0.55+0.01

(0.63)
0.014

(0.009)

* C alcu lated  values f ro m  th e  T 0-values o f  th e  p u re  so lv en t com p o n en ts , assum ing a 
lin ea r re la tio n sh ip  betw een V 0 a n d  the  m olar f ra c tio n  X
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I n  th e  case o f C2H 5B r, one of th e  reasons for th e  d ifference betw een  th e  
tw o  f i t t in g  procedures m ig h t be th e  h igh  co n cen tra tio n  o f C2H 5B r. A t h igh  con­
c e n tra tio n s  th e  ‘so lu te ’ m olecules th em se lv es  co n trib u te  con sid erab ly  to  th e  
p r im a ry  processes o f rad io lysis . T he sp u r  size and  ra te  c o n s ta n ts  o f th e  elec­
tro n s  a n d  th e  positro n  are  p ro b ab ly  also in fluenced  b y  th e  so lu te  m olecules in  
h ig h  c o n cen tra tio n , in  p a r tic u la r  in  th e  h igh  electron m o b ility  (large spur) 
so lv e n ts : neo-C5 an d  TM S. A lthough  th e  RM S deviations fo r th e  u p p e r-p a r t 
f i t t in g s  are  b e tte r , th o se  fo r th e  to ta l  cu rv es  are also w ith in  th e  accu racy  of 
th e  m e th o d . B ecause o f  th is  fac t, an d  since th e  q u a lita tiv e  fea tu re s  of th e  resu lts  
a re  a lm o st sim ilar in  b o th  cases, th e  re su lts  are p resen ted  th ro u g h o u t th is  
p a p e r  as th e y  were e v a lu a te d  from  th e  to ta l  inh ib ition  cu rves. T he u p p e r-p a r t 
f i t t in g s  m igh t be usefu l in  a de ta iled  com parison  w ith  e lec tro n -sp u r scavenging  
re su lts , w hich are n o rm a lly  only o b ta in e d  a t  fa irly  low scavenger co n cen tra tio n .

I n  Fig. 1 th e  solid  curves for C2H .B r  and  th e  d ashed  curves fo r CC14 are 
d ra w n  using  E q . 7, w ith  a an d  a  va lues ca lcu la ted  from  th e  to ta l  cu rve  f i t t in g  
(T ab le  I) . The ca lcu la ted  curve  for C2H 5B r in  th e  TM S—re-C14 m ix tu re , w hich  is 
p ra c tic a lly  id en tica l w ith  th e  n-C6 c u rv e , is om itted .

D iscussion

General remarks. A lthough  th e  co rrelation  b e tw een  th e  re su lts  o f  th e  
p re se n t Ps in h ib itio n  m easu rem en ts a n d  those of th e  e lec tron  ra te  c o n s tan t 
d e te rm in a tio n s  [7] is c lear b y  s im p ly  looking a t Fig. 1, th e  com parison  is 
m ore  convincing in  a fig u re  p resen tin g  b o th  sets of d a ta . F ig u re  2 show s posi­
tro n iu m  in h ib itio n  co n stan ts  (a, le f t-h a n d  scale) to g e th e r  w ith  A l l e n , 
Ga n g w e h  an d  H o l r o y d ’s electron  ra te  co n stan ts  [7] (k, r ig h t-h a n d  scale) as a 
fu n c tio n  o f V0. T he  solid an d  d ash ed  lines are g raph ic  f its  fo r C2H 5B r and  
CC14 d a ta , re spec tive ly . In  b o th  cases th e  curves for C2H 5B r ex h ib it a m ax im um  
fo r th e  sam e so lv en t (i.e., for th e  sam e V 0), and  b o th  curves are  v e ry  m u ch  s te e p ­
e r from  th e  le ft to  th e  m ax im um  th a n  from  the r ig h t to  th e  m ax im um . V ery 
conv incing  is also th e  fac t th a t  th e  po in ts  for th e  so lv en t m ix tu res , th e  V 0 
v a lu es  of w hich w ere a d ju s te d  to  be close to  the  m ax im u m , are  s itu a te d  re a ­
so n ab ly  well on a com m on curve  w ith  th e  pure so lven ts. F ro m  th is  p o in t o f  
v iew , one m u st also consider th e  in a ccu racy  in ca lcu la ting  th e  V 0 values for th e  
m ix tu re s . T he CC14 curves, on th e  o th e r  hand , increase w ith  decreasing  V 0 in  
b o th  cases.

The p red ic tio n  o f  th e  sp u r re a c tio n  model o f P s fo rm a tio n  p roved  to  be 
v a lid  for th is  v e ry  u n u su a l case, a n d  th is  seems to  be th e  severest te s t  o f th is  
m odel to  d a te . As discussed above th e  reaction  ra te  o f th e  sp u r e lectrons is 
o n ly  one fac to r a ffec ting  the  process o f Ps fo rm ation , a n d  th a t  th e re  are  several
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V0 le v )

F ig .  2 .  Ps inhibition coefficients (cr, left-hand scale) and electron rate constants (к . right-hand 
scale) for reactions with C2H5Br (solid curves) and CC14 (dashed curves) as a function of V 0. 

Symbols: ▼ n-C0—neo-C5 mixture, others as in Fig. 1

others w hich m ay  g re a tly  m odify  th e  very  com plex  an d  co m plica ted  situ a tio n  
in  th e  spu r. T he good q u a lita tiv e  co rrelation  be tw een  th ese  tw o  q u an titie s  
(i.e. a an d  k), how ever, d em o n stra te s  th e  im p o r ta n t role o f e lec tron  reaction  
ra tes  in  Ps fo rm atio n , a t  leas t in  these  nonpo lar liqu ids of h igh  electron m o ­
b ility .

W ith  resp ec t to  th e  o th e r  m odels of Ps fo rm atio n , n am ely  th e  O r e  
m odel [11] and  its  m odified  version  [18] or th e  ‘h o t-P s ’ reac tio n  m odel [19], 
these do n o t seem  to  be able to  exp la in  such u n u su a l changes for th e  p ro b ab ility  
of Ps fo rm atio n  w ith o u t th e  use of special assum ptions and  p rac tica lly  u n av a il­
able an d  unv erifiab le  d a ta  fo r an y  system . The m ain  problem  is th a t  all these  
m odels ta k e  in to  acco u n t positrons an d  Ps atom s o f fa irly  large energies only, 
while i t  seems th a t  v e ry  sm all changes in th e  w ork  fu nc tion  o f thermalized 
electrons are responsib le  fo r th e  g rea t changes in  e lec tron  ra te  co n stan ts  or Ps 
in h ib itio n  p roperties. A lth o u g h  th e  sp u r reaction  m odel itse lf  is unab le  to  m ake 
a priori p red ic tions of P s fo rm a tio n  for every special case, its  g rea t ad v an tag e  
lies in  th e  fac t th a t ,  fo r ex p lan a tio n s  and  p red ic tions, it  can use general p rin ­
ciples an d  experiences o rig in a tin g  from  rad ia tio n  chem istry .

Comparison with steady-state scavenging results. The basic  idea of the  
sp u r reac tio n  m odel o f P s fo rm a tio n  is th a t  Ps a to m s are  form ed as a resu lt of 
th e  scavenging of th e  sp u r  e lec trons b y  th e  positro n s. T hus a n y  processes in
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w h ich  sp u r electrons a re  invo lved  co m p ete  w ith  P s fo rm a tio n  [20] an d  a 
s tro n g  correlation  m u st e x is t be tw een  scaveng ing  and  P s in h ib itio n  ex p erim en ts. 
T h is assum ption  gave th e  th eo re tica l basis fo r using  th e  scaveng ing  function  
to  f i t  th e  Ps in h ib itio n  fu n c tio n s  an d  e v a lu a te  th e  in h ib itio n  coeffic ien ts (o). 
T h u s , in  principle, th e  P s  in h ib itio n  coeffic ien t has th e  sam e m ean in g  as th e  
re la tiv e  scavenging c o n s ta n t in  S c h u l e r ’s phenom enological m odel fo r scav ­
eng ing  in  hyd rocarbons [10] an d  th e  n u m erica l values o f these  tw o  q u an titie s  
m u s t be  sim ilar or a t  le a s t  com parab le . U n fo rtu n a te ly , how ever, we h av e  h a rd ly  
a n y  d a ta  w ith  w hich to  m ak e  th is  com parison . R zad an d  B a n sa l  [21] m easured  
th e  re la tiv e  scavenging  c o n s ta n t fo r C2H 5B r in  iso -octane  and  th e ir  5 
v a lu e  is v e ry  close to  o u rs : a =  6 J ;  0.6 M _1. A lthough  I n f e l t a  a n d  S c h u l e r ’s
[22] va lu e  for C2H 5B r in  cyclohexane (7.8 М ~ г) is n o t d irec tly  co m p arab le  since 
w e h a v e  no d a ta  fo r th is  so lven t, i t  seem s to  be q u ite  reasonab le  because  th e  
V Q o f  cyclohexane is close to  th a t  o f iso -octane . T he ag reem en t o f th e se  resu lts 
is p rom ising , b u t th e  d a ta  are  in su ffic ien t to  prove th e  m u tu a l id e n ti ty  of the  
tw o  co n stan ts .

Correlation betw een a and k. T h ro u g h  th e  phenom enological scavenging 
m o d e l, th e  ra tio  tr/fe fo r  a given so lv en t should  he c o n s ta n t and  eq u a l to  th e  
m e a n  lifetim e of th e  g em in a te  ion  — e lec tro n  pairs [10a]. A l le n  et al. [7] te s ted  
th is  co rrelation  for r a te  co n stan ts  a n d  re la tiv e  scavenging  co n stan ts  m easured  
in  cyclohexane an d  fo u n d  i t  to  he v a lid  w ith  th e  ex cep tion  of C H 3I. O ur Ps 
in h ib itio n  m easu rem en ts , how ever, do n o t seem  to  su p p o rt th is  p red ic tion . 
A lth o u g h  th e  ra tio s  o/к  fo r C2H 5B r an d  CC14 in  iso -octane  (1.2 X 1 0~ 12 and 
3.0 X 10-12 sec, resp ec tiv e ly ) are in  q u ite  reasonable  ag reem en t, th e  difference 
is m ore  th a n  one o rd e r o f m ag n itu d e  fo r TMS (26 X 10-12 an d  1.1 X 10~12 sec), 
o r o th e r  solvents. T h u s th e  general v a lid ity  o f th is th eo re tica lly  p re d ic te d  q u an ­
t i t a t iv e  relation  b e tw een  a an d  к does n o t seem to  be p roved  as y e t  an d  the  
q u e s tio n  requires fu r th e r  s tu d y .

W e also tr ie d  to  co rre la te  o u r a va lues m easured  fo r a g iven scavenger in 
d iffe ren t solvents to  th e  к va lues fo r th e  sam e scavenger. In  such  a com parison 
a  lin e a r  rela tionsh ip  b e tw een  a an d  к  could n o t be expected . N evertheless, we 
o b ta in e d  a reasonab le  lin ea r  co rre la tio n  for log к vs. a:

log к =  aa -f- b , (8)

w here  a =  0.45 M  a n d  0.065 M  fo r C2H -B r and  CC14, re spec tive ly , an d  b =  10 
fo r b o th  scavengers fro m  a g raph ic  f i t .  B ecause o f  th e  v e ry  lim ited  n u m b er of 
o u r  d a ta , th is co rre la tio n  is only  te n ta t iv e , and  could  be an  ex cep tio n a l case.

Correlation betw een a  and V 0. W e su cceeded  in  f itt in g  our Ps in h ib i­
t io n  curves b y  m a k in g  use o f  S c h u l e r ’s [10] em p irica l scaven g in g  fu n ction  if
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V0 (eV)

Fig. 3. a -1 as a function of V 0. Solid curve for C2H5Br and dashed curve for CC14.
Symbols as in Fig. 2

o n ly  we used a new  fittin g  p a ra m e te r  (a) in s tead  of th e  c o n s ta n t v a lue  (0.5) in  
th e  exp o n en t o f co n cen tra tio n . S c h u l e r ’s scavenging fu n c tio n  was te s te d  fo r 
a g rea t n u m b e r o f scavengers in  cy clohexane [10], an d  th e  sam e expression  
w as found  to  be  valid  for f i t t in g  scaveng ing  d a ta  m easu red  in  iso -octane  b y  
R za d  and  B a n s a l  [21]. The V 0 va lues fo r these  so lven ts, how ever, are  v e ry  
close to  each o th e r  and, as sh o w n  b y  A l l e n  et al. [7] in  th is  range o f V 0 th e  
reac tio n  ra te s  fo r quasifree e lec tro n s a re  also very  close to  each o th e r. T hus 
a com m on b eh av io u r for scavengers in v e s tig a te d  in  so lven ts o f th is  n a rro w  range  
o f  V 0 is n o t su rp rising . As a r e s u lt  o f o u r f i t t in g  p rocedure , we also o b ta in ed  a 
v a lu e  o f n ea rly  0.5 for our a  in  iso -o c tan e . H ow ever, in  o th e r  so lven ts o f v e ry  
d iffe ren t V 0, a h as  varied  b e tw een  0.5 a n d  1. Surprising ly  th is  a , o r m ore ex ac tly  
a -1 , could be co rre la ted  w ith  V 0 in  a w ay  q u a lita tiv e ly  s im ila r to  th a t  found  
fo r th e  ra te  c o n s ta n ts  and Ps in h ib itio n  coefficients. As can  be  seen in  F ig . 3, 
a -1  as a fu n c tio n  o f V0 for C2H 5B r ex h ib its  a m ax im um  fo r th e  sam e V 0 as 
w as found  for к  o r a , while for CC14 th e  a -1  vs. V 0 curve increase  m ono tonously  
w ith  decreasing V 0, again in  a w a y  s im ila r to  th a t  found  fo r к an d  a. T his co r­
re la tio n  expresses th e  fact t h a t  our second f ittin g  p a ra m e te r  (a) is s tro n g ly  
co rre la ted  to  th e  reac tio n  ra te  c o n s ta n t o f e lectrons.

W e should like  to  p o in t o u t  th a t  in  sp ite  of the  lim ited  n u m b er of d a ta , 
th is  co rrelation  seem s p ronounced  an d  em phasizes the  decisive role of V0 in  th e  
m echan ism  and  k inetics of e le c tro n  scaveng ing  processes. N ew  s te a d y -s ta te  
scaveng ing  m easu rem en ts a t  h ig h e r  co n cen tra tio n s  of C2H 5B r an d  CC14 in  neo­
p e n ta n e , TMS, o r in  o ther so lv en ts  o f  low  V 0, could te s t  th e se , a t  p re sen t only  
te n ta t iv e , co rre la tions, and w ould  be  o f g re a t help  in a m ore d e ta iled  in te rp re ­
ta t io n  of our re su lts . The very  few  scaveng ing  experim en ts ca rried  o u t so fa r  
on  n eo p en tan e  [23] ind icate  g re a t d ifferences betw een th e  scavengers in  th is  
so lv en t and  those  in  cyclohexane. H ow ever, th ese  m easu rem en ts are  n o t d ire c t­
ly  com parab le  to  ou rs, e ither b ecau se  d iffe ren t scavengers w ere used an d  only

Acta Chim. Acad. Sei. Hung. 96, 1978



124 LÉVAY, MOGENSEN: INHIBITION OF POSITRONIUM FORMATION

scav en g in g  of th e  free  ions w as in v es tig a ted  a t  v e ry  low  con cen tra tio n s 
[23a], or because th e  h ig h  c o n cen tra tio n  scavenging  resu lts  w ere tre a te d  and  
in te rp re te d  on a d iffe ren t th e o re tic a l basis [23b].

Correlation b e tw een  a. and  a. B ecause b o th  a an d  a -1  show ed q u a lita ­
t iv e ly  sim ilar d ependence  on V 0, i t  seem ed obvious to  look fo r possible in te r ­
re la tio n . This search  re su lte d  in  a sim ple lin ea r re la tio n sh ip :

a -1  =  a' a -\- b '. (9)

w here  a' =  0.21 M  an d  0.015 M  for C2H 5B r and  CC14, re spec tive ly , an d  b' — 
=  0.81 for b o th  from  a g raph ic  f i t  (F ig  4). F rom  E qs (8) an d  (9) the  in te rre la ­
tio n  betw een  к  an d  a  can  be easily ca lcu la ted  to o . T he a d v a n ta g e  of a re la tio n  
su ch  as E q . (9), if  i t  p ro v ed  to  be valid  also fo r o th e r  scavengers, would be th e  
p o ss ib ility  of e x tra c tin g  a so lv en t-in d ep en d en t q u a n tity  fo r charac teriz ing  th e  
‘scaveng ing  or in h ib itio n  s tre n g th ’ o f th e  scavengers. F o r exam ple , 1 /a ' =  4.8 
a n d  67 M “ 1 for C2H 5B r an d  CC14, re spec tive ly , could express th a t  th e  la t te r  
is a stro n g er scav en g er o r Ps in h ib ito r  th a n  th e  form er.

er (m-’i

Fig. 4. Correlation betw een the two fitting  param eters in Eq. 7. a -1 versus a. Symbols as
in Fig. 2

Conclusion

F or th e  tw o  good Ps inh ib ito rs  or e lec tron  scavengers s tud ied  b y  us 
(C2H 5B r and  CC14) th e  in h ib itio n  coefficients in  n o n p o la r liqu ids can be co rre ­
la te d  w ith  V 0, th e  energy  level of th e  m obile co nduc tion  electrons in  v a rio u s 
so lven ts. This co rre la tio n  is sim ilar to  th a t  found  be tw een  V Q and  th e  e lec tron  
reac tio n  ra te  c o n s ta n ts  for th e  sam e scavengers. T hese Ps in h ib ition  m easure-
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m en ts  th u s  seem  to  be th e  sev erest te s t  to  d a te  of th e  sp u r reac tio n  m odel, 
w h ich  p red ic ts  a s trong  co rre la tio n  b e tw een  th e  fo rm atio n  p ro b a b ility  o f  Ps 
an d  th e  elec tron  scavenging ra te s  in  th e  p o sitro n  spur. T he analysis  o f th e  Ps 
in h ib itio n  curves resu lted  in th e  use o f a new  em pirical f i t t in g  p a ra m e te r  in ­
s te a d  o f th e  c o n s ta n t used so fa r  in  th e  ex p o n en t of c o n cen tra tio n . T his new  
p a ra m e te r  can  also be co rre la ted  w ith  th e  w ork  function  ( V 0) o r w ith  th e  scav ­
enging  ra te  c o n s tan t of th e  quasifree  e lectrons in  nonpo lar liq u id s . T hese an d  
th e  o th e r  special correlations discussed in  th is  p ap er are, how ever, a t  p re sen t 
on ly  te n ta t iv e , since th e  lim ited  n u m b e r o f d a ta  are in su ffic ien t to  p rove  th e ir  
g enera l v a lid ity . In  o rder to  te s t  th e m , an d  to  im prove o u r u n d e rs ta n d in g  of 
th e  n a tu re  of m a tte r , m ore ex p e rim en ta l efforts are n eeded  especially  for 
ex ten d in g  th e  s te a d y -s ta te  scaveng ing  m easu rem en ts to  liqu ids o f low  V0. 
F o r th is  pu rpose , Ps in h ib ition  m easu rem en ts  can  provide usefu l an d  im p o r ta n t 
in fo rm atio n  b o th  for rad ia tio n  ch em is try  an d  fo r Ps chem istry .

*
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The kinetics of the processes spontaneously proceeding in the M-MZl+ — MZz+ 
system by the action of the own ions has been studied. The dependence of the rates 
and of the steady-state potential established at metal M on the concentration of MZî+ 
and M2l+ and on the hydrodynamic conditions of the electrolyte solution has been 
determined for a few characteristic cases.

T he proceed ing  o f  spon taneous processes a t  th e  su rface  o f a m etal b y  th e  
ac tion  of its  ow n m e ta l ions is to  be ex p ec ted , w hen  th e  so lu tion  in  c o n ta c t 
w ith  th e  m eta l c o n ta in s  ions w ith  vario u s o x id a tio n  n u m b e r of the  m e ta l, 
and  th e  c o n cen tra tio n  ra tio  of th e se  ions is n o t th e  equ ilib riu m  one. In  th is  
case th e  system  app ro ach es th e  eq u ilib riu m  w hile th e  follow ing coupled elec­
tro d e  processes a t  th e  electrode, p resu m in g  a tw o -step  process:

1.
-, k°l „M -------*1 Mz'+ +  z te

kk,

2. Mz,+ „___ :- Mz,+ +  n ,e
h;

Fig. 1. Schematic polarization curves of the four part-processes of the electrode process (I); 
j ol and j 0„ are the exchange currents of steps 1 and 2 of process (I), f 0 is the equilibrium potential
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w here  kaj and  кщ (i =  1. 2) are th e  r a te  co n stan ts  o f th e  re sp ec tiv e  reac tio n  
s te p s , depend ing  on th e  electrode p o te n tia l .

F ig u re  1 show s th e  schem atic  p a r t ia l  po la riza tion  curves o f  th e  fo u r p a r t-  
p rocesses invo lved  in  p rocess (I) . Solid  curves rep resen t th e  case, w hen  th e  
c o n c e n tra tio n  of M‘1+ an d  MZ2+ co rresp o n d s to  equilibrium  values (c1 an d  c2). 
W h e n  th e  c o n cen tra tio n  o f th e  ion o f ch a rg e  z2 is increased  as com pared  to  th e  
eq u ilib riu m  value (c2 c2), th e  s tra ig h t line  kiilc2 shifts to w ard s  h ig h er c u rre n t
d e n s ity  values (line А^2с2). As can be seen , in  th is case th e  v a lu e  o f kai o r сг 
a t  w h a te v e r p o te n tia l is h igher th a n  t h a t  o f  th e  o ther p a r tia l  ra te s . T he sam e is 
t r u e  for th e  in te rsec tio n  of kc,2 an d  k/;ic2 (po in t A), w hen  no c u rre n t passes 
th ro u g h  th e  e lec trode  from  e x te rn a l c u r re n t source, an d  th e  s te a d y -s ta te  
p o te n tia l  est is e s tab lish ed  a t th e  e lec tro d e . In  th e  sp o n tan eo u s process p ro ­
ceed ing  in th is  case, s tep  1 of process (I) w ill proceed m ain ly  in  th e  d irec tio n  of 
th e  u p p e r, while s tep  2 in  th e  d irec tio n  o f  th e  lower arrow . T h u s, m e ta l M is 
d isso lved , an d  ]VT2+ is reduced  to  M‘,+  .

I f  th e  c o n c e n tra tio n  of th e  ion  w ith  charge  z± is su b s ta n tia lly  increased  as 
co m p ared  to  th e  equ ilib rium  value (c1 Cj), th en  lines kQtc1 an d  k/<1c1 sy m m e t­
r ic a lly  sh ift to w a rd  h ig h er c u rren t d en sitie s  (curves ka2c1 a n d  N ow  th e
v a lu e  o f kg2c1 or k/ilc1 will be h ig h er a t  an y  po ten tia l th a n  th e  o th e r p a r tia l  
ra te s . The sam e holds tru e  for th e  in te rse c tio n  o f th e  lines k üac1 an d  k/<lc1 (p o in t 
B ). Now in th e  process proceeding  sp o n tan eo u sly , s tep  1 o f process (I) will 
p roceed  m ain ly  in  th e  d irection  o f th e  low er, while step  2 m ain ly  in  th e  d irec­
t io n  o f th e  u p p e r a rrow , i.e. a d isp ro p o rtio n a tio n  of MZl+ ta k e s  place.

In  th e  above considera tions i t  has been  neglected th a t  th é  ra te  o f process
(I)  m ay  depend  also on th e  diffusion o f  th e  com ponents p a r tic ip a tin g  in  th e  
reac tio n .

C ertain  p rob lem s re lev an t to  th e  k inetics and  th e  equ ilib riu m  o f process
(I)  h av e  been discussed in  an  earlie r p u b lica tio n  [1]. C erta in  aspects o f th is  
p ro b lem  have been  stu d ied  also by  M o lo do v  and L o sev  an d  th e ir  co-w orkers 
[2, 3, 4] in  th e ir  in v es tig a tio n  o f th e  d isso lu tion  of copper in  m e th an o lic  m e­
d iu m . T hey  s tu d ied  also process (I) in  con junction  w ith  th e  e tch in g  [5] an d  
d isso lu tion  [6, 7] o f copper.

Process (I) m ay  p lay  an im p o r ta n t  role in th e  corrosion of m eta ls  [8], 
in  th e  anodic d isso lu tion  and  e lec tro ly tic  deposition o f m eta ls  an d  in  th e  o p e r­
a tio n  of chem ical c u rre n t sources. T h is ju stifies th e  m ore d e ta iled  s tu d y  of 
th is  spon taneous process, and  a fu lle r e lucidation  o f its  k in e tic  ru les. This 
p rob lem  will be d iscussed in  th e  follow ing.

The ra te  o f process ( I ), j ,  if  i t  d ep en d s only on charge tra n sfe r , is th e  fol­
low ing:

j  =  ci +  ka2c 1 — ккгс2 (1)

w here  cx an d  c2 are  th e  co n cen tra tio n s  o f  ions M‘1+ an d  M '2+ in  th e  so lu tion .
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The ra te  o f  process (I), if  i t  is in fluenced  b y  b o th  charge tra n s fe r  an d  
diffusion, is g iven  b y  th e  following eq u a tio n  [9]:

w here c t and  c2 are  th e  concen tra tions o f ions M2‘ + an d  M2î+, respective ly , in  
th e  so lu tion , an d  X-, an d  X 2 are th e  ‘ra te  c o n s ta n ts ’ o f th e  d iffusion o f M2l + 
an d  M2’^.

The d ependence  o f kai and  kkj on th e  e lec trode  p o te n tia l e is given b y  
th e  following expressions [9]:

where k'ai an d  k'ki a re  th e  values of th e  ra te  c o n s ta n ts  w hen  e =  0, a, is th e  
tra n sfe r  coefficien t w hile th e  o th e r sym bols are th e  usual.

The ‘ra te  c o n s ta n t’ o f diffusion in  th e  case o f a ro ta te d  disc e lectrode is:

X , =  0.62 D2'3 v - ll6co112 (4)

D is th e  d iffusion coeffic ien t o f th e  i- th  ion , v th e  k in em atic  v iscosity  o f th e  
so lu tion , ft) th e  a n g u la r  velocity  of th e  disc e lec trode  (ft) =  2n f, w here f  is th e  
speed o f ro ta tio n ).

R ela tionsh ips (1) an d  (2) are valid  also i f  no e x te rn a l source c u rre n t passes 
th e  electrode, i.e. i f  j  =  0.
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I f  j  - 0, th a t  is to  say , w hen th e  sy stem  M —  Mn+ —  M2®+ is n o t  in  
eq u ilib riu m , th e  p a rt-re a c tio n s  o f  process (I) proceed  sp o n tan eo u sly  in  a d irec­
tio n  so t h a t  th e  system  app ro ach es eq u ilib riu m  (see F ig . 1). U sing th e  re la tio n ­
sh ips (1) and  (2), below  we give for a few  lim it cases th e  dependence o f th e  ra te  
o f  th e  spon taneous p rocesses proceeding  in  th is  case, and  of th e  e lec trode  p o te n ­
tia l  estab lished  a t th e  e lec trode , on th e  c o n cen tra tio n  o f th e  re sp ec tiv e  ions 
an d  on h ydrodynam ic  cond itions. L e t us assum e for s im p lic ity  th a t  th e  so lu ­
tio n  vo lum e is v e ry  la rg e , so th a t  th e  com position  of th e  so lu tion  does n o t 
change w ith  tim e.

1. L e t th e  c o n cen tra tio n  of MZl + be  m uch  low er an d  th e  ion c o n c e n tra ­
tio n  o f  MZ2+ m uch h ig h e r th a n  th e  eq u ilib riu m  co n cen tra tio n , i.e.

ci cv  c2 c2 a r,d ci — 0 . (5)

In  th is  case, as has been  seen in  th e  d iscussion  o f F ig . 1, s tep  1 o f process (I) 
p roceeds m ain ly  in  th e  d irec tio n  of th e  u p p e r, while s tep  2 in  th e  d irec tio n  of 
th e  low er arrow  w ith  th e  sam e ra te , i.e. m e ta l M is dissolved an d  M Z2+ is 
red u ced  to  M '1+.

l .a )  I f  the  process is in fluenced  on ly  b y  th e  charge tra n sfe r , as follows 
from  E q . (1), th e  ra te  o f  d isso lu tion  o f m e ta l M an d  o f th e  red u c tio n  o f MZ2 + , 
jsv  wil1 be

j st =  kai =  kktc2 . (6)*

U sing th e  re la tio n sh ip s  (3), from  (6) th e  follow ing expression is o b ta in ed  
fo r th e  s tead y -s ta te  e lec trode  p o te n tia l est o f m e ta l M:

est —
R T

[ V i  +  n2(l — a 2) ]F
In ________ * T

К .  [ г л  +  л 2( 1 - « 2р
In c9 ( ? )

F rom  re la tionsh ips (7) and  (6):

;   1.'(l-v ). b'vrvJ st ка, ккгс 2
w here

a iziV = ---------- — -------- .
+  n 2( l  — X )

( 8 )

(9)

* B etw een th e  ra te  o f fo rm atio n  of Mz‘+ (j’j t)  and  f st since i t  is form ed also b y  th e  
re d u c tio n  of M '2 . th e  follow ing corre lation  ex ists :

(6a)
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A ccord ing ly , if  oq =  a 2 =  0.5 and  =  n2 =  1, th e  o rd er o f reac tio n  o f th e  
m e ta l d isso lu tion  w ith  respect to  M‘2+, v =  0.5. T he ra te  of th e  process an d  
th e  s te a d y -s ta te  p o te n tia l  are in d e p e n d e n t o f th e  h y d ro d y n am ic  cond itions.

l .b )  U nder th e  above conditions (5), le t th e  re la tiv e  n u m erica l va lues o f 
th e  co n s ta n ts  in E q . (2) be the  fo llow ing:

kkl >  X i >  каг; ккг <  X z ( 10)

T his m eans th a t  th e  process is in flu en ced  also b y  diffusion, an d  from  (2), 
w hen  j  =  0 and  u n d e r  consideration  t h a t  cx ^  0, th e  ra te  o f ion iza tio n  o f th e  
m e ta l M is:

T h u s , m easured  on a ro ta tin g  d isc  e lec trode , th e  e lectrode p o te n tia l is 
sh ifted  w ith  increasing  speed of ro ta t io n  in  th e  neg a tiv e  d irec tion .

F ro m  (11) and  (12), th e  ra te  o f io n iza tio n  o f m e ta l M an d  th e  ra te  o f 
red u c tio n  of M?2+ to  ]VU1+ is:

jst =  K (r K (l~v) —  " 2*1
( l - p )

Ч.'-г (13)

w here th e  o rd er of reac tio n  w ith  re sp ec t to  M‘2 + is:

v = --------- —---------. (14)
Zi +  (1 — <z2) n2

A ccord ing  to  (14), if  a2 =  0.5 and zx =  n2 =  1, th e n  th e  o rder of reac tio n  w ith  
re sp ec t to  М2г+ is v =  2/3. W hen using  a  ro ta tin g  disc e lec trode , th e  ra te  o f 
ion iza tio n  of th e  m e ta l w ill be p ro p o rtio n a l to  th e  1/6 pow er of th e  speed o f 
ro ta tio n . R ela tionsh ip  (13) corresponds to  E q . (7) pub lished  in  th e  w ork  o f 
M o l o d o v , J a n o v  an d  L o s e v  [4].

l .c )  U nder cond ition  (5), le t th e  re la tiv e  n u m erica l values of th e  co n stan ts  
in E q . (2) be th e  follow ing:

k kl <  Х г >  ka2; X 2 <  ккг (15)

#
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*

T h u s , from  (2) fo r j  =  0:

jst == ^01 === n2^2^2 (16)

T h e  r a te  o f th e  process w ill be d e te rm in ed  b y  th e  lim it c u rre n t of th e  red u c tio n  
o f  MZ2+.

O n th e  basis o f  (3), £st from  (16) is:

R T  , , ,  , R T  . v  R T  ,
est = -----------— In kai H--------- — In n2X 2 +  ■------ — In c2 . (17)

z1x 1 F  z1'xiF  zicciF

T h u s, m easu red  on a ro ta tin g  disc e lec trode , th e  s te a d y -s ta te  p o te n tia l o f  
th e  e lec trode  is sh ifted  w ith  increasing  speed  of ro ta tio n  in  th e  positive  d irec ­
tio n .

T he ra te  o f io n iza tio n  o f th e  m e ta l is g iven b y  E q . (16). A ccord ingly , th e  
o rd e r .o f  reaction  o f th e  process w ith  re sp ec t to  c2, v =  1, an d  in  th e  case o f  th e  
ro ta t in g  disc e lec trode  th e  s te a d y -s ta te  ra te  will be p ro p o rtio n a l to  th e  sq u a re  
ro o t  o f  th e  speed o f  ro ta tio n .

l .d )  U nder co n d itio n  (5), le t  th e  re la tiv e  n u m erica l values o f th e  co n ­
s ta n ts  in  E q . (2) be th e  following:

-A 1 k/(l kQi, X 2 ^  kk2

T h u s , from  (2) fo r j  =  0:

n2 „  k„
jst — zi ^ i  — n2X 2c2 .

Z2 "fti

(18)

(19)

H ence, th e  d iffusion  of M‘!+ to  th e  e lectrode su rface and  of Mn+ from  
th e  surface are  b o th  h indered .

T he s te a d y -s ta te  electrode p o te n tia l  is o b ta in ed  from  (19) an d  (3):

est =
R T
ztF

R T

F
In z2^2 _j_ R T  

zxF
In c2 . ( 20 )

Therefore, in  th is  case th e  s te a d y -s ta te  p o te n tia l is in d ep en d en t o f th e  
h y d ro d y n am ic  co n d itions of th e  sy s tem  (in th e  case o f a ro ta tin g  disc e lec tro d e , 
f ro m  th e  speed o f ro ta tio n  of th e  e lec trode). O n th e  o th e r h an d , for th e  r a te  o f  
io n iza tio n  of th e  m e ta l th e  sam e is v a lid  accord ing  to  (19) as in  th e  p reced in g  
case  l.c ) .

l.e )  A case re la tiv e ly  easy to  discuss is realized  also if  cond itio n  (5) is 
fu lfilled  and  eq u ilib riu m  co n cen tra tio n s are  ra p id ly  se t in  a t  th e  e lectrode s u r ­
face . This is to  be  expec ted  w hen th e  ra te  c o n s ta n ts  o f step  1 in  process (I)
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are  h ig h  (large exchange cu rren t) a n d  th e  ‘ra te  c o n s ta n t’ o f th e  d iffusion  o f  
th e  in te rm e d ia te  p ro d u c t, X lf is r e la tiv e ly  sm all, w hile for step  2 o f  p rocess (I) 
th e  follow ing cond itions are fu lfilled :

X ± <  ka2 <  k kl; X 2 >  kk i . (21)

U n d e r th ese  conditions, th e  r a te  o f  d isso lu tion  of th e  m e ta l an d  th e  r a te  
o f red u c tio n  of M22+ is ob ta ined  fro m  E q . (2):

_ n 2 к
J st —  Zl ^ l  ,

z 1 к
2 ~ V  , v aX __  7, r __ fl/Qi £— Kktc2

к 1 кк 1

B ecause of co n d itio n  (21) fro m  E q . (22) we have:

kn
h , c2 ! К

F ro m  (23) an d  (3) the  s te a d y -s ta te  p o te n tia l is:

R T  , k'k k'k R T  ,
In -  1 -\------— In c2

h' k'K a i К а г ZoF

( 22)

(23)

(24)

I t  can  be seen from  E q. (24) t h a t  th e  p o te n tia l e s tab lished  a t  th e  e lec tro d e  
su rface is ac tu a lly  an  equilibrium  p o te n tia l  an d  is in d ep en d en t o f h y d ro d y ­
n am ic  cond itions.

F ro m  (22) an d  (24) we have fo r  th e  s te a d y -s ta te  ra te  [3]:

1 s t — z1x 1 k 1/Zi
z 2

(25)

w here К  is th e  equ ilib rium  c o n s tan t o f  process (I), w hich is given b y  th e  fo l­
low ing expression  [1]:

1 Кг n2 К  г 2, (A

k'к а г Cz  1 c 2
(26)

As can  be  seen from  (25), for zx =  1 a n d  z2 =  2, th e  o rder o f reac tio n  w ith  
re sp ec t to  M22+ is 0.5, and , using a d isc  e lectrode, th e  ra te  o f th e  process is 
p ro p o rtio n a l to  th e  sq u are  root o f th e  sp eed  o f ro ta tio n . D e te rm in ing  th e  v a lu e  
o f j'st in  th e  case o f a ro ta tin g  disc e lec tro d e  a t  f  =  const, as a fu n c tio n  o f c2, 
or a t  c2 =  const, as a fu nc tion  of f 112, th e  v a lu e  of th e  equ ilib rium  c o n s ta n t К  
can he ca lcu la ted  [3].
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As can be seen also  from  inequalities (21) an d  (10), on increasing  th e  speed 
o f  ro ta tio n  o f th e  d isc  e lec trode , g rad u a lly  th e  cond itions o f case l .b )  are  re a l­
ized  in s tead  o f th o se  o f  case l.e ), an d  th e  r a te  o f th e  process w ill depend  on ly  
s lig h tly  on th e  sp eed  o f  ro ta tio n .

2. In  th e  fo llow ing , le t us assum e th a t  th e  co n cen tra tio n  o f M22+ is m uch  
low er, and  th e  c o n c e n tra tio n  of M2lT m u ch  h ig h er th a n  th e  equ ilib rium  con­
c e n tra tio n , i.e.

Ci >  i i  ; c2 <^.c2 ; an d  c2 c^  0 (27)

In  th is  case, as h as  been m en tio n ed  also a t  th e  discussion o f Fig. 1, s tep  
1 o f process (I) p ro ceed s m ain ly  in  th e  d irec tio n  o f th e  low er arrow , w hile 
s te p  2 in  th e  d ire c tio n  o f th e  u p p e r a rrow , w ith  th e  sam e ra te . T hus, M2l + 
is sp o n tan eo u sly  re d u c e d  to  m eta l M an d  oxid ized  to  M22+. T hus, th e  d isp ro ­
p o rtio n a tio n  of M‘r r  ta k e s  place.

2 .a) U n d er co n d itio n s (27), th e  d iffusion  o f  th e  com ponen ts p a rtic ip a tin g  
in  th e  reac tio n  is n o t  to  affect th e  process, and

K t <  &a2 Cl (28)
T h e n , from  E q . (1)

7st =  k k i C x =  k a 1 c 1 ( 2 9 )

jst gives in  th is  case th e  ra te  of fo rm a tio n  o f th e  m e ta l M and  o f M22+. 
F ro m  E q . (29) th e  s te a d y -s ta te  p o te n tia l [1, 2] is:

e st
R T

K (1  -  *l) +  *2n2] F
In ^

k'
(30)

A ccordingly , i f  th e  conditions s tip u la te d  above are fulfilled, th e  s tead y - 
s ta te  p o te n tia l o f  th e  electrode does n o t  depend  on th e  co n cen tra tio n  o f 
M 22+ and  MZl+.

C onsidering (3), th e  value of yst from  E qs (29) an d  (30) is

w here
ist =  К ?  v) k'k\  сг ,

*1 (1 — «i) +  X2n2

(31)

(32)

The d isp ro p o rtio n a tio n  is accord ing  to  (31) a firs t-o rd e r reac tio n  w ith  
re sp ec t to  M2lH 1. I f  d isp ro p o rtio n a tio n  w ould  proceed  accord ing  to  th e  so-called  
ch em ica l m ech an ism  b y  th e  follow ing re ac tio n :

г2Мг1+ ^  n2M +  ZlMZ2+ ( I I )
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th e n  th e  o rd er o f re a c tio n  of th e  d isp ro p o rtio n a tio n  reac tio n  o f MZl~ w ould  
be z2 w ith  respect to  M Zl+. (In  th e  case o f  a chem ical m echanism  th e  o rd e r o f  
reac tio n  could n o t be low er th a n  2.) T h u s , i f  th e  o rd e r o f reaction  o b ta in e d  
ex p e rim en ta lly  for 1 is 1, th is p ro v es  th a t  d isp ro p o rtio n a tio n  proceeds b y  
reac tio n  (I) [2].

2 .b) U nder co n d itio n  (27), th e  d iffu sion  o f th e  com ponen ts p a r t ic ip a tin g  
in  th e  reac tio n  sim ilarly  does no t in flu en ce  th e  process, b u t:

In  th is  case, from  (1):
ka^C 1 *

jst =  U  ! ~  h к ] C1 U y  1

(33)

(34)

Since on  th e  basis o f  (33) ka2cx k ai ^  k ^ c ^  th e  follow ing expression  is  
o b ta in e d  fo r th e  s te a d y -s ta te  p o te n tia l:

У  t —
R T

In +
R T

*iF
In Cj (35)

W h en  cond ition  (31) is fulfilled, (34) an d  (35) give th e  following re la tio n ­
ship fo r th e  ra te  o f d isp ro p o rtio n a tio n  (i.e . th e  fo rm a tio n  of m e ta l M a n d
MZ2+):

M  =  К Х н Л Л ^  (36)

w here v =  _ A ccord ing ly , if  aq =  l , z 2 =  2, n2 =  1 a n d  a2 =  0.5, th e n  v —
zi

=  1/2. T h u s , th e  o rder o f  reaction  w ith  re sp ec t to  MZl_l" is 1.5. I f  z2 — 3 a n d  
n2 =  2, th e  o rder of re a c tio n  will be 2.

2.c) U n d er cond itio n  (27), le t th e  re la tiv e  va lu e  o f c o n s tan t in  E q . (2) 
be th e  follow ing:

kk2 << X 2 , kkl >  X-y ■< kü2, kai X 1c1 (37)

T hen  from  (2):

j  st —  z l X i ci =  z1X 1 ■ (38)

k/n d— ~ K , K  +  — K ,

As show n b y  E q . (38), th e  ra te  o f  fo rm a tio n  o f m e ta l M and  o f MZ2+ 
depends th e n  on h y d ro d y n am ic  cond itions.

I t  follow s from  (38) th a t  in th is  case kkl =  ka2, so th a t  th e  p o te n tia l  
e s tab lished  a t  th e  e lec trode  is given b y  E q . (30), i.e. th e  e lectrode p o te n tia l  
is in d e p e n d e n t of th e  co n cen tra tio n  o f M71 and  MZ2+, an d  of h y d ro d y n a m ic  
conditions.
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W hen  E q . (38) is va lid , кkl =  k0i, hence , from  (38):

.7 st —  ra2 -^ ic i ( 3 9 )
Z2

As follows from  E q s  (38) an d  (39), th e  o rd er of reac tio n  o f th e  process 
w ith  re sp ec t to  M2l+ is 1 also in  th is  case.

2 .d) In  ad d itio n  to  cond ition  (27) th e  follow ing cond itions are  fu lfilled :

kai A-jCj 5 kkl X ^  ka2 5 kk2 X 2 (40)

T h e  s te a d y -s ta te  ra te  o f th e  fo rm a tio n  o f m eta l M an d  o f M2l+ is th e n :
«

• y  ^űi ^2Z1 у  / , -, \
J st — n2^2 ~  ~ =  -^1C1 (41)

Z2^ki Ькг

T h u s , th e  diffusion o f  M2l+ to  th e  e lec trode  surface and th a t  o f  M22+ from  th e  
su rfa c e  are h in d ered  processes.

F rom  (41) th e  s te a d y -s ta te  p o te n tia l is:

es t= R T  In
z2F  k'ai k'kt

R T
znF

In ziX i  ! R T
z2^2 Z2F

In cx (42)

H ence, th e  r a te  o f  th e  process is d ep e n d e n t on th e  h y d ro d y n am ic  co n d i­
t io n s ,  w hile th e  s te a d y -s ta te  p o te n tia l is n o t.

O n th e  basis o f  th e  above conclusions can be d raw n  from  th e  k in e tic  
p a ra m e te rs  on th e  m echan ism  o f th e  reac tio n s, and  on th e  ra te -d e te rm in in g  
p rocess.

F u r th e r  in fo rm a tio n  on th e  k in e tic s  an d  m echanism s o f th e  p rocesses 
p ro ceed in g  b y  th e  ac tio n  of th e  own m e ta l ions can be o b ta in ed  w hen using  th e  
ro ta t in g  ring-disc e lec trode . As is w ell know n  [10], th e  e lec tro activ e  co m ­
p o n e n t form ed a t  th e  disc, w hich does n o t  re a c t th e re  chem ically  or e lec tro - 
chem ica lly , can  be  v o lta m e tric a lly  d e te rm in ed  a t  th e  ring . I f  th e  e lec tro ac tiv e  
co m p o n e n t form ed a t  th e  disc is ab se n t in  th e  so lu tion , th e  lim itin g  c u r re n t 
w h ich  can be m easu red  a t  th e  rin g  [10] is:

I R =  S D N ~ j  (43)
z

w h ere  j  is th e  c u r re n t d en sity  ex p en d ed  a t  th e  disc for th e  p ro d u c tio n  o f  th e  
e lec tro ac tiv e  co m p o n en t, Sp =  г\тг is th e  surface of th e  disc e lectrode (rx =  
ra d iu s  of th e  disc), n is th e  change in  charge  n u m b er occurring  (d u ring  th e  v o lta -
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m etric  d e te rm in a tio n  a t  th e  ring), z is th e  change in  charge n u m b e r o f  th e  
e lec trode  process ta k in g  place a t  th e  d isc e lec trode , an d  N  is th e  g eom etrica l 
fac to r  o f  th e  elec trode .

I n  cases I .a ) , b ), c), d) and e) d iscussed  above, th e  lim iting  c u rre n t o f th e  
o x id a tio n  o f  MZl+ fo rm ed  a t  th e  M disc e lec trode  to  M22+ can be m easu red  a t

th e  ring . In  th is  case, j  in  E q . (43 ) is e q u a l to  _/st =  ——_/st (see E q . 6a), n  =  n2
Z 2

an d  z =  zr  T h u s, in  th e  case d iscussed, th e  lim iting  c u rren t to  be m easu red  a t  
th e  rin g  e lec trode  is:

=  S D N — j s t  (4 4 )*
*i

F ro m  E q . (44),«/st, th e  ra te  o f d isso lu tio n  o f m e ta l M, proceed ing  s p o n ta ­
neously  u n d e r  th e  g iven  conditions, c an  be ca lcu la ted  from  th e  o x id a tio n  l im it­
ing c u rre n t I R , easy  to  m easure:

• _  zi I ri 
M  z2 S d N

O n th e  o th e r h a n d , in  cases 2 .a), b ), c) an d  d), w hen d isp ro p o rtio n a tio n  
tak es  p lace a t  th e  disc electrode, th e  lim itin g  cu rren t I Ri o f th e  red u c tio n  o f 
M22+ to  M2l + can  be m easu red  a t th e  ring . N ow , th e  change in  charge n u m b e r 
occurring  a t  th e  rin g  is n — — n2, th e  ch an g e  in  charge n u m b er of th e  p rocess 
proceed ing  a t  th e  disc is z =  n2, w hile j si is to  be w ritte n  in s tead  o f j .  T h u s :

I r ,  =  — S D N j s i  (4 6 )

F o r easier su rv ey , T able I  sum m arizes fo r th e  cases discussed above th e  
I Rl o x id a tio n  an d  th e  I ^ 2 redu c tio n  lim itin g  cu rren ts  to  be m easured  a t  th e  rin g  
of th e  ro ta t in g  ring-d isc  electrode, as w ell as th e  values of th e  s te a d y -s ta te  
p o ten tia ls  to  be m easu red  a t  th e  M e lec trode .

A ccord ing  to  th e  re su lts  of M o l o d o v , J a n o v  an d  L o s e v  [3 , 4 ] ,  o b ta in e d  
for ro ta tin g  copper disc a n d  p la tin u m  r in g  e lec trode  in  m eth an o l so lu tion  co n ­
ta in in g  C u S 0 4, a t  low  speed  of ro ta tio n , case l.e )  discussed above is rea lized , 
i.e. is p ro p o rtio n a l to  th e  square  ro o t o f  th e  speed o f ro ta tio n , an d  th e  
s te a d y -s ta te  p o te n tia l is in d ep en d en t o f  s tirr in g . W ith  increasing  speed o f ro ta ­
tio n  case l .b )  begins to  be realized, an d  accord ing ly , changes m ore slow ly 
w ith  th e  speed  o f ro ta tio n , in  th e  lim it case p ro p o rtio n a l to  its  1/6 pow er, 
while th e  s te a d y -s ta te  p o te n tia l is sh ifted  in  n eg a tiv e  d irection  w ith  increasing  
speed o f ro ta tio n  o f th e  electrode.

* In  the analogous expression in Ref. [4], th e  surface of the ring electrode, S r , is errone­
ously w ritten  instead of S0 , the surface of the disc electrode.
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Table I

Anodic ( I lh )  and/or cathodic ( I r 2)  limiting currents measurable at the ring electrode, and steady-state
potentials measurable at the M electrode

l.a )

l.b)

l.c)

l.d)

l.e)

2.a) 

2.b) 

2.c) 

2.d)

Limiting current measurable a t  the ring electrode
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The ro ta tin g  ring-disc e lec tro d e  has in  th e  given case th e  a d v a n ta g e  
th a t  £st, th e  s te a d y -s ta te  p o te n tia l o f th e  m e ta l e lec trode  M and  th e  v o lta -  
m etric  lim iting  c u r re n t  of th e  r in g  e lec trode  can  be easily  and  accu ra te ly  
m easured . F ro m  th e  dependence o f  th e se  q u a n titie s  on m e ta l ion  co n cen tra tio n  
an d  on th e  speed  o f  ro ta tio n  of th e  e lec trode , u n equ ivoca l conclusions can  be 
d raw n  on th e  m ech an ism  of th e  p rocess an d  on th e  ra te  d e te rm in in g  s tep , an d  
in  ce rta in  cases (e.g. in  case l.e ))  ev en  on th e  equ ilib rium .
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ELECTRON MICROSCOPIC STUDIES ON THE 
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The morphology of PYA hydrogels of different supram olecular structures formed 
under various conditions has been studied by transm ission electron microscopy. A m eth ­
od for the augm entation  of the contrasts of supram olecular elem ents is described. 
There is a good agreem ent between structural features d irectly  observable in the electron 
microscope and the  physico-chem ical properties of the gels as determ ined previously.

In troduction

T he th eo re tica l re la tio n sh ip s  connecting  th e  s tru c tu re  o f 3-dim ensional 
n e tw o rk s and  th e ir  physico-chem ical p roperties a re  b ased  on conform ational 
m odels involv ing  idea l n e tw o rk s  w ith  chains o f a G aussian  d is tr ib u tio n  betw een  
ju n c tio n s  of th e  n e tw o rk . W ith  ce rta in  m odifica tions, th e  eq u a tio n  of th e  elastic  
s ta te  is valid  for sw ollen  3-d im ensional ne tw orks to o  [1, 2].

T he s tru c tu re  o f  3-d im ensional m acrom olecu lar ne tw o rk s form ed in  
so lu tion  is u sua lly  n o t  id ea l an d  depends p rim arily  on th e  in itia l co n cen tra tio n  
of th e  po lym er an d  on  th e  degree of cross-linking.

R ela tiv e  to  th e  accep ted  fu n d am en ta l m odel, th e  n e tw o rk  s tru c tu re  m ay  
have defects on e ith e r  th e  macromolecular or th e  supermolecular level. The f irs t  
ty p e  (rings, closed a n d  p e rm a n e n t loops, fu n c tio n a l g roups n o t reac ted  in 
sto ich iom etric  p ro p o rtio n s , etc .) does n o t a lte r  s tro n g ly  th e  orig inal sp a tia l 
d is tr ib u tio n  of segm en ts an d  m acrom olecules. H ow ever, th e  second ty p e  b rings 
ab o u t pronounced  d ev ia tio n s  from  th e  ideal n e tw o rk  since i t  affects th e  n e t­
w ork  elem ents fo rm ed  b y  th e  a rran g em en t o f m acrom olecu les on a h igher 
level.

I t  seems reaso n ab le  to  ex p ec t th a t  d e libera te  a lte ra tio n s  o f th e  size, shape , 
in n e r s tru c tu re  an d  sp a tia l  d is tr ib u tio n  of th e  su p ram o lecu la r n e tw o rk  ele­
m en ts m ay  lead to  su b stan ces  possessing a w ide v a r ie ty  o f p ro perties. This is 
th e  basis o f som e p ra c tic a l app lica tions of sep a ra tio n  tech n iq u es . T he biological 
im plica tions of th is  to p ic  are  obvious.

In  an  earlier w o rk  [3, 4, 5] po ly (v iny l alcohol) hydrogels of various 
s tru c tu re s  were su b je c te d  to  a system atic  an d  com plex  s tu d y  p rim arily  to
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e lu c id a te  th e  m echanism  of th e ir  fo rm a tio n . W e have fo u n d  th a t ,  a lth o u g h  the  
u n re a c tiv e  polym er o f low er m olecu lar w eight co n tinuously  increases th e  con­
c e n tra t io n  of su p ram o lecu la r e lem ents (as show n by  th e  m o n o to n ie  increase of 
th e  m odulus of e la s tic ity  o f th e  gels), i t  passes th ro u g h  a sh a rp  m ax im u m  an d  the  
size o f  th e  elem ents th ro u g h  a m in im u m  as a function  of th e  a d d itiv e  concen­
t r a t io n .  P robab ly  th e  ex trem e  values o f  th e  physical p ro p ertie s  are  n o t due to  
size effects alone b u t  also to  changes in  th e  shape and  sp a tia l d is tr ib u tio n  of 
th e  e lem en ts. H ow ever, th e  m ethods genera lly  used fo r th e  s tu d y  o f gel s tru c ­
tu r e s  do no t p rovide in fo rm a tio n  on th e se  fea tu res.

T herefore, as a com plem en t to  prev ious op tica l, m ech an ica l an d  swelling 
te s ts ,  we now rep o rt e lec tro n  m icroscopic resu lts  for p o ly (v iny l alcohol) h y d ro ­
gel. T h e  m ethod  o f sam p le  p re p a ra tio n  used  in th is  w ork  fo r so ft, sw ollen gels 
m a y  be applied in  th e  s tu d y  o f w e t biological specim ens too .

E xperim en ta l

Materials. Poly(vinyl alcohol), PVA, hydrogels were prepared from  commercial 
R hodoviol 16/20 (Mr] = 1 . 0 x l 0 5) via alkaline hydrolysis and fractionation . The unreactive 
polym eric additive was poly(vinylpyrrolidone), PY P (FLU KA  K-30: M ij =  4.0 X104, and 
K-90 : Mr) =  3.6 X105). PYA was cross-linked w ith glutaric dialdehyde (GDA) carefully 
purified  by distillation.

Preparation of gels. The gel m em branes were prepared as described earlier [5]. 
Some d a ta  of the gels p repared from PV P-containing solutions are listed in Table I.

Gel preparation for electron microscopic study. Considering the possibilities avail­
able, th e  so-called em bedding technique was used for fixing the gel struc tu re . This involved 
the exchange of the sw elling fluid (w ater) for a monomer or a m ixture of monom ers which, 
a fte r  polym erization, tu rn s into a substance w ith properties suitable for being cut into thin 
sections. I t  is very im portan t th a t exchange for the monomer and its polym erization should 
n o t lead  to structural changes. Since the electron densities of the loose, incom pact gel structure 
and  th e  embedding polym er do not differ strongly, the electron m icrographs will no t be rich 
in detail. In  order to enhance the contrasts of supramolecular struc tu ra l elem ents, we have 
devised a simple method based on the following considerations.

I t  is known th a t the colloidal stab ility  of gold and silver sols can be substantially  in ­
creased by the addition of suitable macromolecules [6], owing to  the in teraction  of macro­
molecules and sol particles. T hus, if a high d ispersity  m etal sol is prepared in a maeromolecular 
system  of fixed spatial structu re , its particles will be bonded to the m aerom olecular m atrix 
in densities depending on the local concentration of macromolecules. Consequently, electron­
sca tte ring  should be w eaker in low, and stronger in high segment density  areas.

Based upon these suppositions, the samples were prepared in the following way. The 
gels were soaked in 0.02 N  silver n itra te , followed by reduction to m etallic silver by the slow 
ad d itio n  of a 2.5 %  aqueous hydrazine hydra te  to the gel films. As a resu lt, slightly yellow- 
brow n gel membranes were obtained, w hich rem ained transparen t if the original samples were 
tran sp aren t. This ‘silvering’ perm its prior fixa tion  of the structure under very  m ild conditions, 
w hich reduces the sensitiv ity  of the gels to  solvent replacement.

In  the gels thus prepared w ater was replaced by anhydrous ethanol in four steps. After 
th is  e thanol was replaced, also in four steps, by a 1 : 1 m ixture of m ethyl m ethacrylate and 
b u ty l m ethacrylate. The degree of gel swelling did not change significantly during these 
operations. The system was polymerized a t 60 °C by the addition of 1%  benzoyl peroxide.

From  the embedded samples, having the shape of a pyram id, sections 60 — 80 nm  thick 
w ere cu t with a Reichert Om U2 type ultram icrotom e.

The sections were placed on a microgrid specimen holder fitted  w ith a form var support 
m em brane and exposed directly  in an ELM I D2 Carl Zeiss Jena type transm ission electron 
microscope.
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Table I

Characteristics o f the gels used

No. CPVA cpyp n ^weight

l 2 7 .0 0 2 0 9 .3

2 2 7 .0 1 3 .5 2 0 8 .6

3 2 7 .0 1 0 8 .0 2 0 1 5 .0

4 2 7 .0 0 1 0 0 5 2 .8

5 2 7 .0 1 3 .5 1 0 0 4 3 .0

6 5 4 .0 0 2 0 5 .0

7 5 4 .0 1 3 .5 2 0 5 .3

8 5 4 .0 0 1 0 0 1 6 .8

9 5 4 .0 1 3 .5 1 0 0 1 7 .1

10 5 4 .0 1 0 8 .0 1 0 0 1 7 .8

1 1 * 2 7 .0 * 4 .5 * 2 0 * 8 .6 *

c =  concentration (g/dm3) of the polym er in the initial system
PVAn =  _ - to  mole ratio
GDA

(/weight =  degree of swelling of the sample a t 25 °C in distilled w ater
D ata  m arked w ith an asterisk refer to  a system containing PY P of K-90 type

R esu lts  and  discussion

M agnification  b y  12,000 w as fo u n d  to  be th e  m ost su itab le  for th e  o b se r­
v a tio n  o f th e  s tru c tu re s  fo rm ed  u n d e r  various cond itions. F igures 1 to  11 show  
th e  re su lts  o f o u r e lec tron  m icroscopic studies.

T he m icrographs rev ea l t h a t  th is  techn ique  o f p re p a ra tio n  w ith  silver 
p roduces excellen t co n tra s ts  b e tw een  supram olecu lar e lem ents an d  th e  e m b e d ­
d ing  po lym er. I t  is to  be seen th a t  th e  silver partic les p re c ip ita te d  are in  m ost 
cases v e ry  sm all indeed , p e rh ap s  sm alle r th a n  10 nm . T he b lack  spo ts (cf. F igs 
2, 4, 9 an d  10) are  due to  coarser g ra in s o f silver due to  im p erfec t p re p a ra tio n .

I t  is useful to  analyze th e se  p ic tu res  b y  com paring  th e  s tru c tu re -d e te r ­
m in ing  fac to rs (concen tra tio n s o f  th e  polym ers p resen t, degree o f cross-linking) 
w ith  th e  physico-chem ical p ro p e rtie s  of th e  re su lting  s tru c tu re s .

In  ag reem en t w ith  ex p e rim en ta l resu lts  rep o rted  in  th e  l i te ra tu re  [2], 
we h a v e  show n earlier t h a t  th e  low er th e  co n cen tra tio n  o f th e  po lym er th a t  
form s th e  th ree-d im ensiona l n e tw o rk  an d  th e  h igher th e  degree of c ross-link­
ing, th e  m ore inhom ogeneous th e  s tru c tu re  o b ta in ed  [7]. W ith  decreasing  
degree o f  cross-linking, th e  s tru c tu ra l  differences g rad u a lly  d isappear. T he 
fo rm er s ta te m e n t is illu s tra te d  b y  sam ples 1 and  6 in  F igs 3 and  9, an d  th e  
la t te r  b y  sam ples 4 an d  8 in  F igs 1 an d  6.
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Fig. 2
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Special a t te n tio n  shou ld  be pa id  to  th e  re tic u la r  s tru c tu re  m ade u p  o f 
v e ry  sm all g lobules, as show n in  Fig. 3. A m ong th e  fo u r  sam ples, th is  e x h ib ­
ite d  th e  h ig h est tu rb id i ty .  F u r th e r  we m ay  m en tio n  t h a t  in  gels o f th e  low est 
degree o f cross-link ing  (F igs 1 and  6) th e  su p ram o lecu la r elem ents are r a th e r  
in co m p act, an d  t h a t  th e ir  size (a few h u n d re d  nm ) agrees w ell w ith  th e  re su lts  
o f s tru c tu ra l s tu d ies  [8 ] on m od era te ly  c o n cen tra ted  aq u eo u s PYA so lu tions.

In  connec tion  w ith  earlie r stud ies th e  e v a lu a tio n  o f  th e  effect o f  th e  
u n re a c tiv e  P Y P  a d d itiv e  u p o n  th e  gel s tru c tu re  seem s to  be  o f  special in te re s t. 
F ig u res  3, 4 an d  5 a re  th e  elec tron  m icrographs o f gels p re p a re d  from  m ix tu re s  
w ith  an  in itia l PV A  co n cen tra tio n  of 27 g /d m 3 an d  th e  sam e degree o f cross- 
lin k in g  (n =  20) b u t  w ith  various co n ten ts  o f P V P . C learly , a lready  a t  a con­
c e n tra tio n  of 15 g /d m 3 P V P  (Fig. 4) th e  sp a tia l a rra n g e m en t of th e  su p ra ­
m olecu lar e lem ents is s ig n ifican tly  changed . C om pared  w ith  gels w ith o u t P V P , 
th is  s tru c tu re  is a p p a re n tly  hom ogenized. C onversely, a t  a h igh  co n cen tra tio n  
o f P Y P , viz. 120 g /d m 3 (F ig . 5), a very  porous, in co m p ac t s tru c tu re  em erges. 
In  ag reem en t w ith  th e se  d a ta  th e  gels w ith  th e  m ost c o m p a c t stru c tu res  show  
th e  h ighest m odulus o f  e la s tic ity . E ssen tia lly  th e  sam e effec t is in  evidence in  
th e  case o f sam ples w ith  a low er degree o f cross-link ing  (n =  100, cf. F igs 1 
an d  2); how ever, h ere  sm aller changes in  b o th  th e  m ech an ica l p roperties a n d  
th e  s tru c tu re  a re  to  be  observed . F u r th e r , com parison  o f  F ig . 1 w ith  F ig . 2 
exp la in s our fo rm er fin d in g  th a t  th e  size o f th e  su p ram o lecu la r e lem ents 
in itia lly  decreases w h en  P V P  is added.

E ssen tia lly  th e  sam e s ta tem en ts  a re  v a lid  for th e  elec tron  m icroscopic 
s tru c tu re s  of gels fo rm ed  from  solutions o f h ig h er PV A  concen tra tions (Figs 
6 , 7 an d  8).

As fa r as m o rp h o lo g y  is concerned, i t  is w o rth  m en tio n in g  th a t  in  m ore 
d ilu te  an d  s tro n g ly  cross-linked  PVA system s p re fe rab ly  g lobular s tru c tu re s  
are  form ed, w hereas m ix tu re s  w hich co n ta in  m ore PV A  a n d  h av e  a lower degree 
o f cross-linking fa v o u r  b u n d led  s tru c tu re s  (cf. F igs 5 a n d  8).

S trong ly  c ross-linked  system s w ith  h igh  co n cen tra tio n s  of PV A  sig n ifi­
c a n tly  differ from  th o se  considered. T he re la tiv e ly  hom ogeneous s tru c tu re  o f 
th e  gel o b ta in ed  in  th e  absence of P V P  (F ig . 9) tu rn s  h ig h ly  porous w hen  a 
sm all am o u n t o f P V P  is a d d ed  (Fig. 10). T his is accom pan ied  b y  th e  d e te rio ra ­
tio n  of th e  m echan ica l p ro p erties  and  a su b s ta n tia l re d u c tio n  of th e  m odulus 
o f gel e lastic ity .

Special a t te n tio n  is d irec ted  to  th e  e lec tro n  m ic ro g rap h  show n in  F ig . 11, 
w hich illu s tra te s  th e  effic iency  of th e  p re p a ra tio n  m e th o d .

This gel w as m ad e  in  th e  presence o f  P V P  of a h ig h  m olecular w eig h t; 
here  th e  th ree -d im en sio n a l ne tw o rk  did n o t tu rn  in to  an  inhom ogeneous s tru c ­
tu re  b u t, owing to  th e  in co m p a tib ility  o f th e  u n reac tiv e  p o ly m er w ith  th e  n e t ­
w ork  form ed, th e  fo rm er sep a ra ted  an d  becam e fixed  in  th e  form  of globules 
o r d rop le ts w ith in  th e  gel as a m a trix . O th e r stud ies [5] h av e  unequ ivocally
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F ig .  3

Fig. 4
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Fig. 5
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Fig. 7

Fig. 8
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Fig. 9

Fig. 10
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Fig. 11

show n th a t  th is  process occurs. B y  th e  ‘silver co n tra s tin g ’ m e th o d , i t  w as thus 
possib le  to  delineate  th e  b o u n d a ry  su rfaces of th e  m icrophases o f a po lym er 
so lu tio n  em bedded  in  a re la tiv e ly  so ft gel m a trix .
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The diam agnetic susceptibilities of several m onosubstituted benzenes and iso­
meric m onosubstituted naphthalenes were determ ined by the Curie m ethod. The lower 
/М values for the a-isomers are explained on the basis of differences in the conjugation 
of the substituents in positions 1 and 2 w ith  the ring. A comparison of the V an Vleck 
param agnetism  of m onosubstituted benzenes calculated by the method of D orfm an  [19] 
w ith  th a t of the respective naphthalene derivatives shows th a t the m agnetic suscepti­
bilities of the a-naphthyl derivatives are influenced largely by peri-m ethine steric 
hindrance.

As th e  л  e lec tron  density  a t  all positions in  th e  n ap h th a le n e  rin g  is u n ity , 
i t  m ay  be expec ted  th a t  positions 1 a n d  2 in  n ap h th a len e  w ould  be a tta c k e d  
eq u a lly  b y  reag en ts . H ow ever, such  an  a t ta c k  also depends on th e  p o la rizab il­
i ty  o f th e se  tw o positions. In  n a p h th a le n e , position  1 has a la rg e r p o la rizab il­
i ty  [1 ]  (0 .4 4 )  th a n  position  2 (0 .4 1 )  a n d  hence th e  d ifferen t positions in  n a p h ­
th a le n e  h av e  d ifferen t co n juga ting  ab ilities . The m ag n itu d e  o f  co n ju g a tio n  is 
re p re se n te d  b y  th e  con trib u tio n s o f th e  ionic s tru c tu re s  to  th e  resonance  h y ­
b rid . T h ere  is considerab le spec tro scop ic  an d  chem ical evidence to  show  th e  
e x te n t o f con ju g a tio n  of a s u b s ti tu e n t.

I n  general, su b stitu en ts  p ro d u ce  ba thoch rom ic  sh ifts in  th e  positions of 
th e  ab so rp tio n  b an d s o f a com pound , w hose m agn itu d e  is d e te rm in ed  b y  th e  
e x te n t o f co n juga tion . The sh ifts in  th e  w aveleng th  o f th e  a b so rp tio n  b an d s  o f 
а -su b s titu te d  n ap h th a len es is a lw ays g re a te r  th a n  th a t  for isom eric ^ -su b s ti­
tu te d  d e riv a tiv es . D e  L ászló  [2] has fo u n d  from  th e  sp ec tra l s tud ies o f vario u s 
m o n o su b s titu te d  naph th a len es th a t  th e  calcu lated  m om ents o f in e r tia  are 
less fo r th e  a-isom ers th a n  those  fo r th e  /5-isomers. D ipole m om en t s tu d ies  b y  
N a k a t a  [3], E v e r a r d  and  S u t t o n  [4], and  B a t s a n o v  an d  P a k h o n o v  [5] 
on m o n o su b s titu te d  n ap h th a len es suggest th a t  th e  m om ents o f /5-isomers are 
h igher th a n  tho se  of th e  а -com pounds. T h e  m olecular po larizab ilities  an d  K e rr  
c o n s ta n ts  [6 ] o f m o n o su b stitu ted  n a p h th a le n e s  suggest th a t  ro ta tio n a l iso­
m erism  ex ists in  all these  com pounds a n d  th a t  th e  /5-isomers h av e  h ig h er K e rr  
c o n s ta n ts  th a n  th e  a-isom ers.

W hile  a n u m b er of stud ies h av e  been  m ade to  fin d  s tru c tu re - re a c tiv ity  
co rre la tions fo r n ap h th a len e  d e riv a tiv e s , from  ab so rp tio n  sp ec tra , d ipole
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m o m en ts , etc., o n ly  a  v e ry  lim ited  a m o u n t o f  w ork  has been done on these  
co m pounds reg a rd in g  th e  effect o f th e  p o sitio n  o f th e  su b s titu e n t on th e  
d iam ag n e tic  su sc e p tib ility . P acault  [7] has d e te rm in ed  th e  d iam agnetic  
suscep tib ilities  o f h y d ro x y , am ino an d  ace ty l d e riv a tiv es  o f n ap h th a len e  an d  
o b se rv ed  no s ig n ifican t v a ria tio n  in  th e  m o la r suscep tib ilities  o f th e  isom eric 
com p o u n d s. H ow ever, L u fe r o v a  an d  S y r k in  [8 ] h av e  concluded  from  sim ilar 
s tu d ie s  th a t  /S-isomers show  considerab ly  g re a te r  values th a n  th e  co rresponding  
a-isom ers. This re su lt is  o f  some sign ificance. I t  is well know n th a t  th e  Хсн2 
in c re m e n ts  o b ta in ed  fro m  benzene an d  to lu en e , chlorobenzene an d  chloro to lu- 
ene a re  less th a n  th e  n o rm a l value o f 11.66, w hich  is generally  found  in  a lip h a t­
ic com pounds [9]. T h is  is due to  several in te ra c tio n  te rm s th a t  are  in tro d u ced  
on  d is tu rb in g  th e  s ix fo ld  sy m m etry  o f  th e  benzene ring  b y  th e  rep lacem en t 
o f  a  g roup  or an  a to m , an d  o th e r co n ju g a tio n  effects. Since th e  self-polariza- 
b ilitie s  o f positions 1 a n d  2 in  th e  n a p h th a le n e  rin g  are d ifferen t, th e  in te ra c ­
t io n  te rm s  th a t  m o d ify  th e  to ta l  d iam ag n e tic  su scep tib ility  of th e  com pound 
sh o u ld  also be d iffe ren t w hen  su b s titu tio n  ta k e s  p lace in  th ese  positions. T h ere ­
fo re  a system atic  m ag n eto ch em ical in v e s tig a tio n  o f a- an d  /^-substitu ted  n a p h ­
th a le n e s  m ight be o f  in te re s t . N ap h th a len e  d e riv a tiv e s  con ta in in g  th e  follow ­
in g  su b s titu en ts  in  th e  a- and  /З-positions w ere chosen fo r th e  p resen t s tu d y :

— C H 3, — Cl, — B r, — O H , — O C H 3, — N H ,, — N H C O C H 3, — COCH3,

— S H , — SCH 3 a n d  — NO,

T he d iam ag n etic  suscep tib ilities  o f th e  co rrespond ing  m o n o su b stitu ted  
ben zen es were also d e te rm in ed  w ith  a v iew  to  com pare th e  effect of th e  su b ­
s t i tu t io n  of those  g ro u p s  in  th e  benzene rin g  an d  in  th e  n ap h th a len e  ring .

Experimental and results

T he substances w ere  pu rified  b y  s ta n d a rd  m eth o d s and  th e  p u rifica tio n  
w as con tinued  u n t i l  th e y  gave c o n s ta n t su scep tib ility  values. The m agnetic  
m easu rem en ts  w ere m a d e  b y  th e  Curie re to rs io n  m eth o d  as given in  a p rev ious 
p u b lic a tio n  [10].

T he specific a n d  m olecu lar su scep tib ilities  o b ta in ed  fo r m o n o su b stitu ted  
n a p h th a le n e s  are  g iv en  in  T able I . In  T ab le  I I  th e  specific an d  m olecular su s­
cep tib ilitie s  o f th e  m o n o su b s titu te d  benzenes are lis ted . The s ta n d a rd  d ev ia tion  
o f  th e  specific su scep tib ilitie s  are also g iven  along w ith  th e  su scep tib ility  values.

D iscussion

O n com paring  th e  m agnetic  d a ta  fo r th e  a- an d /3 -su b stitu ted  nap h th a len es, 
i t  is seen th a t  th e  а -su b s titu te d  com pounds show  a d im in u tio n  in  d iam agnetism  
re la tiv e  to  th e  co rresp o n d in g  /З-isom ers. In  in te rp re tin g  th e  observed  m agnetic
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Table I

D iam agnetic susceptibilities* o f  monosubstituted naphthalenes

No. Substance Molec.
weight ZgxlO* *Mxio*

l Naphthalene 128.16 0.718 +  0.001 91.96
2 a-M ethylnaphthalene 142.19 0.719 +  0.001 102.20

3 /3-Methylnaphthalene 142.19 0.729 +  0.002 103.60
4 a-N aphthol 144.16 0.660+0.002 95.19
5 /S-Naphthol 144.16 0.680 +  0.003 98.06

6 a-N aphthyl m ethyl ether 158.19 0.660+0.003 104.28

7 /^-Naphthyl m ethyl ether 158.19 0.690 +  0.002 109.10

8 a-Chloronaphthalene 162.61 0.634+0.002 103.00

9 /S-Chloronaphthalene 162.61 0.660 +  0.002 107.30

10 a-Brom onaphthalene 207.07 0.540 +  0.001 111.80

11 /3-Bromonaphthalene 207.07 0.570 +  0.002 118.00

12 a-N aphthylam ine 143.18 0.672 +  0.002 96.23

13 /S-Naphthylamine 143.18 0.702 +  0.002 100.48

14 a-Naphthoic acid 172.17 0.604+0.002 104.00

15 /S-Naphthoic acid 172.17 0.615+0.002 105.60

16 /S-Thionaphthol 160.22 0.690 +  0.002 110.50

17 a-Acetam idonaphthalene 185.22 0.607 +  0.001 112.40

18 /1-Acetamidonaphthalene 185.22 0.634+0.001 117.40

19 a-Acetylnaphthalene 170.20 0.628 +  0.001 106.80

20 /?-Acetylnaphthalene 170.20 0.647+0.002 110.00

21 M ethyl-a-naphthyl sulfide 174.26 0.677 +  0.001 118.00

22 M ethy]-/j-naphthyl sulfide 174.26 0.695+0.001 121.00

23 a-N itronaphthalene 173.16 0.555+0.002 96.02

* The susceptibilities are given in this paper in CGS units. To convert them  into SI 
units the susceptibilities should be multiplied by 4 ? tx l0 6

suscep tib ilities of p o ly a to m ic  m olecules, d ifferen t in te ra c tin g  te rm s th a t  m odify  
d iam agnetism  shou ld  be  considered. This is m ore so in  h igh ly  co n ju g a ted  sys­
tem s like n a p h th a le n e  d e riv a tiv e s . A lso, i t  is q u ite  obvious th a t  th e  c o n tr ib u ­
tions arising  from  d iffe ren t in te rac tio n s  are n o t s tr ic tly  ad d itiv e  an d  there fo re  
th e  m ag n itu d e  of th e  in d iv id u a l co n trib u tio n s could  n o t be so rted  o u t. T he p ro b ­
lem  becom es m ore co m p lica ted  w hen th e  n u m b e r of su b s titu e n ts  in  th e  ring  
is increased . H ow ever, in  th e  m o n o su b s titu te d  n a p h th a len es , th e  in te rac tio n  
te rm s are reduced  to  a m in im um . F o r a com parison  betw een  th e  tw o isom ers, 
th e  con ju g a tio n  o f th e  su b s ti tu e n ts  w ith  th e  n a p h th a le n e  rin g  should  be con­
sidered.
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Table II

D iam agnetic  susceptibilities* o f  m onosubstituted benzenes

No. S ubstance
Molec.
weight * s x l 0 « *MXlO«

l Toluene 92.13 0.714 +  0.003 65.78
2 Chlorobenzene 112.56 0.618 +  0.002 69.56
3 Phenol 94.11 0.651+0.002 61.27
4 Anisole 108.13 0.669+0.001 72.34
5 Aniline 93.12 0.674+0.002 62.76
6 Benzoic acid 122.12 0.579+0.002 70.71
7 Acetophenone 120.14 0.603+0.002 72.44
8 Bromobenzene 157.02 0.518 +  0.003 81.34
9 Nitrobenzene 123.11 0.499 +  0.002 61.44

* As given in  T able I.

The ap p lica tion  o f  dipole m o m en t m easu rem en ts as an  an a ly tic a l too l for 
th e  d eterm ination  o f  co n fig u ra tio n  is now  w idely  recognized . T he d ipole m o­
m e n ts  of a- and  /5 -su b stitu ted  n ap h th a len es  rep o rted  b y  m a n y  in v estig a to rs , 
p e r tin e n t to  our p re s e n t discussion are given in  T ab le  I I I .

I t  is ev ident f ro m  T ab le  I I I  th a t  th e  m om en t o f th e  /5-isomers is genera lly  
g re a te r  th a n  those  o f  th e  «-isom ers, irrespec tive  o f th e  n a tu re  of th e  s u b s tit­
u e n t . This m ay be d u e  to  th e  differences in  co n ju g a tio n  o f th e  su b s titu e n ts  in  
th e  tw o  positions. T h is  difference in  th e  co n juga tion  o f th e  s u b s titu e n t groups 
w ith  th e  n ap h th a len e  rin g  w as exp la ined  b y  m an y  a u th o rs  in  te rm s o f steric  
in h ib itio n  of reso n an ce  due to  th e  presence o f th e  p e ri-m e th in e  g roup  in  th e

Table III

Electric moments* o f  a- and ß-isomers

Substituent S olvent Tem perature,

°c

M oment
Ref.

a ß

—COCH3 C6H 6 30 2.89 3.08 [ii]
- C l C6H 6 25 1.51 1.65 [12]
- B r c6H6 20 1.58 1.71 [13]
—CH C6H 6 20 1.40 1.53 [14]
- n o 2 C6H 6 20 3.88 4.36 [15]
—n h 2 c 6H 0 20 1.49 1.77 [15]

* The dipole m om ents are given in D un its; to  convert them  into cm units these figures 
should be multiplied b y  0.2998 x 1030
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case o f  а -d e riv a tiv e s . T herefore, i t  seem s reasonab le  to  assum e th a t  th e  low er 
XM o b ta in e d  fo r th e  а -derivatives re la tiv e  to  th e  /^-com pounds m ay  be d u e  to  
th is  p e ri-m e th in e  h indrance. Also th e  low er su scep tib ility  values of th e  а -d e r iv ­
a tives m a y  be  due to  th e  sm aller su m -to ta l o f я 2 values o f th ese  m olecules. 
A m ore th o ro u g h  exam ination  o f  th e  effect can  be m ade b y  co m p arin g  th e  
observed  suscep tib ilities  w ith  th e  ca lcu la ted  values. Since th e  la t te r  c a n n o t 
be o b ta in e d  easily  b y  purely  th e o re tic a l m ethods o f ev a lu a tio n , em pirica l an d  
sem i-em pirica l m eth o d s should be  em ployed .

D iffe ren t m ethods of o b ta in in g  th e  th eo re tica l va lues an d  th e ir  re la tiv e  
ad v a n ta g e s  a re  discussed in d e ta il elsew here [16]. T he XM va lues for th e  m ono- 
s u b s ti tu te d  n a p h th a len es  were ca lc u la ted  by  d ifferen t m ethods an d  are g iven  
in  T ab le  IV .

Table TV

Calculated and experim ental diamagnetic susceptibilities 
o f  mono substituted naphthalenes

No. Compound

Theoretical x 10® E xperim ental
*Mxio®

I n g o l d  [1 7 ] P a s c a l  [ 1 8 ] D o r f m a n  [1 9 ] Y a n g  [ 2 0 ] а ß

l M ethylnaphtha-
lene 103.5 104.95 101.53 103.83 102.20 103.60

2 N aphthol 96.30 98.00 94.23 98.33 95.19 98.06
3 N aphthyl m ethyl 

ether 108.10 110.25 105.53 109.11 104.28 109.10
4 Chloronaphtha-

lene 106.00 109.20 105.03 106.15 103.00 107.30
5 B rom onaphtha-

lene 115.30 115.85 112.53 117.55 111.80 118.00
6 N aphthylam ine 100.20 103.70 98.58 100.46 96.23 100.48
7 N aphthoic acid 105.60 104.40 101.73 106.91 104.00 105.60
8 Thionaphthol 106.70 — — 107.83 — 110.50
9 Acetamido-

naphthalene 116.30 122.35 118.08 120.92 112.40 117.40
10 Acetyl-

naphthalene 107.00 111.35 109.03 112.40 106.80 110.00
11 M ethyl naph thy l 

sulfide 118.50 119.71 118.00 121.00
12 N itronaphtha-

lene 97.60 97.55 96.08 98.53 96.05 —

T ab le  IV  suggests th a t  fa irly  co n s is ten t values w ere o b ta in ed  b y  d iffe re n t 
m eth o d s o f  e v a lu a tio n . G enerally , i t  m ay  be seen th a t  th e  e x p e rim e n ta l 

va lues o f a ll th e  ^-isom ers s tu d ie d  agree closely w ith  th e  th eo re tica lly  c a lc u ­
la te d  v a lu es .

Methylene increment

F o r th e  com pounds stud ied  i t  is possib le to  ca lcu la te  th e  m eth y len e  in c re ­
m en t from  b o th  a- and  /1-isomers (T ab le  У).
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Table V

M ethylene increments in  substituted naphthalene

C H 2 increm ent (%m)

a P

C10H 8
Cl0H.CH3 10.24 11.64

C10H7OH
C10H7OCH3 9.09 11.04

C10H,SH
C10H;SCH3 10.5

T h e rep lacem en t o f  a hydrogen b y  a C H 3 group  in  th e  /5-position p roduces 
a m e th y len e  in c rem en t o f  11.64, w hereas in  th e  a-isom er a m ethy lene  in crem en t 
o f 10.24 resu lts. H o w ev er, th e  m ethy lene  in c rem en ts  found  on passing  from  
— S H  to  — SCH3 a n d  fro m  — CH to — O C H 3 fo r th e  а -position  are sign ifican tly  
low er. This is u n d e rs ta n d a b le  if  one ta k e s  in to  acco u n t th e  steric  fac to rs. 
T h e  a -m eth o x y  g roup  is suffic ien tly  b u lk y  to  in te rfe re  w ith  th e  peri-hydrogen  
a to m , so free ro ta t io n  is in h ib ited , if  n o t  to ta l ly  excluded.

Fig. 1

T his steric o v e rlap  o f  th e  su b s titu e n t g ro u p s in  th e  а -position  w ith  th e  h y d ­
ro g en  in  position 8 s tro n g ly  d isto rts  th e  e lec tro n  clouds an d  th u s  b rin g  a b o u t 
chan g es in  th e  V an V leck  param ag n e tic  te rm . T h e  con ju g a tio n  of th e  group w ith  
th e  rin g  is also a ffec ted  to  a large e x te n t. H ow ever, th e  m ethy lene  increm ents 
fo r th e se  groups in  th e  /З-positions a re  also  sig n ifican tly  low er. T hough  th is  
cou ld  n o t be a d e q u a te ly  exp lained , i t  m a y  p ro b a b ly  be accoun ted  for b y  consid­
e rin g  th e  differences in  th e  conjugation  o f  th e se  groups w ith  th e  a ro m atic  ring .

T he co n ju g a tin g  ab ilities o f d iffe ren t g roups w ith  th e  n ap h th a len e  ring  
can  be  b e tte r  u n d e rs to o d  b y  com paring  th e m  w ith  those  fo r a benzene ring . 
T h e  V an  Vleck p a ra m a g n e tic  te rm  in  a p o ly a to m ic  m olecule arising  due to  
th e  co n stra in ts  in v o lv e d  in  bond fo rm a tio n  can  he a p p ro x im a te ly  ca lcu la ted
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b y  th e  m ethod  o f D o r f m a n . In  th is  m e th o d , L ang ev in ’s d iam agnetic  te rm  
(%d) f ° r  m an y  atom s and  g roups was ca lcu la ted  from  p o la rizab ility  d a ta  fo r 
a series o f a lip h a tic  com pounds an d  th e n  th e  p aram ag n e tic  co n tr ib u tio n  o f th e  
g roups w as com pu ted  b y  successively  ex ten d in g  these va lu es  to  m ore s tro n g ly  
co n ju g a ted  system s. T herefo re, i t  is c lear th a t  w hereas th is  m e th o d  should  y ield  
v e ry  co n sis ten t values for n o n -co n ju g a ted  system s, th e  values o b ta in ed  for 
h ig h ly  co n ju g a ted  system s such  as tho se  o f  benzene d e riv a tiv es  and  o th e r p o ly ­
n u c lea r  a rom atics will only  be ap p ro x im a te ly  tru e  since th e  bond  in te ra c tio n  
te rm s in tro d u ced  in  th e  fo rm  o f p a ram ag n e tic  te rm s w ould  v a ry  w ith  th e  d if­
ferences in  th e  co n ju g a tin g  ab ilities  o f  th e  groups- or a to m s. T herefore, one 
m e th o d  of stu d y in g  th e  b o n d  in te rac tio n s  th a t  are invo lved  in th e  co n ju g a ted  
sy s tem s is to  fin d  th e  a p p a re n t p a ram ag n e tic  co n trib u tio n s o f  th e  com pounds 
t h a t  a re  ca lcu la ted  b y  su b tra c tin g  from  th e  observed  m o lecu la r suscep tib ilities , 
th e  d iam ag n etic  suscep tib ilities  (3id) o b ta in e d  from  p o la rizab ility  d a ta . T he 
d iam ag n e tic  bond  co n stan ts  g iven b y  D o r f m a n  were derived  m ostly  from  
p o la rizab ility  d a ta  for th e  a lip h a tic  com pounds w here co n ju g a tio n  effects are 
m in im u m  an d  therefo re  th e se  values can  conven ien tly  be u sed  for th e  e v a lu a ­
tio n  o f  >íp(apparent)- The a p p a re n t p a ram ag n e tic  co n trib u tio n s  for m onosubsti- 
tu te d  benzenes an d  m o n o su b s titu te d  n ap h th a len es  can th u s  be ca lcu la ted  an d  
com pared .

T he ap p a re n t Xp va lues ca lcu la ted  b y  th e  above m e th o d  for m o n o su b sti­
tu te d  benzenes and  fo r n a p h th a le n e  d e riv a tiv es  are g iven  in  T able V I. T he 
cu m u la tiv e  erro r involved  in  th e  ca lcu la tio n  o f Xd b y  using  th e  bond  co n s ta n ts  
g iven b y  D o r f m a n  is i O .5  u n its .

Table VI

Apparent paramagnetic contributions o f various monosubstituted benzenes 
and naphthalenes calculated by the method o f Dorfman

No. Substituent

M onosubstituted naphthalene M onosubstituted benzene *p  X 10® for

Molar
susceptibility X 

X 1 0 « 3íd x 1 0 e 
+  0.5 *Mx№ *d x l 0 e

+ 0 .5
benzene

derivatives
a-naph-
thalene

^-naph­
thalene

a ß

l - C H 3 1 0 2 .2 0 103.60 119.13 65.78 76.98 1 1 .2 0 16.93 15.53
2 - C l 103.00 107.30 124.63 69.56 82.48 12.92 21.63 17.33
3 - O H 95.19 98.06 116.13 61.27 73.98 12.71 20.94 17.07
4 —OCHj 104.28 109.10 128.13 72.34 85.98 13.64 23.85 19.03
5 - n h 2 96.23 100.48 116.18 62.76 74.03 11.27 19.95 15.70
6 — COOH 104.00 105.60 132.13 70.71 89.98 19.27 28.13 26.13
7 —COCH3 106.80 110.00 136.13 72.44 93.98 21.44 29.33 26.13
8 — Br 111.80 118.00 141.70 81.34 99.43 18.09 29.90 23.70
9 - n o 2 96.02 130.18 61.44 88.03 26.59 34.16
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C onsidering th e  e rro r  involved in  th e  calcu la tion  o f  th ese  values, th e  
p a ra m a g n e tic  va lues b e tw een  of m o n o su b s titu te d  n a p h th a le n e s  an d  th e  re ­
sp ec tiv e  m o n o su b s titu te d  benzenes can  be  com pared . D o r f m a n  a ttr ib u te d  a 
p a ra m a g n e tic  va lue  o f  1 .6 u n its  to  each CT_rC bond  in th e  rin g  system  and  hence 
a d ifference of 8 u n its  in  Xp value shou ld  n o rm ally  be ex p ec ted  upon  going 
fro m  a benzene d e r iv a tiv e  to  th e  co rrespond ing  n a p h th a le n e  d e riv a tiv e . 
H o w ev er, on passing  fro m  benzene to  n a p h th a le n e , th e  o b served  param ag n e tic  
in c re m e n t is ab o u t 5 u n its . This a p p a re n tly  ind ica tes th e  increased  delocaliza­
t io n  o f  th e  л  e lec trons in  th e  n a p h th a le n e  rings. T he delocalization  o f th e  
it e lec trons depends s tro n g ly  on th e  s u b s titu e n t. F u r th e r , th e  steric  effect 
cau sed  b y  th e  p eri-h y d ro g en  should also be ta k e n  in to  accoun t. I t  can  be 
seen from  T able V I t h a t  th e  Xp c o n tr ib u tio n  on passing from  a benzene d e riv a ­
tiv e  to  th e  co rresp o n d in g  a -n ap h th a len e  d e riv a tiv e  v a rie s  from  a b o u t 5 to  
12 u n its , w hereas i t  is a b o u t 4 —5 u n its  in  th e  /?-isomers. T his large difference in 
Xp in  th e  case o f a -n a p h th a le n e  deriv a tiv es  could  be acco u n ted  for only b y  t a k ­
in g  in to  accoun t th e  p e ri-in te rac tio n  in  th e  а -d e riv a tiv e s .T h e  nuclear m a g n e t­
ic resonance  stud ies o f  D u d e k  [21], th e  d ipole m o m en t stud ies o f L u t a k i i  
a n d  K o c h e r g i n a  [22], R i c h a r d s  and  W a l k e r  [23] an d  B a l a s u b r a m a n i a n

[11] on  m any  s u b s titu te d  n ap h th a len es show ed th a t  th e  ste ric  effect due to  th e  
p eri-h y d ro g en  affec ted  la rge ly  th e  co n ju g a tio n  of th e  g roups in  position  1 w ith  
th e  ring .

F ro m  a s tu d y  o f  th e  reaction  ra te s  o f  n ap h th a le n e  d e riv a tiv es , i t  has been 
show n  b y  P a c k e r , V a u g h a n  and  W o n g  [24] th a t  th e  p e ri C—H  group of n a p h ­
th a le n e  has a slig h tly  g re a te r  steric  effect th a n  an ori/io-m ethyl su b s titu e n t o f 
a benzene  d e riv a tiv e , since th e  s tra in  in  a -m e th y l n a p h th a le n e  is m easu rab ly  
g re a te r  th a n  th a t  in  o -xylene. These o b se rv a tio n s are co n sis ten t w ith  th e  p res­
e n t m ag n etic  stud ies.

A sim ilar o b se rv a tio n  was also m ad e  b y  D i p p y , H u g h e s  and  L a x t o n  
[25] from  dissociation  s tu d ies  o f n ap h th o ic  an d  benzoic acids. T he con jugation  
e x is tin g  betw een  th e  c a rb o n y l group an d  th e  benzene rin g , to  be fu lly  fu n c ­
tio n a l, dem ands th e  fa v o u re d  position  p ro v id ed  b y  co p lan a rity . I f  th e  la t te r  is 
o b s tru c te d  b y  b u lk y  su b s titu e n ts  in  th e  a d ja c e n t position , b y  tw istin g  o f  th e  
c a rb o n y l group o u t o f  th e  p lane of th e  rin g , th e  — M effect of th e  ca rb o x y  
g ro u p  is low ered a n d  con seq u en tly  th e  acid  becom es s tro n g e r. T herefore, th e  
g re a te r  th e  o b s tru c tio n  o f  resonance, th e  s tro n g e r w ill be  th e  acid. H o o p  an d  
T e d d e r  [26] and  F i s h e r  et al. [27] also observed  an  increased  d issociation  
c o n s ta n t for a -n a p h th o ic  acid re la tiv e  to  /5-naphthoic acid . H ow ever, th e  
s tre n g th s  of /5-naphthoic an d  benzoic ac id  are  found  to  be closely sim ilar. In  line 
w ith  th ese  observ a tio n s, i t  is found in th e  p re sen t m agnetic  investiga tions th a t  
th e  p a ram ag n e tic  in c re m e n t on passing  from  a benzene d e riv a tiv e  to  th e  co r­
resp o n d in g  /5-naph thalene  deriva tive  is a b o u t 4— 5 u n its  in  all com pounds and  
th is  is again  close to  w h a t is observed on passin g  from  benzene to  n ap h th a len e .
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S tu d y in g  th e  effect of su b s titu e n ts  on th e  u ltrav io le t ab so rp tio n  h an d s  of 
n a p h th a le n e  de riv a tiv es , O s k e n g a e n d l e r  an d  G e n d r i k o v  [28] h av e  ta k e n  th e  
d isp lacem en t o f th e  p rim ary  b a n d  (zlA) as a m easure o f th e  m ag n itu d e  o f  th e  
peri-e ffec t in  а -su b s titu ted  n a p h th a le n e s  an d  a rranged  th e  g roups in  th e  
o rd e r o f  peri-effec t as B r >  Cl >  O C H 3 >  COOH. C onsidering th e  m a g n itu d e  
o f th e  p a ra m a g n e tic  increm ent up o n  going from  a benzene d e riv a tiv e  to  th e  
co rresp o n d in g  a -n ap h th a len e  d e riv a tiv e  as an  index  o f th e  e x te n t o f  ste ric  
h in d ran ce , th e  o rd er of peri-effect is sugg ested  to  be B r O C H 3 C O O H  ]> Cl 
from  th e  p re se n t m agnetic  s tu d y . T his o rd e r closely follows th e  one su g g ested  
b y  O s k e n g a e n d l e r  and  G e n d r i k o v .
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Ketoanils obtained by reacting 3-benzoylmethylglyoxal with different sub­
stituted primary aromatic amines have been characterized by infrared spectroscopy. 
The effect of the nature and position of substituents on the azomethine group of anils 
has been studied.

Four anils derived from p-dimethylamino-, p-diethylamino-p-bromo- and p -  
iodoanilines have been used for complexation with Os(VIII) and Au(III), and the sites 
of coordination, relative stabilities and structures of the complexes have been deduced 
from the IR  spectra.

Introduction

In  co n tin u a tio n  o f our prev ious w ork  on in fra red  s tud ies o f anils [1— 4] 
an d  th e ir  com plexes [5 — 8 ], th e  p re se n t com m unication  rep o rts  th e  ex ten siv e  
in fra re d  stud ies o f  several new anil p ro d u c ts  o f 3 -benzoy lm ethy lg lyoxa l a n d  
a ro m a tic  p rim ary  am ines and  th e ir  com plexes. In  th is  p a p e r we deal w ith  th e  
in fluence  of th e  n a tu re  and  position  o f th e  su b s titu e n t on th e  ch a ra c te ris tic  
azo m eth in e  (C =  N ) groups of an ils, th e  in fluence of e lec tron  repelling  a b ility  
o f th e  /ш га -su b s titu e n t on th e  com plex  s ta b ility , an d  s ta b ility  orders an d  s tru c ­
tu ra l  changes d u rin g  com plexation . A lm ost all th e  p rin c ip a l bands in  each an il 
sp ec tru m  have b een  ch aracterized .

Experim ental

The methods of the synthesis and analysis of anils have been reported [9]. Complexes 
isolated following the method of U p a d h y a y  and B a n s a l  [10] were analyzed for their nitrogen 
and metal contents at C.D.R.I. Lucknow and the results are presented in Table II. The molar 
conductance (ЛМ) of the complexes (Table II) was determined with Toshniwal’s conductivity 
bridge. Infrared spectra of the anils in KBr pellets were recorded on a Perkin-Elmer infracord 
spectrophotometer; the frequencies with their tentative assignments [1 — 8, 11 —14] are given 
in Table I. The IR  spectra of the anils and their complexes were recorded on a Beckmann 621 
spectrophotometer in Nujol mull using CsF optics.

Results and discussion

T he influence  of th e  n a tu re  an d  position  o f th e  su b s titu e n ts  has been  
s tu d ied  on th e  ch a rac te ris tic  azom eth ine  group of th e  anils. In  o rd er to  s tu d y
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th e  e ffec t of th e  n a tu re  o f  th e  s u b s ti tu e n t, /x ira -su b s titu te d  anils have  been 
se lec ted  as th is p o sitio n  is th e  m ost e ffec tive  in  estab lish ing  th e  ch arac teris tics  
o f  th e  m olecules. In  p a ra -a n ils  th e  azo m eth in e  g roup  frequencies follow th e  
o rd e r  O C H 3 <  N(C2H 5)2 <  O H  <  I  <  B r <  C6H 4— R  <  N O , <  N (C H 3)2 <  Cl, 
w h ich  is iden tica l to  th e  o rder of e lec tro n  w ith d raw in g  n a tu re  o f  th e  su b ­
s t i tu e n ts ,  except fo r th e  N (C H 3)2 g roup , w h ich  shows a h igher freq u en cy  th a n  
ex p ec ted . This reveals t h a t  a w eaker e lec tro n -w ith d raw in g  su b s titu e n t will im ­
p a r t  g re a te r  s ta b ility  to  th e  C =  N  b o n d . T h e  effect o f th e  position  o f th e  azo­
m e th in e  su b s titu e n t h as  been  s tu d ied  on all th e  te rn a ry  an d  b in a ry  isom eric

Table II

Formulas, analyses and molar conductances o f the complexes

Analysis Molar

Formula Nitrogen (%) M etal (%)
conductance
(electrolytic

Calcd. Found Calcd. Found
nature)

OsO,A2C14 5.87 5.71 20.13 20.00 37.27
(1 :4 )

0 s0 2B2C14 5.54 5.44 19.01 19.20 30.51
(1 :4 )

0 s 0 2C2Cl4 2.73 2.61 18.72 18.60 28.73
(1 :4 )

0 s0 2D2C14 2.50 2.44 17.14 17.00 27.80
(1 :4 )

AuCC13 2.21 2.13 31.13 31.00 18.25
(1 :1 )

AuDCIj 2.05 1.93 28.98 28.74 18.05 
(1 : 1)

se ts  o f anils. In  all th e  isom eric anils th e  azom eth ine  g roup  frequencies fa ll in  
th e  o rd er m < p  <  o, excep t in  n itro a n ils , w hich show  a reverse  o rder on 
a c c o u n t of th e  h ig h e s t e lec tro n -w ith d raw in g  ch a ra c te r  o f th e ir  su b s titu te d  
g ro u p . These re su lts  ev id en tly  show  th e  m ax im u m  s ta b ility  o f m eia-anils 
w ith  CeH 4 —R , O H  a n d  OCH3 su b s titu e n ts , w hereas n itro  su b s titu e n ts  w ill 
im p a r t  m axim um  s ta b il i ty  on ortho-anils.

T he in fra red  d a ta  (Table I I I )  o f th e  anils derived  from  p -d im eth y lam in o - 
p -d ie th y lam in o -, p -b ro m o - and  p -io d o an ilin es  (ab b rev ia ted  as A, B, C and  D , 
re spec tive ly ) an d  th e ir  com plexes rev ea l considerab le  p e r tu rb a tio n  in  m ost o f 
th e  frequencies o f an ils  on com p lex a tio n . P a r tic ip a tio n  o f th e  carbony l and  
azom eth ine  groups o f  anils in  co o rd in a tio n  w ith  m e ta l ions is q u ite  obvious 
fro m  th e  low ering o f  th e ir  frequencies on com plexation . T he ap p earan ce  of new  
b a n d s  corresponding  to  M—О and  M—N  bonds in th e  com plex  sp ec tra  is in sup-
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Table I

Infrared frequencies o f anils in  K B r with their tentative assignments
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Assignment

3534 s 3509 w 3205 w _ _ _ _ 3472 w 3436 w _ C-H Str. (alkvne-f aromatic)
3390 s 3378 m

3165 m 3155 m 3077 s О-H  Str. phenolic
— 3155 m — 2976 w — 3106 w — — — 3012 w — 3195 m 3175 m 3077 w 2899 w 3003 w C-H Str. aromatic

1653 s 1712 sh, w 1650 s 1681 s 1667 sh, m 1675 sh ,m 1725 sh, w 1667 sh, w 1667 sh, w 1629 s 1681 sh,w 1709 sh, w 1667 sh, m 1639 s 1667 sh, w 1626 s C = 0  Str.
1592 s 1667 m 1610 s 1605 s 1587 s 1605 s 1600 m 1587 s 1587 m 1597 s 1570 s 1600 s 1600 s 1639 s 1613 s 1582 s C = N  Str.

— 1600 s — — — — — — — — — — — 1563 s — —
1527 s 1520 s 1481 s — — — — — 1515 s 1506 s 1527 s — 1481 s 1504 s 1541 s 1524 s C =C  Str.
1445 s — 1456 m 1441 w — 1439 w 1449 m — — 1453 s 1456 s 1449 m — 1456 s 1443 m 1447 m

— — — 1370 s — — — — 1375 m 1385 w 1387 w 1387 m 1389 w 1387 w 1377 m 1370 s C-N Str. (tertiary  arom atic)
1355 s 1348 s 1302 s — — — — — — — — — — — — — C-NO, Str.

— — — — — — — — — 1333 s 1342 s — — — 1333 s 1333 s CH3 Symmetric bending
— — — — 1316 m 1316 s — — — — — — 1323 m 1333 s — — О-H  Bending 4" C -0  Str.
— — — — — — 1316 w 1321 s 1325 m — — — — — — 1282 s C-H in plane bending

1295 s — — — — — — — — 1292 s 1299 m 1282 m — 1297 s — —
1255 s 1258 m — — — — — — — — — — — — — — N -0  Str.

— — — 1258 m — 1277 s 1267 m — 1274 s 1256 s 1258 s — — — — —
— — — — — 1200 w — — — 1214 m 1212 m — — 1206 m — —

1185 s 1176 w 1195 m 1183 w — — 1183 w — 1199 s 1182 m 1189m 1183 w 1182 m 1189 m — —
— — — 1156 w — — — 1156 s — — — — — — — —

1111 s — 1121 s 1125 w — — — — — 1130 s — — 1124 w 1124 w — —
— — — — — — — — — — — — — 1214 s 1214 s 

1111 s J c -N  Str. aliphatic
— — — — 1081 w 1089 w — — — 1099 w — — — 1098 m 1096 w 1091 m
— 1073 w — 1058 w — 1063 w — 1067 w 1075 w 1079 w 1075 w 1063 w 1071 s 1075 s 1075 w 1076 m

1026 w 1028 w — 1026 w — 1029 w 1026 w — 1031 w 1031 s 1042 s 1026 w 1030 m 1036 m 1035 m 1026 m Benzene ring breathing
— 1004 w 1008 w — — — — 1004 m 1003 m — — 1005 m 1010 s — — —

970 w — — 986 w — — — — — 966 w — — — 985 w 967 m — C-H bending (trans-disub-

917 w 927 m 938 w 915 w 930 w
stitu ted  alkene)

882 w — — — — — — — 866 w 858 s 866 w — — 864 w 862 m 864 w C-H out-of-plane deform ation
857 w — — — 833 w — — 850 m — — — — — — — —

— — — — — 855 m — — 833 m — 847 m 828 w — 847 s 835 m 833 w C-H bending (two adjacent

800 w
H-atoms)

760 m — — 745 m — — 759 m — — 758 s — — — — — — C-H bending (four adjacent

— — 761 m — — 755 m — 751 w 765 w 758 s 775 s 766 s 769 m 772 s 763 s 755 s
H-atoms)

C-H bending (five adjacent
— 738 w ___ 712 m ___ ___ ___ ___ 715 m 717 m 723 m _ — 718 s 719 m 732 w H-atoms)

706 w 694 m 704 w — 694 m 707 sv 696 w 701 m — 698 w 698 w 693 m 692 m 694 m 694 w 698 w C-H bending (cis-disub-

- — — — — — — — 680 m 688 m 683 m — — — — —
stitu ted  alkene)

s =  strong; m =  m edium ; w =  weak; sh - shoulder;

R =  CH.
COCH =  N
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p o r t of th is  fa c t. T he sh ift for b o th  th e  ca rb o n y l and  azom eth ine  groups follow s 
th e  o rd er M-—A  >  M— В >• M —С >  M — D (ligandw ise) an d  A u ( I I I ) —L >• 
Os (V III) — L (m etalw ise) in  ag reem en t w ith  th e  M -0  an d  M -N  bond  freq u en cy  
orders or s ta b ili ty  orders, respective ly . T he sh ift of ligand  bands co rrespond ing  
to  C = C  (a ro m atic ) to  low er frequencies in  th e ir  com plexes ind icates con ju -

Benzenoid structure 
of ligand (L)

Chmonoid structure  
of ligand

R  = C6H 5CO

X  = N(CH3)2, NIC::!!.;):!, Br or I

g átion  in  th e  lig an d  upon  chela tion . I f  th e  doub le t b a n d  appearing  a t  856, 
834, 842 and  846 c m “ 1 in  th e  ligands, re sp ec tiv e ly , is due to  p a ra -su b s titu tio n , 
th e n  its  change to  a sing let an d  its  sh ift to  low er values in  th e  respective com ­
plexes m ay  u n d o u b te d ly  be a ttr ib u te d  to  th e  change from  a benzenoide to  a 
qu inonoide s tru c tu re  u p o n  chela tion . A th ird  new  h an d , ap p earin g  only in  th e  
sp ec tra  o f th e  A u (I I I )  chelates in  th e  freq u en cy  range o f  314—342 cm -1 , 
has been assigned to  th e  M—Cl bond.
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Table II I

Infrared frequencies o f  ligands and their

Ligand A AuAClg 0 s0 2A2C14 Ligand В AuBClg 0s02B2Cl4 Ligand C

3493 m , b 3429 m , b 3473 m
3525 m , d  
3413 m , b

— — — — — 3457 m , b —

3 1 0 9 m ,b — — — 3207 m 3277 m , b 3293 m

_ _ _ 3165 w , b _ _ _
1734 sh , m 1666 sh , m 1696 sh, m 1720 m 1656 sh, m 1696 m 1708 w
1708 sh , m 1640 sh, m 1660 m , b 1688 m 1624 m 1664 sh, m 1592 s
1636 s, b 1628 m 1608 m 1604 s — — 1626 s

— 1556 w 1580 m 1564 s, b 1 5 9 6 m ,b 1588 s —

— — — 1508 s 1540 m 1552 s 1516 s
1240 s — — — — — —

1212 s 1232 w ,b 1208 w — — 1204 w , b —

1196 s — 1176 w 1198 s — — 1172 s
— — 1152 w 1154 s — 1164 s —

1128 s 1104 m , b 1132 m , b 1124 m 1142 m , b 1108 s, b 1104 m

1066 s 1074 w 1048 w 1078 s
1126m

1074 m 1084 m
1026 s — 1008 m 1026 s 1014 m 1014 s 1000 s

856 s 830 w 838 s 834 m 830 m 826 s 842 s

762 s 720 w — 712 s — — 718 s

678 m 658 w _ 674 m 658 w 674 w 674 w
— — — — — — 630 w

— — — — — — 562 m

_ _ _ _ _ _ 496 w
— 494 w 480 w 490 m 470 w —

— 342 m — — 342 w — —

— 322 m 300 s — 318 w 282 s, b —

Jsh - shoulder; s =  strong; m =  medium; w =  w eak;

I t  is w o rth  n o tin g  th a t  th e  m ed ium  m ay  a lte r th e  lig an d  frequencies b u t  
n o t  th e ir  frequency  order. T he in te n s ity  orders of th e  ca rb o n y l, azo m eth in e , 
M—О an d  M -N  bon d s are  th e  sam e as th e  orders of ch ela te  s tab ility .

F rom  th e  above i t  m ay  be in fe rred  th a t  each ligand  is b id e n ta te , o ffering  
its  a d ja c e n t ca rb o n y l and  azom eth ine  g roups fo r coo rd in a tio n . The benzoy l 
c a rb o n y l group, be ing  a t  a m ore rem o te  position , does n o t form  a co o rd in a te  
b o n d  w ith  m e ta l ions. T he process o f  ch e la tio n  and  th e  ch e la te  s tru c tu re s  are  
show n  on p. 163.

Acta Chim. Acad. Sei. Hung. 96, 1978



UPADHYAY et al.: INFRARED STUDIES, II 165

complexes in N u jo l mull with assignments

A11CC13 0 s 0 2C2Cl4 Ligand D AuDClg 0 s0 2D 2C14 Assignment

3429 m, b _ — 3405 m ,d 3549 m j  C-H Str. (alkyene)

z 3253 m _ _ I
3189 m , b } C-H Str. (arom atic)

3101 w 3085 m 3133 m , b 3157 m 3127 s, b J
1648 m 1684 m 1688 w 1628 m 1680 m C = 0  Str.
1564 m 1568 m 1584 s 1566 s 1574 m C = N  Str.
1600 m 1616 m 1620 s 1616 s 1628 m

— — — 1592 s 1604 m C=C  Str (arom atic)
1504 m 1520 m 1522 m 1512 m 1552 m

_ — — — 1248 w ,b
1218 w ,b 1202 m — 1224 w 1200 m
1196 w ,b 1174m ,b 1190 s 1180 s —

1136 m — — 1140 m — C-N Str. (aliphatic)
1100 m 1114 m 1122 m , b 1104 s 1108 w

1068 s 1070 m 1090 m — 1074 m
1016 m 1014 m 1004 m 1000 s 1012 s Benzene ring breath-

ing
812 s 818 s 846 s 814 s 808 m C-H bending (two ad-

jacent H atom s) +
1,4 d isubstitu tion

728 m 730 m, b 764 s 768 w — C-H bending (four ad-
jacent H  atom s)

676 w — 678 m 652 w 660 m C-H out-of-plane
bending

612 in 626 m — — — C-Br Str.
— 530 m, b 570 m — 520 m

512 m C-Br Str. +  C -I Str.
492 m 490 m 482 w 494 s, b 484 s, b
468 w 462 w — 462 m , b 448 s M-N Str.
332 m — — 314 s — М-Cl Str.
296 m 282 m, b — 290 m 268 m M -0  Str.

d =  doublet; b  =  broad; M — m etal
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STEREOISOMERIC INDOLE ALKALOIDS 
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The alkaloid frac tion  A isolated from  leaves (18 kg; air-dry) of Amsonia tabernae- 
montana collected before flowering w as fractioned fu rther by partition  based on the 
base streng th  and by  colum n chrom atography: vincadine (3.45 g), epivincadine (64 mg). 
(+ )-6 ,7-dehydrovincadine (670 mg) and  (+)-6,7-dehydroepivincadine (545 mg) were 
obtained. The first tw o substances were subjected to  fractional crystallization yielding 
crystalline (—)-vincadine (1.8 g), (+ )-v incad ine  (850 mg) and crystalline ( +  )-epivin- 
cadine (22 mg). The products were identified  by physical constants, chemical reactions, 
hemi-synthesis and m ass spectrom etry.

Furtherm ore, all stereoisomeric 3-hydroxym ethylquebracham ine derivatives 
corresponding to the 3-carbom ethoxyquebracham ine derivatives were prepared and 
the ir com parative m ass spectrom etric exam ination  was carried out. The C3-epimers 
could well be distinguished in these cases, too, and the results provided additional 
evidence for the usefulness of mass spectrom etry  in the identification of stereoisomers.

E a rlie r , iso lation  o f  q u eb rach am in e  [1] an d  v in cad in e  (3 -carbom ethoxy- 
queb racham ine) [2 ] from  leaves of A m sonia  tabernaemontana grow n in  H u n g a ry  
was rep o rted . L a te r, in  a sh o rt com m u n ica tio n  [3] i t  w as also pu b lish ed  th a t  
in  th e  slig h tly  alkaline a lkalo id  frac tio n  iso la ted  from  th e  leaves all th e  four 
possible stereoisom ers o f  3 -ca rb o m eth o x y q u eb rach am in e  w ere id en tified ; 
these  are  (— )-v incadine (la ), (-f-)-v incadine ( lia ) an d  th e ir  C3-epim ers (I lia  
an d  IVa, respective ly ); fu rth e rm o re , (-j-)-6 ,7 -d eh y d ro v in cad in e  (Va) and  its 
C j-epim er (Via) were iso la te d  and  th e ir  s tru c tu re s  p ro v ed . R ecen tly , W e n k e r t  
et al. [4] effected  th e  co n fo rm atio n a l an a ly s is  o f th e se  q u eb rach am in e  d e riv a ­
tives b y  th e  use of th e  13C— N M R techn ique.***

In  v iew  of the  p h y to ch em ica l, th e o re tic a l an d  p re p a ra tiv e  im p o rtan ce  of 
these  n a tu ra l  indole a lka lo id s , details o f  o u r w ork  n o t p u b lished  u p  to  now  are 
rep o rted  in  th is  paper.

*** In  the present paper, the configurations of the C3 and C5 centres of asym m etry of 
quebracham ine derivatives will be denoted as suggested in Ref. [4], in accordance w ith the 
results of the conformational analysis.
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la: R=COOCH3 

Ib: R =C H 2OH

H a: R=COOCH3 

11b: R = C » 2OH Illb : R = C H 2OH

IVa: R=COOCH3

IVb: r = c h 2o h

Va: R=COOCH3 

Vb: R = C H 2OH

Via: R=COOCH3 

VIb: R = C H 2OH

M ethods o f iso la tion  an d  resu lts

Amsonia tabernaemontana grow n a t  th e  R esearch  I n s t i tu te  fo r M edical 
P la n ts  (B udakalász , H u n g ary ) w as used  for o u r in v es tig a tio n s . Since i t  h a d  
b e e n  observed th a t  a f te r  h av in g  c u t th e  shoots in  th e  sp ring  o r ea rly  su m m er th e  
fre sh  shoots a p p e a rin g  co n ta in ed  re la tiv e ly  h ig h er am o u n ts  o f  a lkalo ids [5], 
in  th e  p resen t w ork  th e  green p la n t  m a te ria l from  th e  th ird  c u ttin g  w as u sed .

The raw  m a te r ia l  (18 kg  o f a ir -d ry  leaves) w as ex h au stiv e ly  e x tra c te d  w ith  
m e th an o l as described  earlier [1, 2 ]. T he e x tra c t w as p u rified  an d  ru tin  an d  th e  
ra w  alkaloid m ix tu re  w as iso la ted  from  i t  (F ig . 1).

A fter c la rifica tio n , th e  m a in  a lka lo id , (-(-)-v incadifform ine [6 ,5 ]  (100 g), 
w as iso lated  from  th e  raw  a lka lo id  m ix tu re  in  th e  form  o f c ry s ta llin e  h y d ro ­
ch loride. The o th e r  a lkalo ids w ere iso la ted  from  th e  m o th e r liq u o r in  th e  form  
o f a m ix tu re  o f b ases , an d  th e se  w ere sep a ra ted  in to  tw o  frac tio n s  b y  p a r t i t io n  
u tiliz ing  differences in  th e  base  s tre n g th . F ra c tio n s  A an d  В h a d  co n ta in ed  th e  
w eaker and  th e  s tro n g e r bases, resp . (F ig. 2). F u r th e r  on we shall deal w ith  
frac tio n  A only (as fo r frac tio n  B , see Ref. [1]).

P rev iously , fra c tio n  A w as su b jec ted  to  ch ro m ato g rap h ic  se p a ra tio n  
on  an  alum ina co lu m n  an d  th re e  su b -frac tio n s w ere o b ta in ed  (A i, А ц an d  А щ ). 
Sub-frac tion  А ц y ie ld ed  tab e rso n in e  [1] an d  (-f-)-v incadifform ine [6], w hile  
lochnericine an d  te tra h y d ro a ls to n in e  [7] w ere iso la ted  from  su b -frac tio n  А щ .
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Amsonia  leaves

I
E xtrac tion  w ith  m ethanol

I .
Concentration

.. 1A ddition of dilute 
HoS04

1
Cooling, crystallization —

. I
Making alkaline, 

extraction  w ith  benzene

Y

Crude alkaloid m ixture

Chlorophyll and
w ax

R utin

Fig. 1

S ub-frac tion  Ai c o n ta in in g  th e  w eak est bases y ielded  f i r s t  on ly  v incadine [2], 
how ever, i t  was fo u n d  la te r  [3] t h a t  th is  consisted  o f v in cad in e  and  (-(-)-6,7- 
d ehydrov incad ine  isom ers (F ig . 3).

T he com ponen ts o f su b -frac tio n  Ai w ere successfu lly  sep a ra ted  on th e  
basis o f th e  d ifferences in  th e ir  b ase  s tren g th s  (T able I) a n d  th e ir  ch ro m a to ­
g raph ic  b ehav iou r, as show n in  F ig . 4.

W hen, s im ila rly  to  th e  p re se n t processing p ro ced u re , f ir s t  th e  m a in  
alkalo id  (-j-)-v incad iffo rm ine is se p a ra te d  from  fra c tio n  A , th e re  is no need  
fo r sep ara tin g  th e  A i an d  th e  o th e r  sub -frac tions, a n d  th e  m ost adv isab le  
procedure  is d irec t f ra c tio n a tio n  o f  frac tio n  A accord ing  to  F ig . 4. O f course, 
in  th is  case th e  co m p o n en ts  o f th e  sub-frac tions A n  a n d  A m  are p resen t as

Table I

Alkaloid pK*
(in 50% ethanol)

Vincadine 7.20
6,7-Dehydrovincadine 6.75
Epivincadine 5.20
6,7-Dehydroepivincadine 4.41
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Crude alkaloid m ixture

1.
Clarification w ith alum ina

l
E th an o l +  aqueous HC1

I
Cooling, c ry s ta lliza tion ------

I
M aking alkaline the m other 

liquor, extraction  w ith benzene

I
Benzene solution of 

th e  alkaloid m ixture

Separation  based on differences 
in  base streng th  

(benzene-4%  citric acid)

Benzene phase Citric acid phase
'weaker bases) (s tronger bases]

Fraction A F raction  В

( -f )-Vincadifformine 
hydrochloride

Fig. 2

Alkaloid fraction A

I
C hrom atography on A120 3 column

1.

2 .

3.

Subfraction Aj

Subfraction Aj|

Subfraction An J

Vincadine isomers and 
6,7-dehydrovincadine isomers

(-J-)-Vincadifformine (m ain alkaloid) and 
tabersonine

Tetrahydroalstonine and 
lochnericine

Fig. 3
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co n tam in an ts , b u t  c an  be rem oved re la tiv e ly  sim ply  in  th e  ch ro m ato g rap h ic  
p u rific a tio n  p rocedure  (w hich is a n y w a y  necessary). (See E x p erim en ta l.)

W hen w orking  according to  th e  above schem e, 18 kg  of green A m sonia  
leaves y ielded 3.45 g o f  v incad ine, 670 m g of (- |-)-6 ,7 -dehydrov incad ine  (Va), 
64 m g o f ep iv incad ine  and  545 m g  o f (-f-)-6,7-d eh y d ro ep iv in cad in e  (Via).

T he p ro d u c ts  (-)-)-6 ,7 -dehydrov incad ine  (Va) a n d  (-)-)-6 ,7-dehydroepi- 
v in cad in e  (Via) w ere ob ta in ed  as c h ro m a to g rap h ica lly  p u re  am orphous solids 
(foam ed, solidified ev ap o ra tio n  res id u es). B o th  p ro d u c ts  w ere th e  p u re  d e x tro ­
ro ta to ry  enan tio m ers , w hich could  b e  confirm ed u n am b ig u o u sly  p a r t ly  by  
hem i-syn thesis s ta r t in g  from  a u th e n tic  n a tu ra l tab e rso n in e  (Xa) [8 ], p a r t ly  b y  
th e ir  conversion in  a ca ta ly tic  h y d ro g e n a tio n  process in to  (-f-)-v incadine (lia )  
an d  (-(-)-epivincadm e (IVa), re sp ec tiv e ly .

V incadine iso la te d  according to  th e  schem e in F ig . 4 was a m ix tu re  of 
th e  tw o  optical a n tip o d es  (la  and l ia )  w here (— )-v incad ine  (la) w as p red o m i­
n a tin g  (calcu lated  to  be  ab o u t 85%  o f  th e  m ix tu re). C rysta lline  (— )-v incad ine  
(1,8 g) an d  ( ^ - v in c a d in e  (850 mg) w ere  ob ta ined  from  th e  m ix tu re  b y  fra c ­
tio n a l c ry sta lliza tion .

S im ilarly  to  th e  ab o v e  cases, th e  ep iv incad ine  iso la ted  was also a m ix tu re  
o f th e  respective o p tica l an tipodes ( I l ia  a n d  IVa) and  th e  la e v o ro ta to ry  e n a n tio ­
m er w as p red o m in a tin g . C ry sta lliza tio n  of th e  m ix tu re  y ie lded  only  ( ± ) ' epi* 
v in cad in e  in  pure  c ry s ta llin e  form  (22 m g).

Alkaloid subfraction  A]

I
1

Separation based  on differences 
in base streng th  

(benzene-4%  citric acid)

I
Benzene phase 
(weaker bases)

Separation based on differences 
in base strength  

(benzene-2%  H 2S 0 4)

I
Benzene phase

(+ )-6,7-dehydro 
epivincadine

Fig. 4

I
Acid phase

Epivincadine

Citric acid phase 
(stronger bases)

1
Chrom atography on 

Alo03 column

" 1
1. Vincadine

2 (+ )-6,7-dehydro-
vincadine
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Chem ical conversions and hem i-syntheses

A  com m on c h a ra c te r is tic  o f  th e  n a tu ra l  alkalo ids described  above is th a t  
th e  carboxy lic  acids fo rm ed  in  th e ir  acid h y d ro lysis  can  easily  be decarboxy- 
la te d . In  th is  w ay, (— )-v in cad in e  (la) was co n v erted  in to  (— )-quebracham ine  
(VII); (J^ -v in c a d in e  a n d  (^ J -e p iv in c a d in e  in to  (^ J -q u e b ra c h a m in e ; an d  
(+ )-6 ,7 -d e h y d ro v in c a d in e  (Va) and  (-}-)-6 ,7 -d eh y d ro ep iv in cad in e  (Via) in to  
( +  )-6 ,7 -d eh y d ro q u eb rach am in e  (VIII), in  h igh  yields.

Va: R = H ,- R '=COOCH3 VIII

Via: R=COOCH3, R '= H

R apid  d e c a rb o x y la tio n  of th e  carboxy lic  acids fo fm ed  as a resu lt o f h y ­
d ro lysis  is s tro n g ly  re la te d  to  th e  fac t th a t  in  th ese  q u eb rach am in e  deriv a tiv es  
th e  carb o m eth o x y  g ro u p  is a tta c h e d  to  C3. T he carboxy lic  acid  of s tru c tu re  
IX a can easily be p ro to n a te d  a t  th e  ß  ca rb o n  a to m  of th e  indo le , w ith  su b se ­
q u e n t conversion in to  th e  /5-im inocarboxylic acid  IXb; th is  can  release ca rb o n  
d iox ide  in  the  w ell-know n w ay  [9] an d  th e  d eca rb o x y la ted  p ro d u c t IX c w ill 
re a rra n g e  in to  th e  ta u to m e r ic  com pound, IXd, b y  p ro to n  m ig ra tion .

W hen s ta r tin g  from  tab e rso n in e  an d  v incad iffo rm ine , th e  hem i-syn thesis 
suggested  firs t b y  H o i z e y  et al. [10] w as app lied  in  th e  p rep a ra tio n  o f all 
3 -ca rb o m eth o x y q u eb rach am in e  d e riv a tiv es  iso la ted , an d  th is  is p a r tly  o f  
p re p a ra tiv e  im p o rta n c e , p a r tly  co n stitu te s  ad d itio n a l ev idence  for th e  s t ru c ­
tu re s . A u then tic  [8 ] tab e rso n in e  (Xa) w as con v erted  in to  (-|-)-6 ,7 -dehydrov in - 
cad in e  (Va) an d  th e  C3 ep im er (Via); a u th e n tic  [8] (— )-v incadifform ine (Xb) 
g av e  (-(-)-vm cadine ( lia )  an d  th e  C3 ep im er (IVa); an d  a u th e n tic  [6] (-)-)- 
v incad iffo rm ine  (XI) w as con v erted  in to  (—-)-vincadine (la ) an d  the C3 ep im er
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(Ш а), in  h igh y ie lds. T he p ro d u c ts  o b ta in e d  from  th e  hem i-syn thesis  a n d  th e  
racem ates  p rep ared  from  th em  p ro v e d  to  be iden tica l w ith  th e  correspond ing  
n a tu ra l  Amsonia  a lkalo ids in all re sp ec ts .

T he 6 ,7 -d eh y d ro q u eb rach am in e  deriva tives can  be s a tu ra te d  b y  c a ta ly tic  
h y d ro g en a tio n . In  th is  w ay, (-f-)-6 ,7 -dehydrov incad ine  (Va) was co n v erted  
in to  (-j-)-v incadine ( lia )  and  (+ )-6 ,7 -d eh y d ro ep iv in cad m e  (Via) was con v erted  
in to  (-j-)-ep iv incadine (IVa).

+  HCOOH

Xb: 6.7 saturated

f  Var J e .7; B  =  H, E !=e'OOGH3 

1 Via: Лб.7; R =C O O C H 3, R '= H  

' Н а: • 6.7-Rat.; R = H , R '=COO CH 3 

IVa: -6.7-sat.; R=COOCH3, R '= H

+  HCOOH

la ; R = H , R'=COOCH3 

I l ia : R=C O O CH 3, R '= H

Acta Chim. Acad. Sei: Hung. 96, 1978



174 ZSADON et al.: STEREOISOMER1C INDOLE ALKALOIDS

I n  m ethano l so lu tio n  an d  in  th e  presence o f  sodium  m e th o x id e , 3-carbo- 
m e th o x y q u eb rach am in e  d e riv a tiv e s  undergo  ep im eriza tion . P a r tic u la r ly  easily 
c a n  th is  be achieved w ith  th e  sensitive  6 ,7 -d eh y d ro v in cad in e . T h e  conversion 
ta k e s  p lace also in  b en zen e  so lu tion  a t  room  te m p e ra tu re  in  th e  presence of 
silica  gel.

T h e  3 -ca rb o m eth o x y q u eb rach am in e  d e riv a tiv es  can be co n v erted  q u a n ­
t i ta t iv e ly  by  red u c tio n  w ith  lith iu m  alum in ium  h y d rid e  in to  th e  co rrespond­
in g  3 -h y d ro x y m e th y lq u eb rach am in e  d e riv a tiv es . This fa c t is, besides its  p re ­
p a ra t iv e  im portance , a n o th e r  evidence fo r th e  s tru c tu re  o f th e  n a tu ra l  alkaloids 
iso la te d . In  th is  w ay  all th e  fo u r stereo isom eric  3 -h y d ro x y m eth y lq u eb rach a- 
m ines (lb , lib , I llb  an d  IVh), as well as th e  tw o  epim eric 3 -h y d roxym ethy l- 
6 ,7 -dehydro -(-f-)-queb racham ines (Vb an d  VIb) w ere p rep a red . These d e riv a ­
tiv e s  p lay ed  a role in  th e  con fo rm atio n a l analysis o f a lkalo ids o f  quebracha- 
m in e  ty p e  carried  o u t b y  W e n k e r t  et al., to o  [4].

Mass spectrometric investigations

M ass sp ec tro m etric  s tu d ies  on v incad ine  isom ers an d  6 ,7 -dehydrov in ­
c a d in e  epim ers have  b een  re p o rte d  in  earlie r papers [2, 3]. D a ta  o f th e  low- 
re so lu tio n  and h ig h -reso lu tio n  m ass sp ec tra  in d ica ted  u n am b ig u o u sly  th a t  
e ach  o f  th e  v incadine isom ers corresponds to  3 -carb o m eth o x y q u eb rach am in e  
( la — IVa), while th e  6 ,7 -d eh y d ro v in cad in e  epim ers co rrespond  to  3-carbom e- 
th o x y -6 ,7 -d eh y d ro q u eb rach am in e  (Va an d  V ia). The en an tio m ers  (la  and  l ia ;  
I l ia  a n d  IVa) had  id e n tic a l sp ec tra , th e  C3 ep im er pairs (la  a n d  Ilia ; l ia  and  
IVa; Va and  Via) h a v e  m ass sp ec tra  w ith  sign ifican t d ifferences w hich also 
a llow ed  m aking d is tin c tio n  betw een  th em .

T he mass sp e c tra  o f  th e  p ro d u c ts  p rep a red  b y  L iA lH j red u c tio n  from  
v in c a d in e  isom ers an d  6 ,7 -d eh y d ro v in cad in e  epim ers co n firm  u nam biguously  
t h a t  a ll these com pounds are  3 -h y d ro x y m e th y lq u eb rach am in e  derivatives 
( lb — VTb), and  th e ir  m ass sp ec tro m etric  b e h a v io u r is v e ry  s im ila r to  th a t  o f  th e  
an a lo g o u s 3 -carb o m eth o x y  com pounds. (M ass sp ec tra  o f com pounds l b —VIb 
a re  show n in Fig. 5.)

S im ilarly  to  th e  case o f v incad ine  en an tiom ers (la  a n d  l ia ) , th e  m ass 
sp ec tro m e tric  b eh av io u r o f th e  3 -h y d ro x y m e th y lq u eb rach am in e  enan tiom ers 
(lb  a n d  lib ) p rep ared  from  th e m  was also found  iden tica l. In  th e ir  m ass sp ec tra  
a n  in ten se  peak  o f m o lecu la r ions appears; th e  m ain  frag m en ts  in  th e  spec tru m  
c a n  be  deduced b y  assu m in g  sp littin g  o f th e  9 -m em bered  rin g , s im ilarly  to  th e  
case  o f q ueb racham ine  [11] and  3 -ca rb o m eth o x y q u eb rach am in e  [2] (see 
S ch em e 5). The sp lit t in g  o f  th e  9-m em bered  ring  invo lves processes a an d  c 
b e in g  p a rticu la rly  im p o r ta n t  in  th e  p re sen t case. Process a occurs p rac tica lly  
o n ly  in  the  H -m ig ra tio n  version , an d  b o th  m olecule p a r ts  c an  be observed  as
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Fig. 5

c h a rg ed  partic les (m/e 130 and 182). A t th e  sam e tim e , p rocess c occurs fre ­
q u e n tly  w ith o u t H -m ig ra tio n , too , a n d  th e n  th e  charge is localized  a t  th e  m/e 
187 frag m en t com prising  th e  indole p a r t ,  w hile in  th e  H -m ig ra tio n  version  th e  
fra g m e n t carry ing  th e  positive  ch arg e  is p rim arily  th e  p ip erid in e  p a r t  (m/e 
126).

M ass spectra  o f th e  correspond ing  C3-epim er an tipodes (111b and  IVb) are  
id en tica l, and  a s ig n ifican t difference ex is ts  betw een  th ese  a n d  th e  fo rm er tw o 
com pounds (lb and  lib )  in  th e  re la tiv e  ab u n d an ces of sev era l ions. The sign ifi­
c a n tly  low er s ta b ility  o f  th e  m olecu lar ion  is p a rticu la rly  s trik in g  here, th e
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liom oly tic  S p litting  c (fo rm ation  of th e  ion  m/e 187) com es in to  prom inence, 
w hile  process a ( fo rm a tio n  of th e  ion  a t  m/e 182) is re s tr ic te d . This p ro p e rty  is 
en tire ly  analogous to  th e  observed  b e h av io u r of ep im ers o f  ca rbom ethoxy  
com pounds [3].

In  the  m ass sp ec tru m  o f th e  p a ir  o f  epim ers of 3 -hydroxym ethy l-6 ,7 - 
d eh y d ro q u eb rach am in e  (Yb and  VIb) (low er p a r t  of F ig . 5) th e  m ass n u m b er o f 
th e  fragm ents c o n ta in in g  th e  p iperid ine  p a r t  is low er b y  2 , ow ing to  th e  doub le  
b o n d  a t C-6,7. O therw ise , th e  processes a re  th e  sam e as w ith  th e  6 ,7 -sa tu ra ted  
com pounds ( lb —IVb). T he effect caused  b y  th e  C3-epim erism  is also id en tica l: 
th e  stab ility  o f th e  m o lecu lar ion decreases, an d  th e  fo rm a tio n  of m/e 180 an d  
130 ions is re s tr ic te d  in  Ylb, as com pared  w ith  th e  m/e 187 ions form ed in  p ro ­
cess c. (The a b u n d a n c e  ra tio s  o f th e  m/e 180 an d  m/e 187 ion  species differ b y  one 
o rd e r of m ag n itu d e .)

This g rea t ch an g e  in  th e  ra tio  o f processes a and  c seem s to  be c h a ra c te r ­
istic  o f the  C3-ep im ers, irrespective  o f th e  n a tu re  o f th e  su b s titu e n t a t  C3, 
th u s  it has a d iag n o stic  v a lue  in  s tu d y in g  th ese  stereo isom ers. (The p re p a ra tio n  
a n d  mass sp ec tro m e tric  in v es tig a tio n  o f  o th e r C3-epim eric  q ueb racham ine  
derivatives are  in  progress.)

There is a n  in te re s tin g  d ifference b e tw een  th e  s a tu ra te d  (lb —IYb) an d  
u n sa tu ra te d  (Vb— Y lb) com pounds: in  th e  case of th e  6 ,7 -dehydro  de riv a tiv es , 
in  th e  H -m ig ra tio n  version  o f process c, th e  positive charge  is often localized  
in  b o th  m olecule p a r ts . (N ote th e  s ig n ifican t in te n s ity  o f th e  ion  m/e 187 besides 
th e  com plem en tary  ion  m/e 124.)

Experimental

M.p.’s are uncorrected . Optical ro tation  was m easured w ith a Schm idt-H aensch po lari­
m éter, the UV and IR  spectra were recorded w ith an Optica Milano CF 4R and a Spectromom 
2000 instrum ent, respectively.

The mass spectra  were recorded w ith a mass spectrom eter of type  A EI MS-902 (double 
focussing). This in s tru m en t was used in determ ining the exact masses, too. The sample was
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in troduced  into the app ara tu s w ith a direct sam pling system. The ionizing electron energy was 
70 eV, the tem perature of the ion source was 150 °C.

During isolation and the chemical reactions, the alkaloids were detected by means of 
TLC technique. Silica gel G layer, and benzene-ethanol (98 : 2) or benzene-ethyl ace ta te -  
m ethanol (40 : 40 : 20) developing solvent m ixtures were used.

Isolation of alkaloids

In  June, 1972, 20—30 cm green shoots, before flowering, were cut for processing; 
green shoots had been cu t twice previously from  the same stocks. The leaves were stripped 
and dried  in air. A to ta l am ount of 18 kg of air-dry (8—9% m oisture content) leaves was ex­
trac ted  in  1.2 kg portions.

The raw m aterial was subjected to exhaustive extraction in Soxhlet extractor (Quick- 
fit), and  ru tin , then a m ix ture  of alkaloids was isolated from the e x trac t in the m anner de­
scribed earlier [1, 2]. The raw  alkaloid m ixture obtained in the form  of a benzene solution was 
14— 16 g from each 1.2 kg portion.

The benzene solutions containing the raw  alkaloid m ixture were concentrated to  
70— 80 ml under reduced pressure, mixed w ith an equal am ount of petroleum  ether and clari­
fied on an aluminium oxide column (Brockm ann II , 50 g). The colum n was rinsed w ith a m ix­
tu re  of benzene and petroleum  ether ( 1 : 1 ,  v /v) (600 ml); thus the  w eakly basic alkaloids 
(fraction A) could be com pletely eluted, together w ith the m ajority  of more strongly basic 
alkaloids. The clarified solution was evaporated to dryness under reduced pressure, the residue 
(11 — 12 g from each portion) was dissolved in ethanol (25 ml), cooled to  0 °C and 1.25 N hydro­
chloric acid (100 ml) was added  to it. Crystalline ( +  )-vincadifformine hydrochloride separated, 
w hich was found to be identical w ith an au thentic  sample [6] in all respects. In  th is w ay, a 
to ta l of 100 g of ( +  )-vincadifform ine hydrochloride was obtained from  18 kg of raw m aterial.

The m other liquors were combined, the ethanol was evaporated  a t reduced pressure, 
the aqueous solution was m ade alkaline (pH  8) and the alkaloid bases were extracted  w ith 
benzene (5 x200 ml). The to ta l ex trac t content of the combined benzene phases was 76 g. 
The benzene solution was ex trac ted  w ith 4%  aqueous citric acid solution (3 X 200 ml), the 
aqueous phases were then re-extracted  w ith benzene (3 X 200 ml) in a counter-current p ro­
cedure. The combined benzene solution contained the weakly basic alkaloid fraction A (14 g), 
while the more basic alkaloid fraction В (see Ref. [1 ]) (62 g) was in  the citric acid solution.

Separation of the alkaloid fraction A

The benzene solution containing the alkaloid fraction A was concentrated to 200 m l 
u nder reduced pressure and the alkaloid m ixture (14 g) was fu rth er fractionated by non- 
continuous counter-current ex traction , in separatory  funnels, w ith 1%  aqueous citric acid 
(5 x1000  ml) and benzene (5 x200 ml). The benzene fractions Nos 1 — 3 contained the less 
basic components (4.8 g) consisting of epivincadine, 6,7-dehydroepivincadine and tabersonine, 
while in the citric acid fractions Nos 1 — 3 the relatively basic p a r t was found, containing 
m ainly vincadine and dehydrovincadine. The citric acid phases Nos 4 and No. 5 were m ade 
alkaline, extracted w ith benzene and the benzene solution was combined w ith the benzene 
phases No. 4 and No. 5. The ‘residual’ fraction obtained in this way had  a to ta l ex tract con ten t 
of 3.6 g consisting of vincadine, dehydrovincadine, as well as vincadifformine, tabersonine 
and tetrahydroalstonine.

Isolation of epivincadine and (-|-)-6,7-dehydroepivincadine

The benzene solution of the less basic fraction (4.8 g) was concentrated to 100 ml under 
reduced pressure, then ex trac ted  w ith 2% sulfuric acid (25 XlOO ml). The benzene phase con­
tained then  no alkaloid; the to ta l ex trac t content was 1.95 g.

The combined sulfuric acid solution was made alkaline to pH  8, and the alkaloids were 
ex tracted  w ith benzene (5 X  100 ml). A fter drying, the benzene solution (to ta l ex tract con ten t: 
2.68 g) was concentrated to  50 ml under reduced pressure, then purified chrom atographically 
on a silica gel column (60 g). The alkaloid m ixture (660 mg) was eluted from  the column w ith  
benzene (400 ml); it contained only epivincadine and 6,7-dehydroepivincadine according to
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TLC. (Subsequently, 1.9 g of a m ixture was eluted from the column w ith  m ethanol; this con­
ta in ed  coloured contam inants and tabersonine.)

The benzene eluate  containing a m ixture of epivincadine and dehydroepivincadine 
(660 mg) was concentrated  to 100 ml under reduced pressure, then  subjected to counter- 
cu rren t extraction, in separa to ry  funnels, w ith 2%  sulfuric acid (5 X 100 ml) and benzene 
(5 X 100 ml). In  this process pure dehydroepivincadine appeared in the benzene phase; epi­
v incadine and some dehydroepivincadine were found in the sulfuric acid phase. The la tte r 
phase was purified by  repeated  counter-current d istribution  again.

After drying, the benzene phases were evaporated to dryness under reduced pressure 
and  ( +  )“6,7-dehydroepivincadine (545 mg) was obtained in the form  of a nearly colourless 
am orphous residue (solidified foam ); the substance was chrom atographically homogeneous 
and  pure, [aji? + 9 0 °  (ethanol, c =  0.5), pK a =  4.41 (in 50% ethanol).

UY (methanol): A^ax 226, 285 and 292 nm ; loge 4.57, 3.94 and 3.91, respectively.
MS: molecular w eight 338.1995; molecular formula C2lH 26 n 2o 2.
The substance was very  well soluble in organic solvents; it  became brownish on standing 

in  air. A ttem pts a t crystallizing the substance have failed up to now.
The sulfuric acid solution (containing epivincadine) obtained in the counter-current 

d is tribu tion  was made alkaline, extracted  w ith benzene and the benzene phase was evaporated 
to  dryness at reduced pressure. The evaporation residue (64 mg) was crystallized from  hot 
m ethano l (1 ml) to  ob ta in  chrom atographically pure, optically inactive ( +  )-epivincadine 
(22 mg), m.p. 156— 157 °C; no melting point depression occurred w ith  a sample obtained 
in  th e  hemi-synthesis. p K a =  5.20 (in 50% ethanol).

The molecular w eight m easured by mass spectrom etry was 340.2150; molecular form ula 
C21H 28N20 2.

ÜV (methanol): Amax 226, 285 and 292 nm ; loge 4.5, 3.96 and 3.93, respectively.
The evaporation residue of the m other liquor of epivincadine was dissolved in benzene 

an d  purified again by counter-curren t fractionation. The product obtained  in this way (23 mg) 
w as chrom atographically pure, amorphous epivincadine; on the basis of the optical ro tation  
i t  was a mixture of (—)-epivincadine and ( +  )-epivincadine; [oc]d0 — 16° (ethanol, c =  0.5). 
T h e  chrom atographic behaviour, UV and IR  spectra and mass spectrum  of the product were 
iden tica l with those of crystalline (i)-ep iv incad ine .

Isolation of vincadine and (-}-)-6,7-dehydrovincadine

The alkaloid fraction  containing mainly vincadine and dehydrovincadine (4.7 g) was 
dissolved in a m ixture of benzene and petroleum  ether (1 : 1, v/v) and subjected to chro­
m atographic separation on an alum ina column (300 g, Brockmann II). Pure vincadine (3.15 g) 
w as eluted with a m ix tu re  (600 ml) of benzene and petroleum ether (1 : 1), and pure dehydro­
vincadine (480 mg) was th en  eluted w ith a fu rther 500 ml portion of the same m ixture.

Furtherm ore, the “ residual” fraction containing vincadine, dehydrovincadine, vinca- 
difform ine and o ther alkaloids (3.6 g) was subjected to chrom atographic separation on another 
a lum ina column (230 g). Pure vincadine (300 mg) was obtained w ith  350 ml of benzene-petro­
leum  ether (1 : 1), and  pure dehydrovincadine (190 mg) was eluted w ith  further 400 ml of 
th e  eluent. (Subsequently, o ther alkaloids, among others, te trahydroalstonine [7], were eluted 
from  this column.)

The eluate fractions containing vincadine were then combined and evaporated to d ry ­
ness under reduced pressure. The weight of the evaporation residue was 3.45 g; [oc]î? —65° 
(ethanol, c =  0.5); p K fl =  7.20 (in 50% ethanol). Fractional crystallization of the substance 
[2] yielded optically inactive, crystalline ( +  )_vincadine (850 mg; m .p. 126 °C, from m ethanol) 
and  crystalline (—)-vincadine (1.8 g; m.p. 76 °C, from heptane); [a]!? —92° (in ethanol). 
T he crystalline products were found to be identical w ith the earlier isolated [2] and au then tic  
sam ples prepared in hem isyntheses.

The eluates containing only dehydrovincadine were also combined and evaporated 
to  dryness at room tem peratu re  a t reduced pressure. An alm ost colourless, chrom atographically 
pure evaporation residue (in the form of a solidified foam) (670 mg) was obtained; this was 
{-j-)_6,7-dehydrovincadine, [a]?? + 65° (ethanol, c =  0.5), pK a =  6.75 (in 50% ethanol).

UY (MeOH): Ятах 226, 284 and 292 nm ; log e 4.58, 3.90 and 3.86, respectively. The 
molecular weight m easured by mass spectrom etry was 338.1991, the molecular form ula being 
C2lH 2GN20 2. The substance was well soluble in organic solvents; it rapidly became brown 
suffering oxidation w hen exposed to air, particularly  to sunshine. (Among others, lochnericine 
[7] was detected in the oxidation product.) Crystallization of the substance has failed up to now.
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Acid hydrolysis and decarboxylation of 3-carbomethoxyquebrachamine derivatives

The 3-carbom ethoxyquebracham ine derivatives isolated from the leaves of A m sonia  
tabernaemontana were refluxed in 1 N hydrochloric acid in nitrogen atm osphere for 1.5 hr. 
to hydrolyze and decarboxylate the compounds in the m anner described earlier [2]. The resu lts 
are sum m arized in Table II .

Table II

Product of hydrolysis and decarboxylation

S tarting  m aterial
Name

Yield,
%

M.p.,
°c

r -.20*
[“ID

(—)-Vincadine (la) (— )-Quebrachamine 
(VII)

96 147 — 114°

( +  )-Vincadine 
( i  )-Epivincadine

( + )-Quebracbamine 100 113 0°

(+)-6,7-Dehydrovincadine
(Va)

( -f-)-6,7-Dehy droepivinca- 
dine (Via)

( + )-6,7-Dehydro- 
quebrachamine 
(VIII) 66—70 121 +  125°

* in  ethanol

Preparation of stereoisomeric 3-carbomethoxyquebrachamine derivatives by hemisynthesis

Vincadine isomers were prepared from vincadifformine, and (-)-)-6.7-dehydrovincadine 
and its C3-epimer were m ade from tabersonine in a reaction w ith  form ic acid in the presence 
of formamide in the m anner described earlier [2]. In  each case, the product was a m ix tu re  
of the corresponding C3-epimers, which could be separated on the basis of the base s tren g th  
by fractional partition . Some data  of the products prepared by hemi-synthesis are g iven 
in Table I I I .

The properties of th e  racem ates prepared from  the optical antipodes obtained in  the 
hemi-synthesis were identical w ith those of the natu ra l racem ates isolated.

Table III

Product of hem isynthesis

Starting compound
Name

Yield,
%

M .p.,
°c Ы В *

Tabersonine (Xa) ( -|- )-6,7-Dehydro vinca­
dine (Va) 4 0 -4 5 ** + 65°

( -j-)-6,7-Dehy droepi- 
vincadine (Via) 25—30 ** + 90°

(—)-Vincadifformine (-f-)-Vincadine (Па) 70—80 76 + 92°
(Xb) ( +  )-Epivincadine (IVa) 1 0 -1 5 156 +  24°

( + )-V incadifformine (—)-Vincadine (la) 7 0 -8 0 76 — 92°
(XI) (—)-Epivincadine (Ilia) 1 0 -1 5 156 — 24°

* in ethanol 
** am orphous

Y Acta Chim. Acad. Sei. Hung. 96, 197&'



180 ZSADON et al.: STEREOISOMERIC INDOLE ALKALOIDS

Epimerizatioii of vincadine in  the presence of sodium m ethylate

Yincadine (1.7 g; 5 mmoles) was dissolved in anhydrous m ethanol (100 ml) in which 
sodium  m etal (0.92 g) had been dissolved. The solution was refluxed for 1 hr., then  evaporated 
to  dryness in vacuum . W ater (100 ml) was added to th e  residue; it was ex trac ted  w ith benzene 
(5 xlOO ml) and the combined benzene phases were concentrated to 100 ml, and the m ixture 
o f vincadine and the epivincadine formed were separated  by counter-current ex traction  with 
citric  acid (1%, 5 x400 ml) and benzene (5 X 100 ml).

Unchanged vincadine was contained in the citric acid phases; these were combined, 
m ade alkaline and ex trac ted  w ith benzene. The evaporation  residue of the benzene solution 
w as vincadine (605 mg; 1.78 mmole; 35%).

The evaporation residue of the benzene phase obtained in the counter-current fractiona­
tio n  was epivincadine (615 mg; 1.81 mmole; 36% ). (The spectral da ta  and physical constants 
are given in the section dealing w ith the isolation and in Table III.)

Epimerization of (+ )-6 ,7-dehydrovincadine (V a) in the presence of silica gel

( +  )-6,7-Dehydrovincadine (Va) (405 mg; 1.2 mmole) was dissolved in anhydrous ben­
zene (25 ml); finely ground silica gel (5 g) was added to it and the m ixture was shaken a t room 
tem peratu re  for 3 hrs. The solution was decanted  and the silica gel washed w ith anhydrous 
m ethano l (3 X 25 ml). The evaporation residue of the combined solutions was a m ixture of 
alkaloids (377 mg). This was separated as described above, by fractional d istribution  between 
benzene and citric acid solution. The evaporation  residue of the benzene phase was ( +  )-6,7- 
dehydroepivincadine (Via) (228 mg; 0.67 mmole; 56% ); this was found to be identical w ith 
th e  products obtained by isolation and hem i-synthesis. (Spectral d a ta  and other values are 
g iven  in the section on isolation and in Table I I I .)

Preparation of 3-hydroxym ethylquebracham ine derivatives ( lb —VIb)

The method applied by us will be illustrated  on the example of (—)-vincadine.
(—)-Vincadine (la) (2.38 g; 7 mmoles) was reduced with LiAlH4 (2.12 g) in  anhydrous 

e th e r solution (120 ml) refluxed for 2 hrs. The excess of the reducing agent was decomposed 
by  cautious addition of w ater while cooling, then  the ethereal solution was shaken w ith w ater 
(200 ml). After separation the aqueous phase was ex tracted  with e ther (3 X 100 ml), the com­
b ined  ethereal solutions were washed w ith w ater, dried and evaporated to dryness. The evapo­
ra tio n  residue was crystalline 3-hydroxym ethyl-(—)-quebrachamine (lb) (2.05 g; 6.57 mmoles, 
94% ); this was recrystallized from ethanol: m .p. 184 °C, [a]b° —154° (ethanol, c =  0.5). 
T he molecular weight determ ined by mass spectroscopy was 312.2202; molecular formula 
C20H 28N2O.

ÜV (MeOH): Amax 226, 283 and 291 nm ; log e 4.49, 3.88 and 3.85, respectively.
IR  (CHClg): 3700 and 3450 cm -1 (OH and free NH); the band of non-conjugated ester 

group lacking a t 1730 cm -1 .
The reduction of o ther 3-carbom ethoxyquebracham ine derivatives was effected in a 

sim ilar manner. In  each case, the yield calculated for the raw product was higher than  90%. 
(T he raw  product was purified, when necessary, by  clarification w ith  alum ina, in benzene 
solution.) In  the UV and IR  spectra of all p roducts the characteristic m axim a given above 
w ere found.

Some characteristic da ta  of chrom atographically pure 3-hydroxym ethylquebracham ine 
derivatives are listed in Table IV.

Saturation of 6,7-dehydroquebrachamine derivatives

W hen the 3-carbom ethoxy and 3-hydroxym ethyl derivatives of ( +  )-6,7-dehydro- 
quebracham ine (Va and V ia: Vb and VIb) were subjected to hydrogenation in m ethanol 
solution in the presence of Pd/C catalyst a t room  tem perature and under atm ospheric pressure, 
th e y  were converted into the corresponding stereoisomeric (-f-)-quebrachamine derivatives 
( l ia  and IVa; lib  and IVb, respectively).
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Table IV

3-Hydroxymethylquebrachamine derivative

S tarting  compound
Formula

M.p.,
°c W d *

(—)-Vincadine (la) lb 184 — 154°
( -[ )-Vincadine (Па) пь 184 +  154°
(—)-Epivincadine (Ilia ) Illb amorphous +  10°
(-f-)-Epivincadine (IVa) IVb amorphous — 10°
(-)-)-6,7-Dehydrovincadine (Va) Vb amorphous +  105°
( + )-6,7-Dehydroepivincadine (Via)

* in ethanol
*

Vlb amorphous +  70°

T he au th o rs’ th a n k s  a re  due to Mrs. M. B arta  for the  p re p a ra tio n  of some of th e  
com pounds.
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Structure and Bonding. V olum e 31

Springer-Verlag, Berlin—Heidelberg—New York, 1976

This book is a new volume in the successful series “ Structure and Bonding”. It contains 
four studies of a review nature, dealing with various topics in structural chemistry.

The first article is “ Paradoxical Violations of Koopmans’ Theorem” by K. E e r r e ir a . 
One of the most important and descriptive tools of modern theoretical chemistry is the MO 
theory. The most generally used consequence of the MO theory is Koopmans’ theorem, which 
means that the molecular orbital energies are assumed equal to the ionization energies. The 
ionization potentials thus calculated generally correlate well with the experimental results, 
but considerable differences are found at times. This brief, 23-page article discusses the 
causes of such differences. As paradoxical violations of Koopmans’ theorem, the author lists 
those cases where the sequence of orbital energies differs from the assigned experimental 
values. In the first two chapters the causes of the contradiction are systematically discussed. 
Understanding is facilitated by some extremely illustrative diagrams. The final chapter, “MO 
energy level diagrams and the third revolution of the ligand field theory” , presents concrete 
examples of the paradox, analyzing the causes in detail. The article is completed with 73 
literature references. Its style is unusually vivid for a scientific work, and is indeed enjoyable.

C. B o n n e l l e  writes on a special and rarely debated theme in “Band and Localized 
States in Metallic Thorium, Uranium and Plutonium and in Some Compounds, Studied by 
X-ray Spectroscopy” . In the introductory chapters we find the principles of X-UV spectro­
scopy. The author describes the development of the characteristic peaks of absorption and 
emission spectra. The following chapter deals with the spectra of the rare earth metals. In 
chapter 4 analysis of the emission and absorption spectra of U, Th, and Pu M[y and My is dis­
cussed. Energy diagrams are proposed for all three metals. The X-ray spectroscopic results 
on T h 02, U 0 2 and P u 0 2 are reported. Finally, a valuable comparison is given between the 
X-ray spectroscopic and the photoelectron spectroscopic methods. The article is 23 pages 
in length and contains 50 literature references.

The next article is “Application of the Function Approach to Bond Variations under 
Pressure” by V. Gu tm a n n  and M. Ma y e r . It is a well-known fact that, under sufficiently high 
pressure, materials crystallizing in ionic, atomic or molecular lattices are transformed into 
metallic lattices. In this process their physical and chemical properties undergo change. The 
authors give an account of the regularities in these changes. A brief description of the individual 
changes is first given, e.g. the connections between pressure and coordination number, the 
pressure—homologous series rule, the changes in the spectroscopic properties, and the pressure 
— atomic distance paradox. This latter is perhaps the most important; in the following an 
illustrated explanation of it is given with numerous examples (The Functional Approach). 
This brief, 18-page article is easy to read, its explanations are illustrative, and no special previ­
ous study is necessary for an understanding.

The article by J. K. B u r d e t t , “The Shapes of Main-Group Molecules; a Simple Semi- 
Quantitative Molecular Orbital Approach” , deals with a very interesting theme: a possible 
explanation of the equilibrium geometry of molecules. At present, various methods are known 
and accepted for the explanation of the geometry of simple molecules. Examples are the 
VSEPR method developed by Gil l e s p ie  and N y ho lm , the hybridization model, the quali­
tative explanation by W a l s h , in which the electron-electron repulsion is completely neglected 
and the change in geometry is determined merely by the number of valency electrons, etc. 
The question is definitely important, as there is no possibility for an exact, quantitative ex ­
planation in university and college education. An improved variant of the W alsh  diagrams 
is presented. Although the method is not so simple as the VSEPR method, and naturally can­
not compete with the advantages given by the MO theory, it is nevertheless so illustrative 
that it can safely be recommended for reading by all those interested in structural chemistry.
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Perhaps the only reason inhibiting its introduction in higher education is that it assumes 
certain group-theory knowledge. Molecules aje classified according to the number of ligands 
(AB2 . . . AB,), and the utilizability of the theory is demonstrated on a rich collection of ex­
amples. The 38-page article is completed by 37 literature references.

J .  N a g y

H . T . K e r n e r : Foam Control Agents

Noyes Data Corporation, Park Ridge, New Jersey, 1976 372 pages 

Chemical Technology Review No. 75

This book in the series of Chemical Technology Review deals with a widely occurring 
problem, the control of foaming in various industrial processes and technologies on the basis 
of patents announced in the USA in the last 15 years.

The very broad subject-matter is discussed in groups formed according to the branches 
of industry and the various technologies. First the detergents and cleaning agents, paper 
industry, lubricants and fuels and different fields of the textile industry are examined for foam­
ing phenomena. Then problems connected with foaming in phosphoric acid production, latex 
and photographic application, fermentation, and in the pharmaceutical and food industries 
are discussed. In the last three chapters of the book, problems involving foaming in various 
fields (polymerization, distillation, antifreezing fluids, etc.) are dealt with and chemical and 
technological aspects of foam control are discussed.

It is clearly seen in this short summary that the author provides information for experts 
working in widely different fields.

There are only few such summaries in the literature available, mainly theoretical 
(colloid chemical) papers and books have been published on foaming and control of foaming. 
The present book comprises the actual solutions of the problems which are or probably will be 
introduced in the industry, thus the information provided is important primarily for experts 
in the industry, but is considered to be useful for theoretical researchers, too.

The construction of the book is clear, it is well-written and contains a large number 
of tables.

The book is supplemented by a “ Company Index” , an “ Inventor Index” and a “US 
Patent Number Index” . Like the other members of the series, also here a carefully constructed, 
detailed list of contents supplement is given instead of a “ Subject Index” .

Special attention is called to the discussion of technical (mechanical) solutions reviewed 
in the last chapter: here the patents are discussed in connection with schematic diagrams of 
the apparatuses.

The book is a high-level, valuable work.
J .  MORGÓS

N M R : Basic Principles and Progress

E d ito rs : P . D i e h l , E . F l u c k  and  R . K o sfe l d

Volum e 13. In tro d u c to ry  E ssay s. E d ite d  b y  M. M. P in t a r  
(U n iv e rsity  of W aterlo o , C anada).

Springer Verlag, Berlin, Heidelberg, New York, 1976, 154 pp.

This latest volume of the series comprises the lectures delivered at the “ School on Nu­
clear Magnetic Resonance” of the Waterloo University. The authors of the individual chapters 
and their topics are:
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1. A Guide to Relaxation Theory. B y A. G. R e d f ie l d
2. Thermodynamics of Spin Systems in Solids. An Elementary Introduction. By 

J .  J e e n e r
3. Coherent Averaging and Double Resonance in Solids. By J. S. W augh
4. Macroscopic Dipole Coherence Phenomena. By E. L. Hahn
5 . Nuclear Spins and Non-Resonant Electromagnetic Phenomena. B y  G . J .  B e n e
6. Nuclear Spin Relaxation in Molecular Hydrogen. By F. R. McCourt
7. Longitudinal Nuclear Spin Relaxation Time Measurements in Molecular Gases. 

By R. L. A rm strong
8. Spin-Lattice Relaxation in Nem atic Liquid Crystals via  the Modulation of the 

Intramolecular Dipole Interactions by Order Fluctuations. By R. B linc
9. NMR Studies of Molecular Tunnelling. B y S. Clough

10. Effect of Molecular Tunnelling on NMR Absorption and Relaxation in Solids. 
By M. M. P lN T A R

11. How to Build a Fourier Transform NMR Spectrometer for Biochemical Appli­
cations. By A. G. R e d f ie l d

Publication of the topics of a course in the form of a book always presents certain 
difficulties. Although each of the lecturers is a well-known expert, there are great differences 
in the scientific level and manner of presentation of the individual chapters. Each chapter 
surveys an independent, separate field of research, thus the material of the book does not 
combine to form a consistent unit, and this fact is responsible for the high number of repetitions 
in the text. Essentially, the boom offers concise information about the fields of research of 
the individual lecturers. The primary aim of the series, that is treatment of the theoretical 
and physical aspects of the NMR technique, was seriously borne in mind in this case; however, 
this means that the book is of interest primarily for specialists, and much less useful for organic 
chemists, the most important group of users of NMR spectroscopy.

Certain chapters commanding wider interest must be mentioned here separately, such 
as the chapters written by A. G. R e d f ie l d  (1 and 11). First, a short and very lucid picture of 
the theory of relaxation is given, and the m ost important relaxation mechanisms and their 
magnitudes expressed in frequency units are described.

Since the sensitivity of the NMR, technique is relatively low in comparison with other 
analytical methods, it has not become such an essential method for biochemists than for 
chemists. In his second lecture R e d f ie l d  discussed the possibilities of the further development 
of high-resolution NMR spectrometers, as well as the results obtainable with them, particu­
larly in the field of PMR spectroscopy. A short comparative evaluation of FTNMR and Cor­
relation Spectroscopy is also given. The main problem in biochemical PMR studies is that 
the concentration of water used as solvent is usually 110 mole, while the sample is present 
only in sub-millimolar concentrations. Primarily the methods of Quadrature Detection and 
Optimal Filtering, Long Pulse Operation and Water Elimination FT (WEFT) can be utilized 
for overcoming this practical difficulty.

The chapter by R. B l in c  (8) also deals w ith a very interesting topic: how spin-lattice 
relaxation measurement can be applied in studies of the structure of nematic liquid crystals.

NMR measurements accomplished at very low temperatures make possible the in­
vestigation of another region of molecular motion. In Chapter 9, S. Clo u gh  discusses the relation 
forms of the methyl group, such as hopping rotation and tunnelling rotation, as well as the 
motion produced by their combination, and their effect on the NMR line shape.

In the hope that every inquiring researcher can find a chapter of special interest to him  
in the rich material of the book, the volume is recommended to those having a concern in the 
theory or practice of NMR spectroscopy.

G . T ó t h
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Organic Conductors and Semiconductors 
Proceed ings o f th e  In te rn a tio n a l C onference, Siófok, H u n g a ry  1976. 

E d ited  b y  L . P á l , G. G r ü n e r , A. J á n o s s y , J .  Sóly om

Akadémiai Kiadó, Budapest and Springer-Verlag, Berlin, Heidelberg, New York 1977. 654 pages

Since superconduction at room temperature would revolutionalize energetics and 
technology it is a source of more than a little chagrin that theory and practice have indicated 
that the critical temperature, Tc, for superconducting metallic elements and alloys (maximum  
Tc being around 20 K) cannot be raised much further. In view of this, the search for new types 
of superconducting materials is understandable and, in spite of seemingly formidable diffi­
culties, a necessity.

W. A. L itt l e  originally suggested a mechanism according to which organic chains 
with highly polarizable groups on the spine can be superconductors. Research following up 
this line has been carried out since the early seventies initially leading to mood of over-optimism  
due to erroneous measurements and interpretations.

This book contains over 50 papers delivered at the Siófok Conference devoted to the 
theoretical and experimental achievements in the field of organic conductors. Most of the 
papers deal with quasi-one-dimensional charge transfer complexes and the effect of their 
structure on electrical, magnetic, thermal and other physical properties. A highly typical 
and m ostly studied representative of these quasi-one-dimensional complex salts is TTF-TCNQ 
(tetrathiofulvalene-tetracyanoquino-dimethane). In salts of this type, because of electron 
transfer from the donors to the acceptors, half- or quarter-filled bands are formed making 
metallic-like conduction possible. This type of conduction disappears at critical temperature 
Tc due to structural changes in the stacks of donor and acceptor molecules. A substantial 
number both of theoretical and of experimental papers deal with the cause and mechanism  
of these metal-insulator or metal-semiconductor transitions taking place near Tc. The elim­
ination of the critical temperature would be the first ray of hope for organic superconductors. 
There are papers in the book describing systems sustaining metallic-like conduction down 
to the lowest temperature, namely: (hexamethyltetraselenofulvalene) (HMTSF)-TCNQ, 
1-TCNQ and (SN)X, the last-named becoming a superconductor at 0.3 K. The mechanism of 
superconduction is three-dimensional rather than one-dimensional in polysulphur nitride; thus 
proofs for a new mechanism are still awaited.

Roughly half of the papers are devoted to the theoretical problems of quasi-one-di­
mensional systems, the other half describe the results of experimental studies obtained on 
systems with TCNQ acceptor together with a great variety — in some cases systematically 
varied — donor molecules. Four chapters deal with theoretical aspects of quasi-one-dimensional 
CT complexes: I. One-dimensional models; II. Quasi-one-dimensional models; III. Impurity 
effects and disorder in one dimension; IV. Phase transition in TTF-TCNQ and related com­
pounds. The next two chapters, V and VI, contain the experimental papers dealing with the 
properties of systems having TCNQ acceptor stacks; V. Experimental investigations on TTF- 
TCNQ salts and its derivatives; VI. Charge transfer salts other than TTF-TCNQ and its de­
rivatives. (The explanation for the title of this chapter is that the donor molecules are other 
than TTF. Only one paper reports measurements on a system containing hexacyanobenzene, 
a new acceptor.) Chapter V II is headed: Polysulphur Nitride, (SN)X and Chapter VIII is concer­
ned with metal complexes and organic semiconductors — containing three papers on organic 
semiconductors and two abstracts: the first on the structure and electrical properties of 
C(NH)2H3 2Pt(CN)4Br • H 20  denoted GCP, a new pseudo-onedimensional compound, the 
second on the synthesis of linear chain planar metal complexes.

As follows from the papers of this volume, the hope for finding very good conductors 
or high temperature superconductors among organic charge transfer complexes, similar 
to those studied until now, is rather in vain because of the low free-electron density in the unit 
cell of this compound as compared to that of good metals. For enhancing conduction the inter­
action of electron orbitals of donor and acceptor molecules needs to be increased. A paper 
contained in this volume provides a re-analysis of L it t l e ’s suggested mechanism showing 
it to be sound, thus the synthesis of new types of organic conductors and the study of their 
conduction mechanism remains a challenging field in the years to come.

Both theory and experiment show the decisive role impurities play in conduction of 
quasi-one-dimensional CT complexes, indicating the necessity for more complete purification

Acta Chim. Acad. Sei. Hung. 96,1978



RECENSIONES 187

and characterization of these materials to provide a firm basis for understanding the connection 
between molecular properties, structure, charge transfer and transport — achievable only 
with the coordinated and close cooperation of chemists and physicists, theorists and experi­
mentalists from both sides.

The book — with the highly apposite summarizing remarks of Professor J. B a r d e e n  
and excellent papers — is a very high level survey of the recent theoretical and experimental 
developments in the field of organic conductors. For the non-expert, the volume is a compre­
hensive guide to the subject; for those working with these compounds a very useful source 
of reference. There is little doubt that Organic Conductors and Semiconductors will go a long way 
towards achieving the synergetic cooperation between physicists and chemists necessary to 
face the formidable research challenge opened up by organic conductors.

I . KÓSA-SOMOGYI
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A C T A  C H IM IC A

ТО М . 9 6 - В Ы П .  2

Р Е З Ю М Е

Исследование расстворения вольфрама и молибдена в системе 
H2S04— HNOs—н 2о

Б . А. К И Ш  и  Е . С А Л А Н Ц И

Бы ла и ссл едов ан а  скорость р а ст в о р ен и я  вольф рам а и м оли бден а в систем е H 2S 0 4 — 
H N 0 3— Н 20 .  Н а о сн о в е  измеренны х с к о р о с т ей  р астворени я бы ла построена к о н ц ен т р а ­
ц и о н н а я  т р ех у го л ь н а я  диаграмма д л а  о б о и х  м еталлов. Бы ло о б н а р у ж ен о , что к о р р о зи я  
вольф р ам а зн ачи тельн о возрастает п о д  в л и я н и ем  сильн ооки сля ю щ их пр одук тов  реак ц и и , 
об р а зу ю щ и х ся  п р и  растворени и м о л и б д ен а , т. е. в сл уч ае , к огда оба  м еталла п ом ещ аю т в 
см есь  кислот. Бы ло установлено, что в т р е х у г о л ь н о й  диаграм м е п ол ож ен и е и  х а р а к т ер  
и н тер вал а к он ц ен тр ац и й  д л я  скорости р а ст в о р ен и я  вольф рам а в присутствии м ол и б д ен а , 
б л и ж е  к м оли бден у, чем  к вольфраму. В  общ ем  сл уч ае, скорость  к ор рози и  вольф рам а  
п р оп ор ц и он ал ьн а к ол и ч еств у  одн ов р ем ен н о  растворенн ого  с ним м олибдена.

Д л я  расчета с к о р о с т и  растворения б ы л  р азр аботан  м етод д л я  того сл уч ая , к о гда  оба  
м етал л а  м ехан и ческ и  н е  разделяемы  и и х  начальны е веса м огут  быть изм ерены  ли ш ь вм есте  
(MW +  М )'°). Бы ла о п р ед ел ен а  отн оси тел ьн ая  погреш ность изм ерен ия и сходн ого  в еса  в о л ь ­
ф рам а (МУ1' ) в зав и си м ости  от отн оси тел ьн ой  погреш ности изм ерен ий общ его у д ел ь н о го  
веса  (1 4  2 ) .

Применимость методов ППП и ЦНДО/2 для структурных исследований 
кремнеорганических соединений, II

Й . РЕФ Ф И , Т . В Е С П Р Е М И , П . Х Е Н Ч Е И  и Й. Н А Д Ь

П роводил ись расчеты  м о л ек у л я р н о й  стр ук тур ы  свободн ы х ради калов с ц е н т р а л ь ­
ным атом ом  к р еш ни я , паразам ещ енны х тр и м ети л си л и л бен зол ов , пар азам ещ ен ны х си л и л -  
б ен зо л о в , м етилтрим етоксилана и н ек о т о р ы х  соеди н ен и й , со д ер ж а щ и х  связь  к р еш н и й -азот . 
Б ы л а исследован а к ор р ел я ц и я  м е ж д у  различ ны м и эксперим ентальны м и ф и зи к о -х и м и ­
чески м и данны ми ион изацион ная  э н е р г и я , дип ольн ы й м ом ент, хим ич ески е сдв и ги  Я М Р  
д л я  С13 и  Si29) и п арам етрам и, рассчитаны м и с пом ощ ую  Ц Н Д О /2  д л я  различ ны х к р ем н е­
о р ган и ч еск и х  соеди н ен и й .

Конформационные исследования с помощью ЯМР на 300 МГц: вращательный 
изомеризм вокруг связей -СО—СН2

Р . М. СИНГ, С. К .  РАО и Ш. М. ВЕРМ А

С пектр Я М Р  (3 0 0  М Гц) N ’, Ц ’-д и п р оп и он и л -Ц -ам и н ои м и да  ан тр ац ен м ал еи н ов ого  
ан ги д р и д а  указы вает на различные к о н ф о р м а ц и и  п ропи они ловы х гр уп п . Экзо-п р оп и о-  
н и л ов ая  гр уппа и м еет свободное вращ ен и е в о к р у г  связей  N — СО и СО— СН 2, в то в р ем я  как  
эн д о -гр у п п а  о б л ад ает  предпочтительны м и конф орм ациям и в о к р уг эти х  связей . У гл о в а я  
м ета л ь н а я  гр уппа в к л ет к е  входит в с т р у к т у р у  А В С 3 дл я  эндо-С О — СН 2С Н 3, п о д т в е р ж д а я  
пр едп очтительн ую  конф орм ацию . Н а б л ю д е н и я  с некоторы м и зам ещ енны м и N ’-а ц ет и л ь -  
ны ми производны м и н а х о д я тся  в со гл а си и  с пр едлож енн ы м и конф орм ациям и.



Ингибирование образования позитрона молекулярными ловушками 
в неполярных жидкостях

Б . Л Е В А Н  и О. Е . М О Г Е Н С Е Н

В ы ходы  o -P s бы л и  оп р еделен ы  в разл и ч н ы х ж и д к и х  угл ев о д о р о д а х , тетрам етил- 
си л а н е  и  и х  см есях  в за в и си м о сти  от к он ц ен тр ац и й  С2Н 5В г и СС14. Эти м олекулы  известны  
к ак  х о р о ш и е  ловуш ки эл ек тр он ов , а т а к ж е  о н и  и н ги би рую т образован и е позитрона. 
С ти м ул и р ую щ ая  м одел ь  р еа к ц и и  образовани я P s п редсказы вает к ор р ел я ц и ю  м е ж д у  ко­
эф ф и ци ен том  и н ги би р ован и я  и константной ск о р о ст и  хим ич еской  реак ц и и  эл ек трон ов  с 
м ол ек ул я р н ы м и  л ов уш к ам и . Д л я  зависим ости коэф ф ициента ин гиби рован ия от ф унк ции  
работы  электрон ов  (V 0) в различ ны х ж и д к о с т я х  о б н а р у ж ен о  весьм а странн ое п оведен ие, 
п о д о б н о е  недавно н а й д ен н о м у  д л я  констант ск о р о ст и  хи м и ч еск ой  р еак ц и и  квазисвободны х  
эл ек т р о н о в  с теми ж е  м олек уля рн ы м и  лов уш к ам и . К оэф ф ициент ин гиби рован ия как  
ф у н к ц и я  от  V 0 им еет м ак си м ум  дл я  С2Н 5Вг, в то врем я  как  д л я  СС14 он м онотонно у в ел и ­
ч и в ается  с ум еньш ением  V 0. К оэф ф ициент и н ги б и р о в а н и я  д л я  С2Н 5В г в см еси  тетрам етил- 
си л а н а  с н-тетр адек аном  с  м олярны м  отнош ением  1 : 1 ,  ок азал ся  больш е, н еж ел и  в том  или  
д р у г о м  чистом к о м п он ен те. Я вн ая  к о р р ел я ц и я  м е ж д у  константам и скорости  за хв ата  
эл е к т р о н а  и и н ги би рован и ем  позитрона п р ед ст а в л я ет  собой  наи более стр огую  п р ов ер к у  
су щ ест в о в а н и я  сти м у л и р у ю щ ей  м одели р еак ц и и  о бр азов ан и я  позитрона. П одчерк ивается  
в а ж н о с т ь  метода а н н и ги л я ц и и  позитрона т а к ж е  и с точки зр ен и я  р ади ац и он н ой  хим ии.

О спонтанных процессах, произходящих на поверхности металлов, под 
влиянием собственных ионов, I

Л . КИШ  и И. Ф А Р К А Ш

И зу ч а л а сь  к и н ети к а спонтан ны х п р оц ессов , п р о и сх о д я щ и х  в систем е М — Мг‘+ — MZî+ 
п о д  в л и я н и ем  собствен н ы х ион ов , в отсутстви и  рав н ов еси я . Д л я  некоторы х хар ак тер н ы х  
сл у ч а е в  устан овлен а за в и си м о ст ь  скорости  п р о ц ессо в , а т а к ж е  стационарны й потенц иал  
м ета л л а  М от к он ц ен тр ац и и  ионов Мг*+ и л и  MZl+ и  от  ги др один ам ич ески х усл ов и й  эл ек ­
т р о л и та .

Электрономикроскопические исследования морфологии гидрогелей
поливинилового спирта

T. В А Р А Д И , М. Н А Д Ь, А. К А Л Л О  и Э. В О Л ЬФ РА М

М орф ология г и д р о г е л ей  ПВС с с у п р а м о л ек у л я р н о й  стр ук тур ой , о бр азую щ и хся  в 
р а зл и ч н ы х  усл о в и я х , бы ла исследована с п ом ощ ую  тр ан см и ссион ного электрон ного  
м и к р о ск о п а .

Б ы л  р азр аботан  с п о с о б  повы ш ения к он тр аста  су п р а м о л ек у л я р н ы х  элем ентов .
Б ы л о найдено х о р о ш е е  согласи е м е ж д у  стр ук тур н ы м и  парам етрам и, наблю даем ы , 

ми н еп оср едств ен н о  с п о м о щ у ю  электрон ного м и к р оск оп а , и некоторы м и ф и зи к о-хи м и ­
ч еск и м и  свойствами эт и х  г е л ей , определенны м и р ан ее .

Диамагнитные исследования монозамещенных нафталинов
В. Ш А Н М У ГА СУ Н Д А РА М

Д и ам агни тн ы е воспри м ич ивости  некотор ы х м онозам ещ енны х бен золов  и изом ерны х  
м он озам ещ енн ы х н аф тал и н ов  бы ли оп р еделен ы  с пом ощ ую  м етода К ю р и . Б ол ее ни зк ие  
велич ин ы  £ м д л я  а -и зо м ер о в  объ ясн яю тся на осн ов е  различ ий  в с о п р я ж ен и и  зам ести телей  
с к о л ь ц о м , когда они н а х о д я т с я  в д в у х  разл и ч н ы х п о л о ж ен и я х . С равнение пар ам агн ети з­
ма В а н  В л ек а , рассч и тан н ого  методом  Д ор ф м ан а , д л я  м он озам ещ енн ы х бен золов  с п ар а­
м агн ети зм ом  дл я  соотв етств ую щ и х наф талиновы х п р оизводн ы х указы вает, что м агнитная  
воспри им ч ивость  соотв етств ую щ и х а-наф тиловы х пр оизводн ы х сильн о зави си т от стер и -  
ч ес к и х  усл ови й  п ер и м ети н овой  группы .



ИК исследования анилов и их комплексов, II
Р . К . У П А Д Х И А И , Р . Р . Б А Н С А Л , А. К У М А Р и А. К . БА Й П А И

Н ек оторы е кетоанилы , я в л яю щ и еся  п р одук там и  взаи м одей ствия 3 -б ен зо и л м ети л -  
гл и ок сал я  с зам ещ енны м и первичны ми аром ати ческ им и ам инам и бы ли охар ак тер и зован ы  
на основе и х  И К  спектров . Бы л рассм отр ен  эф ф ект природы  и п ол о ж ен и я  за м ести тел я  на  
х а р а к т ер н у ю  г р у п п у  анилов- азом етин овую  г р у п п у .

Ч еты ре ан и л а, полученны е и з n -дим етилам и но-, n -диэтилам ино-, п -бр ом - и  п -и о д -  
ани лин ов, бы ли использованы  в обр азован и и  ком плексов  с ионам и бл агор одн ы х м етал лов  
Os(V III )  и А и (Ш ). Н а  основе И К  сп ек тр ов  эт и х  к ом плексов  бы ли сделаны  за к л ю ч ен и я  от ­
носительно м ест координации , и х  относител ьной  стаби льн ости  и структуры .

Совместное нахождение стереоизомерных индолалкалоидов типа 
хибрахамина и изолирование их из листвы Amsonia tabernaernontana

Б . Ж А Д О Н , Й. ТАМ АШ , М. С И Л А Ш И  и П . КА ПО Ш И

И з листвы  (1 8  кг в воздуш н осухом  состоян и и ), собр ан н ой  п ер ед  цветен ием  A m so n ia  
tabernaernontana бы ла изолирована ал к а л о и д н а я  ф рак ция «А», и з которой р а зд ел ен и ем  
на основе основности  и дальнейш им  ф рак цион ир овани ем  с пом ощ ую  к ол он н ой  х р о м а то ­
граф ии бы ли изолированы  винкадин (3 ,4 5  г), эп и ви н к ади н  (6 4  м г), ( +  )-6 ,7 -д еги д р о в и н к а -  
ди н  (6 7 0  мг) и (+ )-6 ,7 -д еги д р о эп и в и н к а д и н  (5 4 5  м г). И з д в у х  первы х вещ еств с пом ощ ую  
дв у х к р а тн о й  ф рак цион ирую щ ей к р и сталли зац и и  бы ли получены  кр и сталли ч еск и е ( — )-  
вин кади н  (1 ,8  г) и (+ )-в и н к а д и н  (8 5 0  м г), а  т а к ж е  кр исталлически й (± )-э п и в и н к а д и н  
(2 2  мг). П родук ты  бы ли идентиф ицированы  на основе ф изических постоянн ы х, х и м и ­
ч еск и х  пр евр ащ ени й , пол уси нтезов  и данны м и м асс-спектром етри и .

Б ы ли получены  далее производны е 3-кар бом еток си хи бр ахам и н а , все соотв етств ую ­
щ ие им стереоизом ерны е производны е 3 -ги др ок си м ети л хи бр ахам и н а, а т а к ж е  бы ли п р о и з­
ведены  сравнительны е м асс-спектром етри ческ ие и ссл едов ан и я . Эпимеры С3 и  в этом  сл уч ае  
бы ли л егк о  различимы .

П олученн ы е результаты  свидетельствую т о том, что диагн ости ческ ая  велич ин а в 
м асс-спектром етри и  м ож ет  с л у ж и т ь  пом ощ ую  в идентиф икации стереоизом ер ов .
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SOME CHEMICAL REACTIONS OF THE ELECTRODE 
GAP AND THEIR ROLE IN SPECTROCHEMICAL 

ANALYSIS, XXIII
B EH A V IO U R  OF METAL O X ID E S IN  T H E  ARC.

E X PE R IM E N T A L  A PPARATU S AND M ETHOD. PR EL IM IN A R Y  E X PE R IM E N T S

Z. L. S za bó

(Department o f  Inorganic and Analytical Chemistry,
Eötvös L . University, Budapest)

H . D o b o l y i - F e j é r d y
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A gas cell and an experim ental m ethod have been developed for investigating 
the reactions of the m ixtures of various m etal oxides w ith  carbon powder in  the arc 
and their effect on the results of spectrochem ical analysis. According to prelim inary 
experim ents, th e  reactions are influenced by  w ater vapour, the m aterial of auxiliary  
electrodes, the composition o f the powder m ixture and the excitation  current.

C hem ical reac tio n s in  th e  arc can  be d iv ided  in to  fo u r groups [1]: h igh- 
te m p e ra tu re  processes o f th e  p lasm a, reac tio n s ta k in g  p lace in  th e  colder zones 
o f th e  p lasm a, reac tio n s  on th e  electrode surfaces an d  reac tio n s proceeding in  
th e  m a te ria l o f e lec trodes. T h e  follow ing series of p ap ers  is concerned w ith  th is  
l a t t e r  group.

C arbon e lec trodes a re  o ften  used  as au x ilia ry  e lectrodes in  p ra c tic a l 
spectrochem ical analysis . F o r th e  in v es tig a tio n  of non -co n d u ctin g  pow ders, 
th e  sam ple, m ixed  in  m o st cases w ith  ca rb o n  pow der, is filled  in to  th e  bo ring  
of th is  e lectrode, a n d  arced  a g a in s t ca rb o n  co u n te rlec tro d e . As electrode m a te ­
ria l, ca rbon  is v e ry  ac tiv e  chem ically . I n  gas a tm o sp h eres  con ta in ing  oxygen  
th e  reactions on th e  e lec trode  surface pro.duce CO and  C 0 2 [2, 3], and  th e ir  h e a t 
o f fo rm atio n  is ad d ed  to  th e  electric  energy  o f th e  arc  th e re b y  increasing  th e  
te m p e ra tu re  of th e  e lectrode. O u r p rev ious in v es tig a tio n s[4 ]h av e  show n th a t  th e  
q u a lity  of ca rb o n  electrodes is re lev an t, an d  th e  reac tio n s on th e  electrode su r­
face are considerab ly  in flu en ced  b y  th e  g rap h itic  or n o n -g rap h itic  n a tu re  of th e  
e lectrode. M ore am orphous ca rb o n  electrodes a re  m ore reac tiv e  owing to  th e ir  
in ferio r h e a t co n d u c tan ce  w hich  causes th e  e lec trode  w arm  u p  to  h igher te m ­
p e ra tu re s  d u rin g  arcing . H ow ever, for s tru c tu ra l reasons, th e ir  ox idation  sets 
in  a t  low er te m p e ra tu re s . T h is ty p e  of ca rb o n  is m ore porous, showing h ig h er 
specific surface a rea  in  heterogeneous chem ical reac tio n s. O f course, th e  
te m p e ra tu re  an d  th e  reac tio n s o f  carbon  electrodes are  also in fluenced  b y  th e  
m ass of th e  e lectrode to  be h ea ted . In  ad d itio n  to  th e rm a l effects, th e  reac-
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tio n s  on  e lectrode surface are also su b s ta n tia lly  affected  b y  o x id a tio n  an d  
re d u c tio n  tendenc ies o f p u re ly  e lec trical o rig in  [5], depending  on th e  p o la r ity  
o f  e lec trode .

F o r  non -co n d u ctin g  m ate ria ls  filled  in to  th e  boring  o f e lectrodes, th e  
chem ica l reac tio n s induced  b y  a rc ing  a n d  th e ir  effect on spectrochem ical a n a l­
ysis h a v e  been  s tu d ied  to  g rea t e x te n t. T h e  role of therm o ch em ical processes 
w as f i r s t  rea lized  b y  L e u c h s  [6 ]. T h e in v es tig a tio n s  of S c h r o l l  [7 — 10] h av e  
show n  th a t  m ix tu re s  filled  in to  th e  b o rin g s o f electrodes m a y  un d erg o  o x id a ­
tio n , red u c tio n , decom position , su lfide  or ca rb id e  fo rm ation  an d  halog én a tio n . 
T h ese  reac tio n s g re a tly  affect th e  v o la tilitie s  of th e  com ponen ts o f th e  sam ple. 
S ince th e y  also in fluence  th e  resu lts  o f spectrochem ical analysis, th e ir  v o lu n ­
ta r y  ap p lica tio n  m ay  re su lt in  b e t te r  a n a ly tic a l resu lts  an d  low er detec tio n  
lim its . T he m ost th o ro u g h  in v es tig a tio n s  h av e  recen tly  been carried  o u t by  
N ic k e l  [11 — 17] an d  R a u t s c h k e  [1 8  — 2 2 ] .  T hese papers deal m a in ly  w ith  th e  
re d u c tio n  an d  carb id e  fo rm atio n  o f tra n s i t io n  m eta l oxides an d  b o ro n (III)  
ox ide . In  p a ra lle l w ith  spectrochem ical analysis , th e  ty p e s  of solid reac tio n  
p ro d u c ts , fo rm ed  in  th e  m ix tu res  o f ox ides an d  carbon pow der filled  in to  th e  
b o rin g s  of ca rb o n  electrodes, w ere in v e s tig a te d  b y  m eans o f X -ra y  d iffrac tion  
a n d  iso top ic  m ethods. T he effect o f th e ir  th e rm a l b ehav iou r on th e  su b seq u en t 
v o la tiliz a tio n  o f th e  sam ple an d  on th e  lin e  in tensities of th e  sp ec tru m , an d  th e  
m a te r ia l  t ra n s p o r t  to w ard  th e  co u n te re lec tro d e  were also stu d ied . O n th e  basis 
o f th e  m easu red  te m p e ra tu re  d is tr ib u tio n  o f th e  electrode, therm o ch em ical 
c a lcu la tio n s  w ere m ade an d  th e  fo rm a tio n  o f expected  an d  m easu red  re a c tio n  
p ro d u c ts  w as com pared .

T hese p rob lem s are  discussed in  sev era l papers [23 — 2 9 ] ,  s tu d y in g  th e  
e ffec t o f th ese  reac tio n s on th e  re su lts  o f  spectrochem ical ana lysis , m a in ly  on 
th e  basis of th e  changes in  line in ten s itie s .

In  o rd er to  s tu d y  th e  reac tio n s  occu rring  in  th e  m a te r ia l o f e lectrodes 
fro m  a n o th e r asp ec t, we app lied  gas an a ly s is  m ethods, developed  in  our earlie r 
in v es tig a tio n s  [30]. U sing m ix tu re s  o f  ca rb o n  pow der an d  m e ta l oxides as 
m odels, th e  am o u n ts  of ca rbon  oxides fo rm ed  in  th e  reac tio n s w ere m easu red , 
a n d  th e  d a ta  w ere co rre la ted  w ith  th e  re su lts  of spectrochem ical analysis. O ur 
a im  w as to  s tu d y  th e  role of th e  s ta b ilitie s  and  reac tiv itie s  o f ce rta in  m e ta l 
ox ides in  th ese  reac tio n s, th e  ro le o f  th e  am o u n t of ca rb o n  pow der u sed  as 
d ilu e n t, an d  to  s tu d y  th e  effect o f th e  q u a lity  of th e  ca rrie r e lectrodes on th e  
reac tio n s . A n o th e r aim  w as to  d e te rm in e  w heth er th e  above m en tio n ed  o x id a ­
t io n  an d  re d u c tio n  tendencies w hich  d ep en d  on th e  p o la r ity  of th e  elec trode , 
a n d  co n tro l th e  reac tio n s on e lec trode  surfaces, do have  a ro le in  reac tio n s p ro ­
ceed ing  in  th e  electrode.

T h e  in v es tig a tio n s  w ere ca rried  o u t  u n d e r A r a tm osphere  in  o rder to  e lim ­
in a te  fu r th e r  p a ra lle l reac tions cau sed  b y  th e  gas phase . T h e  p a ra m e te rs  
g en era lly  re le v a n t  in  spectrochem ical ana lysis , i.e. th e  flow  ra te  of A r (s tead y
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an d  stream in g  a tm o sp h ere ), th e  b u rn in g  tim e  o f th e  arc , cu rren t, th e  q u a lity  
an d  p o la rity  of th e  ca rrie r electrodes, an d  th e  com p o sitio n  o f th e  m ix tu re  w ere 
varied . T he p u rp o se  o f these  in v estig a tio n s w as to  acqu ire  fu r th e r  pieces o f 
in fo rm atio n  on th e  chem ical side processes of th e  arc  an d  on th e ir  role in  ch em ­
ical em ission sp ec tra l analysis.

Apparatus and experimental conditions

The experim ents were carried ou t in  the apparatus shown in  Fig. 1, which enables to  
perform  m easurem ents in  steady and stream ing gas atm osphere. The apparatus consists o f 
the following parts.

1. Gas cell. The cell is a quartz tube, 35 mm in height and 38 mm in in ternal diam eter, 
closed a t the top and the bottom  by stainless steel electrode holder assemblies by  means o f 
rubber seals. They broaden conically tow ards the interior of th e  cell. A t the tips of either cone, 
in  the bottom  and top  end of the cell, a steel gas inlet leads in to  th e  cell. The inner ends o f 
the tubes are slightly conical, so th a t the two electrodes can be fixed in  them  by simply press­
ing. The ends of the tubes are closed by  these electrodes. The gas is introduced and rem oved 
through perforated openings beside the conic ends. The tubes are m ounted through rubber 
sealings, by means of ring clamps, in the two conic end plates, and they  also p lay the role of 
electric leads. The end plates are held together by screws insu lated  w ith plexi glass. The cell 
can be disassembled and th e  electrodes replaced by loosening these screws. The two steel tubes 
can be moved in  vertical direction, enabling the distance of the electrodes to be adjusted. In  
appropriately sealed sta te , the sealing of the cell is able to  keep several ten ths of atm osphere 
overpressure for prolonged time. Owing to the conical top and bo ttom  ends of the cell the gas 
space can be flushed perfectly w ith pure argon.

2. Gas inlet system. Argon gas for the experim ents is tak en  from  cylinders through 
a finely adjustable reducto r valve. To the reductor, a three-w ay cock is a ttached, w ith one 
branch connected to a balloon gasometer, and one for passing th e  gas from either the cylinder 
or the gasometer. This b ranch  leads to another, six-way cock [31]. The role of this cock is 
to lead the gas directly in to  the cell or, by turning the tap  by  180° w ith a single m ovem ent, 
pass i t  through a bubble flack  filled w ith w ater. The direct p a th  is for the in troduction of d ry  
gas, whereas reflushing can be checked by the bubble flask. In  crossed position, the six-way 
cock closes one end of th e  cell, too. The gas is led by vacuum  tubes and by simple, w hite 
rubber tubes.

3. Gas sampling system. The upper steel tube, which also holds the counterelectrode, 
is a ttached  to another three-w ay cock by means of a rubber tube. One branch of the cock is 
connected to a soap-film gas flow meter. The th ird  branch leads to an evacuated gas sam pling

Fig. 1. E xperim ental apparatus
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b o ttle  containing appropriate reagents for gas analysis. The bottle  is also used as a titra tion  
flask  [30]. In  experiments under steady gas atm osphere the outlet of the cell is closed by this 
three-w ay cock. In  experim ents using gas flow, capillary tubes varying in length  and diam eter 
are in serted  between the three-w ay cock and the gas sampling bo ttle  in  order to  control the 
flow  ra te  of the gas into th e  evacuated  bo ttle  and thereby the flow ra te  in  th e  cell, too. The 
capillary  is protected from solid particles, carried by  the gas from the pow der sample, by a 
sm all piece of cotton wool. The flow rates produced by the various capillaries were calibrated 
w ith  th is piece of cotton wool inserted.

F or the investigations welding argon of 99.96 % purity  was used; the p u rity  was checked 
by  gas chrom atography.* The gas contained 0.005 % of oxygen, also noted in th e  quality  spec­
ification , 0.03 % of N „ and m inim um  am ounts of CO and m ethane. According to previous 
experiences, this quality is appropriate for th e  investigations, and no fu rth er purification is 
necessary.

The balloon gasom eter was flushed several times w ith argon and then  filled w ith ca. 
1 1 of th e  gas. Thereafter, th e  three-w ay cock was tu rned  towards the cell, and i t  was flushed 
for 4 m inutes w ith Ar flowing from  the cylinder a t a ra te  of 600 cm3/m in. The ra te  was m ea­
sured w ith  a flowmeter connected to the o u tle t of the cell.

In  experiments under steady atm osphere the arc was in itia ted  after stopping the gas 
flow  and  closing the cell. A fter arcing, the cell was connected to the gasom eter and, by care­
fully opening the tap  of the evacuated  flask and the upper three-w ay cock, the gas content of 
th e  cell was passed in to  th e  flask and the cell was flushed w ith Ar from  the gasometer. The 
com pleteness of sampling could be checked w ith  the bubble flask a t the six-w ay cock.

In  experiments using gas flow, the gas cell was flushed in  the above m anner, then 
sw itched to  the gasometer. To s ta r t the gas flow controlled by the capillary th e  upper cocks 
were opened. The arc was in itia ted  1 second after this operation, and b u rn t for 10 seconds in 
m ost experim ents. The gas flow  was m aintained un til the sampling flask reached the atm os­
pheric pressure.

The complete flushing of the cell is ensured by  the volume ratios of the  cell and the 
sam pling flask. The cell is only 50 cm3 whereas the flask is 600 cm3 in volum e, i.e. the cell is 
flushed  w ith more th an  tenfold am ount of gas.

For the experim ents an  a.c. polarized arc, in itia ted  a t the m axim um  of voltage, was 
produced b y  a SzAKÁcs-type arc generator also controlled in the arc circuit [32]. Depending 
on th e  requirem ents, the cu rren t of the arc was varied between 3.5 and 18 A.

The powder specimens were filled in to  the boring of carrier electrodes (RW  I I  or EW  0, 
p roduced by Ringsdorff W erke GmbH) of appropriate shape, and were used as the lower 
electrode (either anode or cathode) of an electrode pair opposite to  a counter-electrode of the 
sam e type.

The spectra were photographed on A gfa-G evaert 34 В 50 plates w ith  an ISP  22 spec­
tro g rap h , by directly illum inating the 20 /пт slit of the instrum ent from  a distance of 30 cm. 
F o r th e  calibration of the photographic p late , and to  measure higher densities, a calibrated 
tw o-step  filter of 100/20 % transm ission was placed in front of the slit. The p lates were devel­
oped in  A gfa—1 developer for 5 m inutes a t 20 °C. The densities were m easured w ith an 
MF-2 microphotometer, and  Y = lo g  I  and I values were calculated after Px transform ation and 
background correction.

The experiments are based on m easuring the CO and C 02 conten t of the gas passed 
from  the cell into the titra tin g  flask. Carbon monoxide was oxidized to  C 02 w ith  potassium  
perm anganate  in the presence of silver n itra te  as a catalyst, and the  excess of potassium  
perm anganate was m easured. Carbon dioxide was measured separated by  absorbing it  in 
barium  hydroxide solution and titra tin g  the excess of alkali w ith hydrochloric acid [30].

The analytical and spectral da ta  given in  the tables and figures were obtained as a 
m ean  of 5 —10 parallel m easurem ents, the  num ber of measurem ents depending on the actual 
sca tte r  of data.

Prelim inary experiments

N o reference can  be fo u n d  in  th e  l ite ra tu re  on th e  m easu rem en t of gas 
p ro d u c ts  form ed in  reac tio n s  o f n o n -co n d u c tin g  m ateria ls  d u rin g  spectroscopic 
an a ly sis . T herefore, th e  f irs t  ta s k  w as to  de te rm ine  w h e th e r th e  am o u n t of

* The gas chrom atographic m easurem ents were made by Dr. J .  T r o m pler  and Dr.
E . H ollós-R o k o s in y i. The authors are m uch indebted for the m easurem ents.
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carb o n  oxides is d e tec tab le  a t  all, an d  if  so, to  w h a t e x te n t  i t  m ay v a ry  w ith  
th e  p a ram ete rs  o f spectrochem ical analysis. To th is  end , some ex perim en ts 
w ere carried  o u t w ith  a m ed ium  c u rren t o f 13 A u sin g  1 : 1 m ix tu res o f fiv e  
m e ta l oxides (Ag20 ,  CuO, P bO , CoO and  ZnO) an d  a g rap h itic  ca rbon  pow der 
(ty p e  SU —601, p rep a red  b y  E lek tro k a rb o n  T o p o lcan y , Czechoslovakia). 
A boring, 4 m m  in  d e p th  and  2.5 m m  in  d iam eter, w as d rilled  in to  th e  lo n g -stu d  
end  (length  4 m m , d iam e te r  3.5 m m ) o f an  R W  I I  ca rb o n  electrode, an d  th is  
boring  was filled  w ith  th e  pow der specim en. The filling  w as com pacted  w ith  a 
glass rod , and  th e  to p  w as c leared  off. T he coun te re lec tro d es w ere R W  I I  ca rb o n  
electrodes too , w ith  lo n g -stu d  ends (3.5 m m  in d ia m e te r  an d  4 m m  in  len g th ). 
T he experim en ts w ere perfo rm ed  u n d e r stead y  A r a tm o sp h ere .

The role o f water vapour

A lready  in  th e  f ir s t  exp erim en ts , a lucky  acc id en t led  to  th e  recogn ition  
of th e  role of w a te r  v a p o u r  in  th e  reactions. F ro m  th e  b u b b le  flask , used  to  
check th e  flow  ra te  o f gas, w a te r  en te red  th e  cell, an d  th u s  some experim en ts 
w ere carried  ou t u n d e r  w a te r  v a p o u r a tm osphere. T h is h a d  increased  th e  reac ­
tio n , p a rticu la rly  th e  fo rm a tio n  o f C 0 2. C onnecting th e  ca rrie r electrode as 
anode, 1.0 cm 3, w ith  oppo site  p o la r ity  0.7 cm 3 of C 0 2 w ere m easured , w hereas 
in  d ry  cell, w ith  A r b u b b led  th ro u g h  w a te r, th e  re su lts  w ere 0.35 and  0.27 cm 3, 
respective ly . E v en  th is  ap p eared  to  be too  h igh, ta k in g  in to  accoun t th a t  a 
1 : 1 m ix tu re  of CoO an d  carb o n  co n ta in s an  ab o u t sevenfo ld  excess of C, ca lcu ­
la te d  fo r th e  possible reac tio n , and  th u s  only CO w as ex p ec ted  to  form . To 
c la rify  th e  problem , th e  borings of th e  electrodes w ere filled  w ith  pure  carb o n  
pow der to  ensure th a t  in  a possible reac tio n  only th e  o x ygen  of w a te r shou ld  
ta k e  place. U nder A r a tm o sp h ere  b u b b led  th ro u g h  w a te r , an d  th u s  s a tu ra te d  
w ith  w a te r v ap o u r, 0.15 cm 3 of C 0 2 w as m easured  w ith  anod ic , and  0.10 cm 3 
w ith  cathod ic  ex c ita tio n . U n d er d ry  argon  gas, how ever, no C 0 2 could  be 
m easu red , n e ith e r w ith  p u re  carb o n  pow der nor w ith  CoO +  C m ix tu re . T h ere ­
fore, in  th e  su bsequen t ex p erim en ts  d ry  A r was used an d  o n ly  carbon  m onoxide 
w as m easured.

T he role of w a te r  v a p o u r  in  th e  fo rm atio n  o f CO w as also in v estig a ted . 
W ith  carbon  pow der filled  in to  th e  boring  of R W  I I  ca rb o n  electrode, u n d e r 
d ry  A r atm osphere , 0.75 cm 3 of CO w as m easured  w ith  e ith e r  electrode p o la r­
ity . A gain , th is  ap p eared  to  be too  h igh, tak in g  in to  ac c o u n t th a t  th e re  could  
be p rac tica lly  no oxygen  in  th e  cell. C onsidering th e  po ro u s surface of R W  I I  
ca rb o n  [3], we have  concluded  th a t  adso rbed  w a te r v a p o u r , o r 0 2, m u st be con­
v e rte d  in to  CO in an  e lec trode  surface reaction . T herefo re , th e  filled  electrodes 
w ere dried  a t  135 °C, p u t  in to  th e  cell in  h o t s ta te , an d  a rgon-flow  was s ta r te d  
im m ed ia te ly . The re su lts  of these  m easu rem en ts are show n in  T ab le  I . I n  th e  
h ead in g  of th e  tab le  “ a ”  an d  “ c”  re fer to  th e  p o la rity  (anode or cathode) of th e
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c a r r ie r  e lectrode d u rin g  arc ing . G rap h ite  R W  О electrodes w ith  w ith  sm ooth 
su rfa c e s  p roduced  0.06 a n d  0.04 cm 3 o f CO if  b o th  electrodes o f  th e  p a ir were 
d r ie d . T h e  above d a ta  p ro v e  th a t  th e  fo rm a tio n  of CO is, in d eed , due  to  m a te ­
r ia ls  ad so rb ed  on th e  su rface  of e lec trodes. T he v a ria tio n  o f th e  a m o u n t of CO 
also  show s th a t  ca rb o n  pow der filling  w ith  h igh  specific surface a rea  also adsorb 
re a c tiv e  substances, since th e  d ry in g  of th e  filled  carrier e lec tro d e  decreases th e  
a m o u n t  of CO to  a g re a te r  e x te n t th a n  th e  su bsequen t d ry in g  o f th e  co u n te r­
e lec tro d e .

W e have in v e s tig a te d  th is  “ re m a in d e r”  reac tio n , s till p re se n t w hen b o th  
e le c tro d e s  are dried , as a fu n c tio n  o f c u rre n t (Table I I ) . I n  th e  experim ents 
p u re  ca rb o n  pow der w as filled  in to  R W  I I  ca rrie r electrodes. F ro m  th e  d a ta  ob­
ta in e d  tw o  conclusions can  be d raw n . (1) T he reac tio n  is caused  b y  th e  adsorbed 
m a te r ia l ,  and  i t  is essen tia lly  an  e lec trode  surface reac tio n . W ith  increasing 
c u r r e n t  th e  reaction  zone also increases ow ing to  th e  ex ten d in g  glow ing area.
(2) D ry in g  a t 135 °C does n o t rem ove  th e  adsorbed  su b stan ces  com pletely. 
S tro n g e r  heating , how ever, m ay  lead  to  a “ spon tan eo u s”  re a c tio n  in  th e  m ix­
tu r e s  o f less stab le  ox ides. T herefo re , we decided to  d ry  th e  e lectrodes alw ays 
a t  135 °C, tak e  th e  ab o v e  values in to  acco u n t as th e  resu lts  of “ b la n k ”  m easure-
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ТаЫе I

The role o f drying the electrodes. R W  I I  electrodes, carbon powder fill in g , 
current 13 A ; a — anodic, c — cathodic excitation

CO cmE
Experim ental condition

a C

U ndried electrode pair 0.74 0.75
Carrier electrode dried 0.43 0.31
B oth electrodes dried 0.16 0.13

Table II

The change o f CO evolution with current, carbon powder filling ; 
a — anodic, c — cathodic excitation

Current
CO cm '

a c

4 0.04 0.04

7 0.07 0.06

10 0.10 0.09
13 0.16 0.13
16 0.23 0.17
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m en ts . A ccording to  ou r considera tions th is  surface re a c tio n  ru n s p a ra lle l 
w ith , b u t  in d ep en d en tly  of, th e  reac tio n s proceeding in  th e  m a te ria l o f th e  
elec trode , i.e. i t  can  be reg a rd ed  a d d itiv e  to  good a p p ro x im a tio n , and  sim ply  
su b tra c te d  from  th e  re su lts .

The role o f the quality o f auxiliary electrodes

O n 1 : 1 m ix tu res  of th e  fiv e  m e ta l oxides given in  th e  in tro d u c tio n  w ith  
ca rb o n  pow der SU — 601, we h av e  è tud ied  th e  effect o f th e  p ro p e rtie s  o f ca rb o n  
ca rrie r  electrodes (R W  I I  an d  R W  0) on th e  reactions o f  th e  m ix tu res  filled  
in to  th e  borings. I t  could  be ex p ec ted  th a t  these  reac tio n s also depend  on th e  
d iffe ren t h ea t co n d u c tan ces of th e  ca rr ie r  electrodes an d  th u s  on  th e  d iffe ren t 
e x te n ts  o f glowing in  th e  arc , since R W  I I  is m ore am o rp h o u s  an d  R W  0 is 
m ore  g raph itic . F o r th e  sake of com parison , good h ea t co n d u c to r copper ca rrie r 
a n d  coun ter-e lec trodes w ere also app lied . T he cu rren t o f  th e  arc  “was 13 A, 
b u rn in g  tim e 10 s. T he resu lts  are g iven in  T ables I I I  an d  IV . O n th e  basis o f 
th e  d a ta  th e  follow ing conclusions can  be d raw n.

1. The g rea te s t reac tio n  w as o b ta in e d  w ith  ca rb o n  e lec trode  R W  I I  
(am orphous), for w hich  glowing is th e  s tro n g est, and  th e  sm a lle s t reac tio n  w as 
show n b y  good h e a t co n d u c to r copper electrodes.

Table III

The role o f the material o f auxiliary electrodes. Various metal oxide-carbon powder 
mixtures, 13 A , anodic excitation

Auxiliary
electrode

CO cm3

A g,0 CuO PbO CoO ZnO

RW II 1.84 2.75 1.23 2.15 1.76

RW 0 1.89 1.12 0.56 0.59 1.15
Cu 1.04 0.88 0.36 0.36 0.34

Table IV

The role o f the material o f auxiliary electrodes. Various metal oxide—carbon powder 
mixtures, 13 A , cathodic excitation

Auxiliary
electrode

CO cm3

A g,0 CuO PbO CoO ZnO

RW II 1.84 1.72 1.30 1.35 1.12
RW 0 1.80 1.13 0.71 0.85 1.04
Cu 0.62 0.41 0.36 0.25 -
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2. W ith  ca rb o n  electrodes R W  I I ,  th e  reac tio n  is genera lly  g rea te r if  
th is  electrode is u sed  as anode, in  re la tio n sh ip  w ith  th e  v isu a lly  observable  
fa c t th a t  a t th e  sam e c u rre n t an  R W  I I  anode glows m ore  strong ly  th a n  a 
ca th o d e  of th e  sam e m ate ria l.

3. Up to  m ed iu m  cu rren ts , g rap h itic  e lectrode R W  0 glows m ore s trong ly  
w h en  used  as ca th o d e . T h is is due to  c ry s ta l s tru c tu re  reaso n s [3]. T herefore, 
g re a te r  reac tion  can  u su a lly  be observed  here  w ith  ca th o d ic  excita tion .

4. The b eh av io u r o f  copper e lec trodes can  be in te rp re te d  in  a d iffe ren t 
w ay . T he filling  is h e a te d  now  th ro u g h  d ifferen t m echan ism s depending  on 
th e  p o la rity  of th e  elec trode . W ith  ca rb o n  electrodes a t  m ed iu m  cu rren ts , th e  
b u rn in g  spo t o f th e  arc  is loca ted  p a r t ly  on th e  rim  o f th e  carrie r e lectrode, 
b u t  m ain ly  on th e  filling  itself. W ith  copper e lectrodes th is  holds for anodic  
e x c ita tio n  only. O n th e  ca thode , th e  arc  b u rn s exclusively  on th e  rim  o f th e  
co p p er electrode, w h ich  can  be ex p la ined  in  a sim plified  m an n e r b y  th e  fac t 
t h a t  copper has low er w ork  fu n c tio n  (4.38 eV) th a n  ca rb o n  (4.83 eV). T he elec­
tro n s  escape, th e re fo re , from  copper an d  th e  arc is localized  on it. A ccordingly , 
w ith  ca thodic  ex c ita tio n , th e  m a te ria l filled  in to  th e  b o rin g  o f  copper e lectrodes 
is h e a te d  only in d ire c tly , th ro u g h  th e  copper carrier.

5. The re su lts  follow  only  p a r t ly  th e  above series o f  m eta l oxides an d  
th e ir  re a c tiv ity  series. T his m ay  h av e  tw o  reasons. T h e  m ix tu re s , alw ays 1 : 1 
in  w eigh t ra tio , c o n ta in  d ifferen t m o lar am o u n ts  of ox ides an d  th u s  d iffe ren t 
a m o u n ts  of reac tiv e  oxygen. T herefo re , in  th e  fu r th e r  ex p erim en ts  m ix tu res  
c o n ta in in g  un ifo rm ly  3.45 % by  w eigh t o f  b o und  oxygen  w ere  stud ied . T he o th e r 
re a so n  is th a t  th e  v a rio u s  oxides h av e  d ifferen t specific  w eights. T hus, even  
w h en  th e  m ix tu res  co n ta in  th e  sam e p ercen tage  o f oxygen , th e  p rac tica lly  
id e n tic a l volum es o f  borings co n ta in  d iffe ren t am o u n ts  o f m ateria l. W e h av e  
tr ie d  to  e lim inate  th is  d ifficu lty , w ith  lim ited  success on ly , by  re la tin g  th e  
re su lts  to  th e  th e o re tic a lly  possible com plete  reac tio n  t h a t  m ay  tak e  p lace in  
th e  given a m o u n t o f  m ateria l. H ow ever, th e  re su lts  o b ta in ed  w ith  copper 
c a rr ie r  electrodes, co rrespond ing  to  sm aller reac tions, follow  th e  sequence o f 
re a c tiv ity . C onsequen tly , th e  s trong  glow ing o f ca rb o n  electrodes m igh t lead  
to  in te rfe rin g  side processes, e.g. increased  spilling o f sam p le , etc.
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The role o f metal oxide—carbon poivder ratio

In  th e  th ird  series of ex p erim en ts  th e  in fluence  o f  th e  ra tio  of m e ta l 
ox ide  and  carb o n  pow der was in v es tig a ted  on CoO. A u x ilia ry  electrodes w ere 
m ad e  of R W  I I  ca rb o n , cu rren t w as 13 A and  b u rn in g  tim e  10 s. M easurem ents 
w ere m ade on m ix tu re s  of 1 : 1, 1 : 2, 1 : 3 and  1 : 5.2 ra t io , corresponding  to  
50, 33, 25 and  16 % b y  w eight o f CoO. T he resu lts  a re  sum m arized  in  F ig . 2. 
L abels a and  c on  th e  curves refer to  th e  use of c a rr ie r  e lectrode as anode or 
ca th o d e . I t  can  be seen th a t  up  to  ca . 30 % b y  w e ig h t th e  fo rm atio n  o f CO
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Fig. 2. The change of th e  am ount of CO w ith the composition of CoO +  C m ixture; a — anodic,
c — cathodic excitation

increases linearly  w ith  th e  reac tiv e  oxygen c o n te n t o f th e  m ix tu re . A t h ig h er 
co b a lt oxide co n c e n tra tio n s , how ever, th e  curves inc line  dow nw ards. I t  is 
w o rth  ex tend ing  th e  in v estig a tio n s to  th e  com plete  0—100 % range of m e ta l 
oxide co n ten t, since th is  inc lin a tio n  can be ex p ec ted  to  con tinue . This is due  
to  th e  fac t th a t  a t  h ig h er m eta l oxide co n cen tra tio n s th e  a m o u n t of th e  o th e r  
re a c tio n  p a r tn e r  (carb o n ) decreases, th e re b y  suppressing  th e  reaction .

The role o f the current

O ur n ex t ex p e rim en ts  aim ed a t  s tu d y in g  th e  ro le o f  th e  cu rren t o f th e  
arc in  th e  reac tio n  o f m e ta l oxide and  carbon  pow der. A u x ilia ry  electrodes w ere 
R W  I I  carbon , b u rn in g  tim e  w as 10 s. T he ex p erim en ts  w ere perform ed on 
CoO o f m edium  re a c tiv i ty  an d  on CuO of h ig h er decom position  ab ility . T h e  
com position  of th e  m ix tu re s  w ith  carbon  pow der w as chosen in  a m an n e r 
(1 p a r t  o f CoO, 5.2 p a r ts  of C, an d  1 p a r t  o f CuO an d  4.8 p a r ts  o f C, respectively) 
th a t  b o th  m ix tu res  co n ta in ed  3.45 % b y  w eigh t of b o u n d  oxygen. The curve  
p a irs  g iven in  F igs 3 an d  4 have  sa tu ra tio n  ch a ra c te r . A s a t  higher cu rren ts  
th e  m a te ria l filled in to  th e  boring  of th e  e lectrode glows to  increasing e x te n t, 
th e  rea tio n  can be reg a rd ed  p rac tica lly  com plete . In  th e  anode, w hich glows 
to  a g rea te r  e x te n t, th e  reac tio n  increases fa s te r  th a n  in  th e  cathode. I t  can  
also be  seen th a t  th e  cu rves of m ore easily decom posed  CuO have s teeper 
in itia l sections, an d  th e  a m o u n t of resu lting  CO is also h ig h er th a n  in  th e  case 
of CoO. These d a ta  in d ic a te  th e  d ifferen t reac tiv itie s  o f th e  tw o m eta l oxides. 
I t  can  also be seen fro m  th e  figures th a t ,  a lth o u g h  th e  cu rves p rac tica lly  reach  
th e ir sa tu ra tio n  v a lu es , th e  reac tio n  of th e  m a te ria ls  filled  in to  th e  boring of 
electrode rem ains below  100 % even a t  a c u rre n t o f 18 A. C onsequently , a p a r t  
of th e  specim en is inaccessib le  for th e  reac tio n . T he ex p erim en ts  have also

Acta Chim. Acad. Sei. Hung. 96, 1978



198 SZABÓ, DOBOLYI-FEJÉRDY: CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXIII

F ig . 3. The change of the am ount of CO w ith  curren t in  CoO +  C m ix ture; a — anodic,
c — cathodic excitation

Fig. 4. The change of the am ount of CO w ith  current in CuO +  C m ix ture; a — anodic,
c — cathodic excitation

re v e a le d  th a t  d u rin g  arcing  th e  m a te r ia l filled  in to  th e  b o rin g  o f th e  electrode 
sp ills  to  a rem ark ab le  ex ten t. Spilling  h as  tw o  reasons. O n one h a n d , th e  u p p e r 
la y e r  of th e  filling  is looser th a n  th e  b u lk , w hich could be b e tte r  com pressed 
b y  m eans of a glass rod . This loose u p p e r  lay e r is very  liab le  to  sp illing . O n th e  
o th e r  h an d , a fte r a c e r ta in  e x te n t o f  g low ing, reactions invo lv in g  gas evo lu tion  
m a y  also ta k e  p lace in  th e  b u lk  o f filling . T he gas evolved m a y  leave  th e  m a te ­
r ia l  o n ly  upw ards, th e re b y  blow ing o u t a p a r t  of th e  m a te ria l above it. T ak ing  
th e se  phenom ena in to  accoun t, th e  m e th o d  has been m odified  in  th e  follow ing 
m a n n e r . Before filling  in  th e  sam ple , th e  w alls of th e  ca rr ie r  e lec trode  were 
b o re d  th ro u g h  h o rizo n ta lly  w ith  a  d rille r  1 m m  in d iam ete r, 3 m m  below  the  
u p p e r  rim  of th e  e lectrode, i.e. 1 m m  above th e  b o tto m  o f th e  sam ple boring . 
T h ro u g h  these holes, th e  gas evo lved  in  th e  bu lk  of th e  fillin g  m ay  leav e  th e  
e lec tro d e  sidew ays. T hese e lec trodes a re  called in  th e  su b seq u en t papers 
“ v e n tilla tin g ”  electrodes. T he u p p e r, loose lay er of th e  filling  w as sim ply  re ­
m o v ed  b y  tu rn in g  th e  electrodes u p sid e  dow n and  sligh tly  ta p p in g  th em . B y  th is 
m e th o d  spilling of th e  specim en d u rin g  arc ing  could be red u ced , an d  th e  resu lts  
h a v e  also becom e m ore  rep roduc ib le . W e recom m end th is  p ro ced u re , w hich  has 
b e e n  applied  successfully  in  o th e r, specific  analy tica l ta sk s , too .
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The behaviour of m aterials in  arc was studied on the m ixtures of five m etal 
oxides (Ag20 ,  CuO, PbO, CoO and ZnO) w ith carbon powder. The am ount of CO 
formed during arcing and, in the case of CuO and PbO, the line intensities of the spec­
trum  were m easured as a function of current. A t low currents, the reaction sets in  
around the burn ing  spot of the arc, causing greater reactions in  cathodic excitation. 
The line in tensities of the spectrum  are also higher w ith cathodic excitation. W ith  an 
increase in  cu rren t the complete bulk  of carrier electrode becomes glowing. W ith  
RW  I I  carrier electrodes, the tem pera tu re  of the anode increases to  greater ex ten t. 
A t higher cu rren ts, therefore, anodic excitation  leads to  stronger reactions and higher 
line intensities.

O ur p rev io u s p a p e r [1] w as concerned  w ith  a new  ex p erim en ta l m eth o d  
fo r th e  in v es tig a tio n  of th e  reac tio n s of m e ta l oxides an d  carb o n  pow der, an d  
re p o rte d  some o f o u r f irs t  re su lts . W e h av e  found  th a t  p ra c tic a lly  only CO is 
fo rm ed  during  a rc in g  w hen carb o n  pow der is in  large excess. T he am o u n t o f CO 
depends, am ong o th e r  conditions, on th e  c u rre n t of th e  arc. T his p ap er deals 
w ith  th ese  co rre la tio n s  in  g re a te r  d e ta il, an d  also w ith  th e  selection o f an  
a p p ro p ria te  m odel m a te ria l for fu r th e r  in v estig a tio n s.

Experimental results

O n th e  basis  o f  th e  considera tions g iven  in  ou r p rev io u s p ap er [1], th e  
ex p erim en ts  w ere perfo rm ed  w ith  m e ta l ox ide—carbon  pow der m ix tu res in  
w hich  th e  a m o u n t o f  oxygen b o u n d  in  th e  m e ta l oxide w as u n ifo rm ly  3.45 % 
b y  w eigh t, co rrespond ing  to  th e  1 : 1 w /w  m ix tu re  of th e  h e a v ie s t oxide, Ag20 .  
I n  such  m ix tu res  th e re  is a re la tiv e ly  large  excess of ca rb o n , an d  th u s  th e  fo r­
m a tio n  of C 0 2 cou ld  be p rac tica lly  neg lec ted . T h e  b eh av io u r o f five m eta l ox ­
ides, also used  in  th e  p re lim inary  ex p e rim en ts  (Ag20 ,  CuO, P b O , CoO and  ZnO ),
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w as s tu d ie d  as a fu n c tio n  o f cu rren t. T h e  m easu rem en ts w ere carried  o u t in  
a closed  gas cell, i.e. u n d e r  s te a d y  A r a tm o sp h ere , using easily  h e a tab le  R W  I I  
c a rb o n  aux ilia ry  electrodes (“ v e n tilla tin g ”  electrodes [1]). T h e  b u rn in g  tim e  
o f th e  arc  was 10 s.

A g20  +  C m ix tu re . T he resu lts  a re  show n in  Fig. 1. T h e  p ro d u c tio n  of 
CO is in  nearly  lin ea r re la tio n sh ip  w ith  th e  cu rren t, a lth o u g h  in  th e  anodic 
c u rv e  th e re  is a sligh t s a tu ra tio n  c h a ra c te r . T h e  d a ta  o b ta in ed  w ith  th e  ca rrie r 
e lec tro d e  as anode (curve a) and  as ca th o d e  (curve c) give in te rsec tin g  curves, 
a n d  above ca. 8 A th e  anod ic  values are  a lread y  h igher. T h is ind ica tes th a t  
a t  w eak er cu rren ts  th e  reac tio n  sets in  m ore  read ily  in  th e  ca th o d e  a ro u n d  
th e  b u rn in g  spot o f th e  arc  on th e  ca th o d e , w hich  has, accord ing  to  th e  l i te ra ­
tu re  [2 ], higher te m p e ra tu re . A t s tro n g er cu rren ts , how ever, th e  com plete b u lk  
o f  th e  anode glows u p  m ore  strong ly , an d  th is  is decisive fa c to r  in  th e  reac tio n . 
H o w ev er, even w ith  18 A , com plete  re a c tio n  (100 % m ark  on th e  figure), as ca l­
c u la te d  from  th e  in itia l w eigh t of th e  specim en, could n o t be reached . I n  th e  
case  o f easily decom posing Ag20 ,  m u ch  m ore  m ate ria l is m issing  from  th e  b o r­
in g  o f  th e  electrode th a n  th e  am o u n t ca lcu la ted  from  th e  vo lum e of CO fo rm ed. 
T h is  m a y  he due to  th e  looseness of th e  m a te ria l in  th e  elec trode , to  th e  h igh  
re a c tio n  ra te , or to  th e  h igh  v o la tility  o f silver. In  F ig . 2, th e  m easured  de­
fic ien cy  is show n w ith  solid line, and  th e  deficiency ca lcu la ted  from  th e  vo lum e 
o f CO w ith  broken  lin e . U pon  ex c ita tio n  w ith  d ifferen t p o la rity , th e  m agni-
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A

Fig. 1. The change of CO production w ith current. Ag20  +  C m ixture; a — anodic, c — cathod­
ic excitation

Fig. 2. T he change of m a te ria l  consum ed fro m  th e  boring  of th e  e lectrode w ith  c u rre n t.
Ag20  +  C m ix tu re . Solid line : m easured , b ro k e n  line ; ca lcu la ted  v a lu e ; a — anodic, c — c a th o d ­

ic ex c ita tio n
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tild es  o f th e  m easu red  values a re  rev ersed  a t s tro n g e r c u rre n ts , w here th e  va lu es  
o b ta in e d  w ith  ca th o d ic  ex c ita tio n  are  alw ays g re a te r; th e  pow der is obv iously  
m ore liab le  to  sp illing  u n d er ca th o d ic  exc ita tion .

CuO +  C m ixture. The CO curves are show n in  F ig . 3. The runs of th e  
cu rves are very  s im ila r  to  th o se  o b ta in ed  w ith  th e  A g20  m ix tu re . A lthough  th e  
re su lts  sca tte r s tro n g ly , th e  s a tu ra tio n  ch a rac te r o f cu rves is again  observable . 
W h en  com pared  w ith  th e  m ax im u m  reac tio n  ca lcu la ted  from  th e  w eigh t of 
sam ple  p laced in to  th e  boring  o f th e  carrier e lec trode  (100 % m a rk  in  th e  figu re), 
how ever, th e  re a c tio n  is now  m ore  com plete. S ince th e  red u c tio n  o f b o th  A g20  
an d  CuO produces la rg e  am o u n ts  o f  good h e a t c o n d u c to r m eta ls  in  th e  b o rin g  
of th e  electrode, th e  differences m a y  be due to  th e  d iffe ren t ev ap o ra tio n  te m ­
p e ra tu re s  of th e  m e ta ls  only. T h e  boiling p o in t o f silver is 1950 °C, w hereas 
th a t  o f copper is 2336 °C. T he te m p e ra tu re  of th e  b u rn in g  spo t o f th e  arc, an d  
th e re b y  th e  te m p e ra tu re  of th e  filling , is d e te rm in ed  b y  th e  ev ap o ra tio n  ra te s  
of m e ta ls  form ed in  th e  reac tio n , an d  th is  is low er fo r silver, w hich tran sfe rs  
less h e a t  to  low er, undecom posed  layers. M oreover, in  th e  case of Ag20 ,  con­
ta in in g  twTo m eta l a to m s in  th e  m olecule, a doub le  a m o u n t of m e ta l is fo rm ed  
a t  a g iven oxygen c o n te n t, causing  a stronger cooling effect. F ina lly , Ag20  is 
less reac tiv e  a lth o u g h  m ore u n s ta b le  th a n  CuO.

I t  can  also b e  seen in  F ig . 4 th a t  th e  c o n su m p tio n  o f sam ple ca lcu la ted  
from  th e  CO p ro d u c tio n  (b roken  line) and  m easu red  d irec tly  (solid line) is in  
b e t te r  agreem ent in  th e  case o f  CuO. C onsequen tly , th e  spilling o f sam ple is

Fig. 3. The change of CO production w ith  current. CuO +  C m ix ture; a — anodic, c — cathodic
excitation

Fig. 4. T he change o f  m a te ria l co n su m ed  from  th e  boring  of th e  electrode w ith  cu rren t.
CuO +  C m ix ture . Solid  lin e : m easu red , b ro k e n  line: c a lcu la ted  v a lu e ; a — anodic, c — ca th o d ic

ex cita tio n
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less, leav in g  m ore m a te ria l in  th e  b o rin g  fo r th e  reac tio n . T herefo re , CuO 
a p p e a rs  to  be a b e tte r  m odel for fu r th e r  stud ies th a n  Ag20 ,  due  to  i ts  fa irly  
h ig h  re a c tiv ity , b u t  re la tiv e ly  low er su scep tib ility  to  spilling.

PbO +  C mixture. As show n in F ig . 5, th e  CO curves are  s im ila r to  the  
p re v io u s  ones. T he spilling  of th e  sam p le  is, how ever, even  stro n g er. I f  th e  
a m o u n ts  of CO are re la ted  to  th e  w eig h t o f sam ple in  th e  boring  o f th e  electrode, 
th e  reac tio n s  o b ta in ed  w ith  anodic e x c ita tio n  agree su rp rising ly  well w ith  those 
o f C uO , and  for low er cu rren ts  th e  v a lu es  are  even s ligh tly  h igher. O n th e  
o th e r  h a n d , th e  d a ta  o b ta in ed  w ith  ca th o d ic  ex c ita tio n  are  a lw ays h ig h er th a n  
th o se  o f  CuO.

W ith CuO and PbO m ixtures, sp e c tra  were also ta k e n  in  p a ra lle l w ith  
gas an a ly tic a l m easu rem en ts. T he in te n s itie s  o f a tom  line Cu 282.4 n m  ( I Cu i) 
a re  show n in Fig. 6, w hile th o se  of P b  324.0 nm  ( IPb i) in  Fig. 7. S ince, according 
to  p rev io u s in v estiga tions [3], th e  in te n s ity  o f th e  a to m  line of th e  m a in  com ­
p o n e n t in  a sam ple is ch a rac te ris tic  o f  th e  ev ap o ra tio n  o f th e  sam ple , i t  is 
w o r th  com paring  th ese  curves w ith  th e  ru n  of CO p rod u c tio n . T he in tensities
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Fig. 5. The change of CO production w ith current. PbO +  C m ixture; a — anodic, c — cathodic
excitation

Fig. 6. The change of the in tensity  of atom  line Cu 282.4 nm  w ith curren t; a — anodic,
c — cathodic excitation
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o b ta in ed  w ith  ano d ic  a n d  cathodic  e x c ita tio n  increase , of course, w ith  c u rren t, 
i.e. w ith  th e  e lec tric  energy  used in  ex c ita tio n . L ike  CO cu rves, th e  in te n s ity  
p lo ts  in te rsec t one a n o th e r , and a t  h ig h e r c u rre n ts  th e  anodic  values are  h igher. 
I t  can  he s ta ted , th e re fo re , th a t  th e  e v a p o ra tio n  o f sam ple an d  th e  ex c ita tio n  
of sp ec tru m  lines as w ell as th e  chem ica l reac tio n s ta k in g  p lace  in  th e  boring  
of th e  electrode a re  governed  b y  th e  sam e p a ra m e te rs , th e  energetical condi­
tions o f th e  arc, a n d  th e se  processes occur in  para lle l.

T he d a ta  w h ich  define the  c h a ra c te r  o f sp ec tra  an d  p e r ta in  to  th e  m ean  
tem p e ra tu re  of th e  p lasm  [4] w ere d eriv ed  from  ion  line Cu 237.0 n m  and 
a to m  line Cu 282.4 n m  in  th e  case o f  copper (zJYCu n  F ig . 8), an d  from  ion 
line P b  262.8 nm  a n d  a to m  line P b  324.0 n m in  th e  case o f  le ad  (A Y PÜ n 
F ig . 9). T he change o f  these  values w ith  c u rre n t is sligh t, an d  can  be observed

Fig. 7. The change of th e  intensity  of a tom  line Pb 324.0 nm  w ith curren t; a — anodic,
c — cathodic  excitation

0  -

- I - - - - - - - - - - - - - 1- - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - 1_ _ _ _ _ _ _ _ _ _ _ _ l _

U 7 10 V* 18
A

Fig. 8. The change of spectrum  character (zlYCu 237 0/Cu 282 4) w ith  cu rren t; a — anodic,
c — cathodic  excitation

A

Fig. 9. The change of spectrum  character (z)Ypb 2e2 .s/Pb 3 24 .0 ) w ith  curren t; a — anodic,
c — cathodic  excitation
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m a in ly  below 7 A . T h is  in d ica tes  ag a in  th a t  a t  h igher c u rre n ts  th e  effect of 
s ide  processes is co u n te rb a la n ce d  in  ten d en cy  b y  th e  h ig h er e lectric  energy  [5].

CoO +  C m ixtures. T he CO cu rves (F ig. 10) show  a lread y  m ore su b s ta n ­
t ia l  differences. A lth o u g h  a t  h igher c u rre n ts  th e  d a ta  o b ta in e d  w ith  th e  ca rrie r 
e lec tro d e  as anode a re  in  fa irly  good ag reem en t w ith  th o se  o f CuO, a t  low er 
c u rre n ts  a well m easu rab le  “ de lay ”  can  be observed  in  CO p ro d u c tio n . O n th e  
o th e r  han d , th e  CO vo lu m es o b ta in ed  w ith  ca thod ic  e x c ita tio n  a re  a lw ays below  
th o se  of CuO. CoO is m uch  m ore s tab le  th a n  th e  m e ta l ox ides d iscussed  above, 
a n d  th u s  its  re a c tio n  in  e lectrodes o f low er te m p e ra tu re  is s ig n ifican tly  w eaker. 
W ith  anodic e x c ita tio n , re la tiv e ly  low  electrode te m p e ra tu re s  m a y  occur a t 
w eak e r cu rren ts o n ly , w hereas w ith  ca th o d ic  ex c ita tio n  th e y  m ay  occur in  th e  
com p le te  range o f c u rre n t applied . T h e  loss of m a te ria l in  th e  bo ring  o f elec­
tro d e  during a rc ing  is re la tiv e ly  low , too .

ZnO +  C m ixture. T he curves are  show n in  F ig . 11. T h e re a c tio n  curves 
o f  th is  com pound, w h ich  is m ore s tab le  th a n  th e  p rev ious oxides, a re  f la t te r  
th a n  any  of th e  p rev io u s  curves. T h e  e x te n t o f reac tio n  in  re la tio n  to  sam ple 
w e ig h t is s ig n ifican tly  low er. H ow ever, th e  spilling o f sam ple  is rem ark ab le  
ag a in , due p ro b a b ly  to  th e  low  specific  w eight o f ZnO an d  th e  looseness of 
filling .
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Fig. 10. The change of CO production w ith  current. CoO +  C m ixture; a — anodic, c — cathod­
ic excitation

Fig. 11. The change o f CO p ro d u c tio n  w ith  cu rre n t. ZnO +  C m ix tu re ; a — anod ic , c — c a th o d ­
ic  ex c ita tio n
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T he ch a ra c te r  and , of cou rse , th e  d irection  of th e  ch an g e  o f CO p ro d u c ­
tio n  w ith  cu rren t is th e  sam e fo r  th e  fiv e  m etal ox ides. I n  m an y  cases, a t  h igh 
c u rre n t in ten sities , even th e  m a g n itu d e s  of e x p e rim e n ta l d a ta  are  th e  sam e. 
W ith  such a large excess of c a rb o n , th e  h ea t c o n d u c tio n  p ro p e rtie s  of carbon  
pow der m ix tu res are ev id en tly  d e te rm in ed  by  th e  c a rb o n  co m p o n en t and  th e  
ca rrie r e lectrode of th e  sam e m a te r ia l, and  these effec ts are  on ly  m odified  by  
th e  physica l and  chem ical p ro p e rtie s  of th e  various m e ta l oxides. T hus, in  m ix ­
tu re s  con ta in ing  d iffe ren t m e ta l ox ides in  a large excess o f ca rb o n  pow der, th e  
reac tio n  zones in  w hich  th e  re d u c tio n  of m eta l oxides ta k e s  p lace are ro u g h y  
th e  sam e a t  s tro n g  cu rren ts. H o w ev er, th e  lower co lder b o u n d a ry  of th e  re a c ­
tio n  zone, aw ay from  th e  arc, o b v io u sly  varies w ith  th e  sam ple . C arbon  pow der 
has, consequen tly , a buffer e ffec t, an d  th is  is one o f th e  reasons fo r its  ap p li­
ca tio n  as ad d itiv e  in  th e  in v e s tig a tio n  of n o n -co n d u c tin g  m ateria ls . D urin g  
arcing, how ever, th e  p o la rity  o f  c a rr ie r  electrode has a n  im p o r ta n t ro le, since 
th e  electrodes m ay  have  d iffe ren t tem p era tu res  d ep en d in g  on p o la r ity  [6 ]. 
W ith  R W  I I  ca rb o n , th e  te m p e ra tu re  of anode is h ig h e r a lre a d y  a t  re la tiv e ly  
low cu rren ts , and  th u s  the  re a c tio n  of m ateria ls  filled  in to  its  boring  is g rea te r  
th a n  in  a ca thode o f  th e  sam e m a te r ia l. I t  can  be s ta te d , th e re fo re , th a t  in  th e  
reac tions of m e ta l oxides, s u b s ta n tia l  differences can  be  ex p ec ted  a t  low  an d  
m edium  cu rren ts  on ly . A t h ig h e r e lectric  energies, p a r tic u la r ly  in  th e  case o f  
anodic ex c ita tio n , th e  com plete b u lk  of sam ple filled  in to  th e  bo ring  of an  R W II  
carb o n  carrie r e lec trode  glows u p  to  such an  ex te n t t h a t  th e re  m ay  be no differ­
ence betw een  th e  beh av io u r o f  v a rious m eta l ox ides. (T he reac tio n  h e a ts  
evolved  are, of course, d ifferen t fo r  th e  various m a te ria ls .)  T herefo re , our fu r th e r  
in v estig a tio n s w ith  R W  I I  a u x ilia ry  electrodes w ere c a rr ie d  o u t generally  w ith  
a c u rre n t of 7 A.

T he reac tiv itie s  of th e  f iv e  m e ta l oxides decrease in  th e  sequence given in  
T ab le  I . H ow ever, th is  sequence w as n o t reflec ted  b y  th e  reac tio n  curves, even  
i f  th e  reactions w ere e v a lu a ted  as percen tage  o f th e  m a x im u m  reac tio n  pos-

ТаЫе I

Comparison o f  the metal oxide mixtures studied

Composition of m ix tu re
Molecular 
weight of 

m etal oxide

W eight of 
sample 

g

100%  
reaction 
CO cm8P a r t by weight

Mole 
frac tion  

of m e ta l 
oxide

1 Ag20  +  1.0 C 0.05 231.8 0.0331 1.60
1 CuO +  4.8 C 0.03 79.5 0.0251 1.22
1 PbO +  1.1 C 0.05 223.2 0.0348 1.68
1 CoO +  5.2 C 0.03 74.9 0.0264 1.26
1 ZnO +  4.7 C 0.03 81.4 0.0256 1.24
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sib le  in  th e  given sam ple  in s te a d  o f  com paring  sim ply  th e  v o lu m es of CO p ro ­
d u ced . The reasons fo r th e  w eak er re a c tio n  of Ag20  h av e  a lre a d y  been dis­
cussed . The b eh av io u r of P bO  m ix tu re  w as, how ever, also o dd , p roducing  
s lig h tly  stronger re a c tio n  th a n  th e  m ore  reac tiv e  CuO. T here fo re , b y  using th e  
ta b le , fu rth e r  com parisons w ere m ad e . W e have  s tu d ied  th e  possib ility  of 
com ple te , 100 % re a c tio n  ca lcu la ted  on th e  basis o f sam ple  w eig h t. In  th e  
case  of CuO, CoO a n d  ZnO  th is  co rresponds to  1.24 cm 3 in  av e rag e , w hereas 
fo r  A g20  and  P bO  to  1.64 cm 3 o f CO in  average , in  accord  w ith  th e  average 
w eig h ts  of sam ple ab le  to  fill th e  b o rin g  of e lectrode (0.0257 g a n d  0.0339 g, 
respec tive ly ). C onsequen tly , o f th e  m ix tu re  co n ta in in g  u n ifo rm ly  3.45 % by  
w e ig h t o f b o u n d  oxygen , th e re  is a la rg e r am o u n t o f re a c tiv e  oxygen  in  th e  
b o rin g  of th e  e lec tro d e  for Ag20  a n d  P bO  th a n  for th e  fo rm e r th re e  oxides. 
A lso , b y  expressing th e  com positions o f th e  m ix tu res  as th e  m ole frac tions of 
m e ta l oxides, i t  cou ld  be d iscovered  th a t  these  values w ere low er for CuO, 
CoO and  ZnO. O w ing to  th e  n e a r ly  id en tica l m olecu lar w eig h ts , 3.45 % by  
w e ig h t of b o und  oxygen  co rresponds h ere  to  a m ole fra c tio n  o f  0 .03, w hereas 
fo r  A g20  and P bO  o f h igher m o lecu la r w eights th is  fra c tio n  is 0 .05 , i.e. in  th e  
l a t t e r  case th e re  is m ore m e ta l ox ide  in  th e  m ix tu re  even  w h en  expressed as 
m ole fraction . C onsidering th e  d a ta  p e rta in in g  to  v a rious CoO +  C m ixtures 
d iscussed  in  our p rev ious p a p e r  [1], we feel p robab le  th a t  th e  re a c tio n  of PbO  
m ix tu re  is, am ong o th e r  reasons, s tro n g e r for th e  above reaso n . C onsequently , 
i t  can  be expec ted  in  princ ip le  t h a t  th e  b eh av io u r o f v a rio u s  m e ta l oxides 
co u ld  be com pared  m ost rea so n ab ly  b y  using  m ix tu res  w hich  c o n ta in  iden tical 
m ole fractions o f m e ta l oxides, an d  b y  filling  so m uch sam ple  in to  th e  boring 
o f  electrode th a t  th e  carrie r e lec tro d e  alw ays co n ta in s th e  sam e w eights of 
b o u n d  oxygen. S ince th is  is q u ite  d ifficu lt to  achieve in  p ra c tic e , we will be 
sa tis fied  in  th e  follow ing resea rch  w ith  com paring  th e  b e h a v io u r  o f m ix tu res 
o f  various m e ta l oxides co n ta in in g  th e  sam e mole fra c tio n  o f  m e ta l oxides.
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The aim of th e  present w ork was to develop an experim ental technique to  
compare different h igh purity  gallium  samples and to  reveal the relative changes in 
their im purity  content. The applied evaluation  m ethod is based on a single exposure 
and on a properly chosen internal s tan d ard  th a t  possesses a  useful isotopic d is tribu ­
tion to calibrate th e  photographic p la te . As in ternal standard , H g proved to  be useful 
for the quan tita tive  determ ination of P b  and Cu in  99.9997 % Ga. The required am ount 
of Hg in  the samples added as a d ilu te alloy, is about 0 .3— 1.0 atom ic ppm.

Considering th e  possible errors of the spark ion source technique, and closeness 
of the concentration range to the detection  level, the precision atta ined  is satisfactory. 
The method is to  be extended to o ther elem ents in the fu ture.

Introduction

A fter silicon an d  germ anium , g a llium  is considered as th e  m ost im p o r­
t a n t  e lem ent in  sem iconducto r techno logy . T herefore, th e  req u irem en ts  on its  
p re p a ra tio n , refin ing  a n d  in v es tig a tio n  are  con tinuously  increasing . A m ong 
th e  an a ly tica l m ethods th o se  are p re fe rred  b y  w hich a n u m b e r o f im p u ritie s  
can  be d e tec ted  sim u ltan eo u sly  in  su b -p p m  co n cen tra tio n s. I n  th is  re sp ec t 
sp a rk  source m ass sp ec tro g rap h y  is considered  as one o f th e  m ost usefu l m u lti­
e lem en t m ethods.

G a has been an a ly zed  by  th is  m e th o d  fo r ab o u t f iv e te e n  years  b u t  on ly  
a few  pub lica tions h av e  ap p eared  d u rin g  th is  period. T he analysis  o f Ga involves 
special difficulties re la te d  to

— sam ple p re p a ra tio n ;
— ion source a rran g em en t;
— considerable f lu c tu a tio n  of th e  ion  c u rren t;
— lack  of s ta n d a rd s .

Quantitative analysis —  practical considerations

A ccording to  th e  te ch n iq u e  genera lly  used  in  p rac tice  [1, 2] Ga is p laced  
in  th e  source as a se lf-supporting  e lec tro d e  betw een  cooled clam ps. I n  som e 
ex p erim en ts  th e  sam ple is held  in a g ra p h ite  crucib le facing  a g rap h ite  elec­
tro d e  [3]. R ecen tly  an  e lec tro h y d ro d y n am ic  ion  source w as designed in  o rd e r
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210 KÜRTHY: QUANTITATIVE DETERMINATION

to  avo id  th e  in s ta b ili ty  o f th e  sp a rk  source, how ever, th e  precision  of the  resu lts  
d id  n o t im prove [4].

G allium  analy sis  is perfo rm ed  b y  ap p ly in g  a double focusing m ass spec­
tro m e te r  w ith  a p h o to g ra p h ic  de tec to r. T he ad v an tag es  of th is  are th e  h igh 
se n s itiv ity , th e  h ig h  reso lu tio n  pow er an d  th e  in te g ra tio n  of th e  f lu c tu a tin g  ion 
c u rre n t. T he te c h n iq u e  o f g rad ed  exposure* an d  th e  e v a lu a tio n  based  on th e  
v isu a l com parison  o f th e  “ ju s t  v isib le”  lines are  w idely used  [5].

Q u a n tita tiv e  an a lysis  can  be accom plished  only  b y  m ak in g  use of su itab le  
s ta n d a rd s . G a s ta n d a rd s , how ever, are  n o t av ailab le , p ro b a b ly  due to  th e  d iffi­
cu ltie s  of th e ir  p ro d u c tio n .

T he im p u ritie s  a re  inhom ogeneously  d is tr ib u te d  in  G a sam ples as
— m ost o f th e  im p u ritie s  h av e  low  so lubilities in  G a [6];
— in  slow c ry s ta lliz a tio n  processes, th e  liq u id  phase is en riched  in  chem ­

ical e lem en ts ch a rac te rized  by  k 0 -c 1, w here k 0 is th e  equ ilib rium  
d is tr ib u tio n  coeffic ien t [7, 8 ];

— on o x id a tio n  o f th e  sam ple, th e  oxide phase  is en rich ed  in  ce rta in  
elem ents (e.g. P b , Zn, A l, Cu) [8 ].

T he in h o m o g en e ity  can  be le f t o u t o f considera tion  if  p roper care  is 
ta k e n  during  th e  p re p a ra tio n  o f th e  h igh  p u r i ty  sam ple. H ow ever, th e  in h o m o ­
g e n e ity  becom es m o re  im p o r ta n t  w hen  doped  sam ples or s ta n d a rd s  of la rge  
v o lu m e  are h an d led .

T he analysis can  be  accom plished m o st p recisely  on th e  basis of th e  in te r ­
n a l  s ta n d a rd  p rin c ip le . T h u s th e  to ta l  a m o u n t o f charge reach in g  a single line 
o n  th e  p la te  for th e  u n k n o w n  im p u rity  species (Qx) shou ld  be com pared  w ith  
t h a t  am o u n t th e  charge  o f  w hich  p roduces th e  reference line s im u ltaneously  on 
th e  p la te  (Qsta). Q x an d  Qsid are  ca lcu la ted  from  th e  characteristic;, or em ulsion 
response  curve [9]. T h e  m a tr ix  e lem ent i tse lf  can  be th e  reference. A ccording 
t o  ou r experience, w eak er m a tr ix  lines (m u ltip ly  charged  an d  po lyatom ic  Ga 
lines) should  n o t be  u sed  as in te rn a l s ta n d a rd s  because o f th e  d ifficu lty  of 
k eep in g  th e  a t  a c o n s ta n t va lues. T he a m o u n t of such  partic les depends 
o n  th e  p lasm a co n d itio n s defined  b y  th e  gap  betw een  th e  electrodes. F o r th e  
m a in ten an ce  of th e  sp ark lin g  th e  e lectrode position  is to  be a lte red  freq u en tly , 
how ever.

Experimental

In  th e  C en tra l R esea rch  In s t i tu te  fo r P hysics of th e  H u n g a ria n  A cadem y 
o f  Sciences th e  g a llium  is an a ly zed  using  an  MS 702/R  m ass sp ec tro m eter 
(A E I). T he m e th o d  em ployed  [10] is in  m an y  aspects  sim ilar to  t h a t  of 
F i t z n e r ’s [2 ] .  T h e s ta n d a rd  d ev ia tio n  of th e  resu lts  c a lcu la ted  from  a series

* According to  th e  term inology of the SSMS lite ra tu re  [9] : “ Exposure will refer to  th e  
to ta l  charge to  w hich the p la te  has been subjected in  a single exposure.”
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of 10 para lle l m easu rem en ts has been  rev iew ed  [10]. T he p la te s  were ev a lu a ted  
b y  a v isual m ethod  an d  a m icro d en sito m eter. In  b o th  cases th e  considerab le 
d ev ia tio n  of 200 — 300 % w as fo und . R ep ea ted  in v es tig a tio n s  using a single 
exposu re  gave a m ark ed ly  sm aller sc a tte rin g  in  the a b so rb an ce  values.

T he conclusions to  be d raw n  are  as follows:
1. As th e  im p u r ity  levels are  p ro b a b ly  th e  sam e o r n e a rly  th e  sam e in  

h igh  p u r ity  Ga, g raded  exposures are  n o t necessary. T h e  an a ly sis  can  be p e r ­
fo rm ed  b y  m eans o f th e  “ sing le-exposure analysis te c h n iq u e ”  proposed  b y  
Ch a s t a g n e h  [11] .  R e p e titio n  of th e  su itab le  exposure w ith  as m any  para lle l 
sam ples as possible is adv isab le .

2. A p roper po ly iso top ic  in te rn a l s ta n d a rd  is to  be  chosen , by  w hich th e  
p lo ttin g  of th e  ch a rac te ris tic  cu rve  is possible. F o r th is  pu rpose , m ercu ry  
p ro v ed  to  be th e  m ost su itab le  e lem en t as

— th e  n a tu ra l ab u n d an ces o f H g  iso topes, covering m o re  th e n  tw o o rders 
o f m ag n itu d e , m ake possib le  to  com p le te  th e  em ulsion c a lib ra tio n  curve over 
a  v e ry  large dynam ic ran g e ;

— H g can be in tro d u ced  in to  th e  sam ple as a d ilu te  G a /H g  alloy;
— a reliab le ti tr im e tr ic  m e th o d  is know n for th e  d e te rm in a tio n  of th e  

H g  c o n te n t above 1 p p m  in  Ga [12].
T he q u a n tity  o f th e  in te rn a l s ta n d a rd s  has to  be a d ju s te d  to  th e  expec ted  

c o n c e n tra tio n  of th e  in v es tig a ted  im p u ritie s . In  th is case som e isotopes o f th e  
in te rn a l  s ta n d a rd  and  a t  le a s t one iso to p e  of the  im p u r ity  w ill ap p ear w ith  
su ita b le  densities for m easu rem en t a f te r  an  adeq u a te ly  chosen  exposure.

T he H g co n cen tra tio n  req u ired  fo r th e  d e te rm in a tio n  o f P b  and  Cu in  
G a w as estim a ted  an d  checked  in  th e  follow ing w ay:

A n alloy of 99.97 % G a an d  0.024 % H g was chosen  as sam ple A ; tw o  
o th e rs  w ere m ade b y  d ilu tin g  A  (sam ples R and  C), th u s  th e ir  im p u rity  c o n te n t 
covered  th ree  orders o f m ag n itu d e . T h e  G a applied in  th e  d ilu tio n  con ta ined  
3 p p m  of to ta l  im p u ritie s , o u t of th is  Cu was 0.2 p pm , H g  a n d  P b  w ere n o t 
d e te c ta b le . W eighing w as perfo rm ed  w ith  an  accuracy o f 0.1 m g, th e  m elt w as 
m ixed  th o ro u g h ly  w ith  an  u ltra so n ic  shaker.

M ass sp ec tra  w ere ta k e n  w ith  tw o  series of g raded  exposu re  from  all th e  
sam ples. T he paralle ls w ere m ade w ith  a new  pair of e lec tro d e  on a new  p la te  
a t  ev e ry  tu rn .

A ll th e  visible lines o f th e  H g iso topes were m easu red  w ith  a m icroden ­
s ito m e te r, m aking  use o f th e  p eak  h e ig h ts  of the  reco rd ed  lines in  per cen t 
tran sm iss io n . As is w ell k now n , th e  sh ap e  o f a line depends on  m an y  v ariab les. 
T he p e a k  h e igh t is in flu en ced  n o t o n ly  b y  th e  q u a n tity  a n d  q u a lity  of th e  
s trik in g  ions, by  th e  p la te  developing  process and  th e  p h o to m e te r  tech n iq u e , 
b u t  also b y  th e  ch a rac te ris tic s  of th e  in s tru m e n t and b y  th e  exposition  as w ell. 
T herefo re , a re la tiv e ly  b e t te r  accu racy  is expected  w hen  com paring  th e  p e a k  
h e ig h ts  w ith in  a single exposure.
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The ev a lu a tio n  w as perfo rm ed  b y  a g raph ica l m e th o d . T h e  charac teristic  
c u rv e  was p lo tted , u s in g  th e  W  or S e i d e l  tran sfo rm a tio n *  suggested b y  
C o r n i d e s  [13] ,  a g a in s t th e  lo g arith m  of th e  iso topic a b u n d an ces  of the  H g iso ­
to p e s , instead  of th e  lo g a rith m  of exposure, as w as done in  m o st form er cases. 
T h e  em ulsion response  cu rv es  o b ta ined  b y  th e  above m e th o d  show  a long lin ea r 
sec tio n  of W  =  — 1 .0  . . . + 0 . 6  (i.e. 2 0  — 9 0  % tran sm issio n ). This s ta te m e n t 
is  b ased  on ou r ex p erien ce  ob ta in ed  w ith  d ifferen t p o ly iso top ic  elem ents 
(S n , P b , B a; in  som e o th e r  m atrices [1 4 ] .

Results and discussion

T he ch a rac te ris tic  cu rves for d iffe ren t exposures o f sam ples A, В an d  C 
a re  illu s tra ted  in  F igs 1 —4 (sym bols А/ l ,  A/2 refer to  p a ra lle l m easurem ents). 
T h e  d irect lines are  g en era lly  para lle l to  each  o ther, i.e. th e y  have th e  sam e 
slope. Those exposures w ere u tilizab le  on  w hich th e  lines o f  b o th  im p urities 
(P b  an d  Cu) ap p ea red  w ith  a su itab le  d ensity .

M aking use o f  a chosen  d irect line — ex trap o la tin g  i t  in  th e  d irection  o f 
w e a k  blackenings i f  n ecessa ry  — th e  re la tiv e  co n cen tra tio n  o f th e  inv estig a ted  
im p u r ity  isotope ca n  b e  ca lcu la ted  b y  m eans of th e  k n o w n  H g co n ten t (in

* W  =  lg (1 /T  — 1), where T  is transmission. This method was originally suggested for 
emission spectroscopy b u t is well adapted to mass spectrography.
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Fig. 3. Characteristic curves for samples В/ l  and B/2
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Fig. 4. Characteristic curves for samples C/l and C/2

Abscissa: isotopic abundances of H g ( %)* 
Ordinate: transform ed density (W)
*Mass №  i %

196 0.153
198 10.06
199 16.92
200 23.13
201 13.19
202 29.71
204 6.80 (disturbed by  204 Pb)

a to m ic  ppm ). I t  is obvious th a t  th e  co n cen tra tio n  d a ta  o b ta in ed  are re la tiv e  
i f  th e  re la tive  se n s itiv ity  fac to rs  (R S F ) re fe rred  to  H g are unknow n.

W e perfo rm ed  th e  q u a n tita tiv e  analysis of P b  an d  Cu b y  th e  m eth o d  
o u tlin e d  above. T h e  re su lts  are sum m arized  in  Table  I . T he resu lts  were checked 
as th e  P b  and  Cu c o n te n ts  of sam ple A h ad  been d e te rm in ed  by  inverse po laro- 
g ra p h y  (stripp ing  tech n iq u e) [15], w hile those  of sam ples В and  C h ad  been  
ca lcu la ted  on th e  basis  of th e  d ilu tions.

M easurable im p u r ity  iso tope  lines w ere o b ta in ed  w ith  exposures 1 nC, 
10 nC and  100 nC fo r sam ples A, В an d  h igh  p u r ity  C, respective ly . Tw o or 
th re e  P b  iso tope lines w ere fo u n d  su itab le  for th e  ev a lu a tio n , while w eaker 
Cu iso tope lines w ere n o t visible.

F rom  F igs 1 —4 it  is seen th a t  a low er co n cen tra tio n  of th e  in te rn a l 
s ta n d a rd  w ould h av e  been m ore ad v an tag eo u s. T h e  ch arac teris tic  curves
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Table I

Pb and Си contents o f high purity  gallium samples (ppm )

Sam ple
P b Cu

1 2 3 4 5 6

A /l 3.00 1.65 2.25 2.25 3.70 0.65

A/2 3.00 3.00 3.15 2.25 3.70 0.45

B /l 0.30 0.50 0.45 0.45 0.60

C/l 0.035 0.05 0.04 0.23 0.03

C/2 0.035 0.04 0.04 0.23 0.04

Columns 1, 5: expected values
Columns 2, 3, 4: measured values calculated from the Pb 206, 207, 208 isotope lines, 

respectively
Column 6: measured values calculated from the Cu 63 isotope lines.

cou ld  h av e  been d raw n  from  lines of m ore reliable w eak er b lacken ings even a t 
lo n g er exposures if  sam ple A  h a d  co n ta in ed  ca 30 a to m ic  p p m  H g  (in stead  of 
84 a tom ic  ppm  H g).

I t  is ap p a re n t from  T ab le  I  th a t  th e  ag reem ent b e tw een  resu lts  of para lle l 
m easu rem en ts  is sa tis fa c to ry  especially  if  several w ell m easu rab le  iso tope  lines 
are  app lied . The ra tio  o f th e  m ean  co n cen tra tions fo r A : В : C corresponds 
g enera lly  to  th e  ra tio  ca lcu la ted  from  th e  d ilu tion .

T he difference b e tw een  th e  m easured  and  ex p ec ted  c o n cen tra tio n  is 
p ro b a b ly  positive an d  s ig n ifican t in  th e  case of P b . T h e  co rrec tio n  fac to r  for 
Cu am o u n ts  to  ab o u t 6 . T h is o b se rv a tio n  is in  acco rdance  w ith  th e  find ing  of 
F it z n e r  [2] re la ted  to  th e  d iffe ren t sensitiv ities of Cu a n d  P b  in  Ga m atrices. 
N everthe less enough s ta tis tic a l d a ta  are  availab le fo r th e  d e te rm in a tio n  of th e  
R S F  values.

T he a u th o r  w ishes to  th a n k  Dr. I. Co h n id es  and  Dr. I. Op a u s z k y  fo r v a luab le  dis­
cussions, I. N y á r i, J .  F recsk a  a n d  Mrs. Ch . B á rá n y  for help in  th e  p re p a ra tiv e  w ork.
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The members of the series (CH3),,Si(NCO)4_ n and (CH3)nSi(NCS)4_„ were pre­
pared, their ultraviolet spectra recorded and the observed bands assigned. Quantum- 
chemical calculations were carried out in order to find an explanation for the largely 
differing spectra of the compounds containing S i—NCS and S i—NCO groups, re­
spectively.

Introduction

T he s tru c tu re  o f iso cy an a te s  an d  iso th io cy an a tes  m a y  be exp lained  in  th e  
s im p lest w ay  be th e  ex istence  o f tw o n  bonds hav in g  fo u r electrons an d  th ree  
cen te rs. In  th e  case o f silicon d e riv a tiv es  th e  v a c a n t d -o rb ita l of th e  silicon 
a to m  co n trib u tes  to  th e  b o n d , g iv ing  a possib ility  fo r ex ten d in g  th e  co n ju g a­
tio n  (F ig. 1). In  th e  course o f ou r in v estiga tions (C H 3)„Si(NCO)4_„ an d  
(C H 3)nSi(NCS)4_ n (w here n =  0, 1, 2, 3) w ere p re p a re d  an d  th e  u ltra v io le t 
sp ec tra  of these  com pounds w ere recorded .

Q uan tum chem ical ca lcu la tio n s w ere also carried  o u t w ith  th e  aim  to  ge t 
an  ex p lan a tio n  for th e  r a th e r  d iffe ren t spectra  of th e  Si —NCS and  Si —NCO 
com pounds, respective ly .

T he effect o f th e  d -o rb ita ls  o f th e  silicon a to m  w as s tu d ied  too.

Fig. 1. The role of d-orbital in the S i—N —C —S system
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Preparation of the compounds

T he p re p a ra tio n  o f  th e  iso th io cy an a te  deriv a tiv es  w ere  perfo rm ed  as 
su g g ested  b y  V o r o n k o v  [1] from  th e  a p p ro p ria te  m e th y lch lo rosilane  and  
am m o n iu m  th io c y a n a te  u n d e r  s tirr in g  in  bo iling  benzene. T he m ono- an d  d ifunc­
t io n a l  com pounds are  liq u id s , th e  th ree - an d  te tra fu n c tio n a l ones are solids a t 
ro o m  tem p era tu re .

T he series (C H 3)nSi(N CO )4_ n w as p re p a re d  as described  b y  A n d e r s o n

[2], from  silver ey a n a te  a n d  th e  ch lorosilane of ap p ro p ria te  fu n c tio n a lity . The 
re a c tio n  was carried  o u t in  a heterogeneous m edium  u n d e r s tirrin g  in  th e  
bo ilin g  solvent. As i t  h a s  b een  m en tioned , benzene was used  as so lven t, in  all 
cases b u t  a t  th e  p re p a ra tio n  of tr im e th y l-iso cy an a to s ilan e  w here th e  sol­
v e n t  w as isopropy lbenzene. E ach  m em ber of th is  series is liq u id  a t  room  te m ­
p e ra tu re . The p u r ity  o f th e  p ro d u c ts  w as dete rm in ed  b y  th e  a rgen tom etric  
t i t r a t io n  according to  E a b o r n  [3 ] ,  and  b y  th e  com parison  o f th e  m easured 
m o la r  refrac tions an d  th e  ca lcu la ted  ones. In  th e  la t te r  case we applied  the  
in c rem en ts  given b y  V o g e l  [4 ] .  F o r th e  solid  deriva tives th e  m o la r re frac tio n  
w as de te rm ined  b y  e x tra p o la tio n  from  cyclohexane so lu tion .

In  each case th e  m easu red  and  ca lcu la ted  m olar re frac tio n s  w ere in  good 
ag reem en t.

Ultraviolet spectroscopy

U ltrav io le t sp e c tra  w ere recorded  b y  S pek trom om  201 using  n-hexane as 
a so lv en t. C oncen tra tio n s w ere in  th e  ran g e  of 1 0 ~ 2 — 10 _4 m o le /dm 3. T he cell 
le n g th  w as 1.0 an d  0.2 cm , respective ly . T h e  sp ec tra  are p re sen ted  in  Figs 2, 
3 a n d  4.

I t  can  be seen, t h a t  th e  sp ec tra  of th e  com pounds co n ta in in g  NCS and  
N CO  groups differ s ig n ifican tly . Iso th io cy an a te s  show a m ax im u m  of m edium  
in te n s i ty  a t  246 — 252 n m  an d  an  in ten siv e  b a n d  a t  200 nm .

T he m axim a of iso cy an a te s  could be reco rded  in  th e  fa r  u ltra v io le t region, 
so m ere ly  th e  ascend ing  p a r t  of th e  f irs t b a n d  could be observed .

Cr a d o c k  et al. [5] assigned th e  f i r s t  b a n d  as a n  — л*  tran s itio n .
In  our opinion th e  b a n d  in  question  is of n — n* ty p e . T h is  is supp o rted  

b y  i ts  re la tiv e ly  low  in te n s ity .
To verify  ou r a ssu m p tio n  th e  u ltra v io le t spec tru m  of trim e th y liso th io - 

cy an a to s ilan e  w as m easu red  in  d ioxane too . I t  is know n th a t  th e  n — л* 
tran s itio n s  show a hyp so ch ro m e sh ift w hen  a po la r so lven t is used. F igure 5 
d em o n s tra te s  th a t  in  d ioxane  th e re  is rea lly  a sh ift of 7 n m  in  com parison 
w ith  th e  spec trum  in  cyclohexane.

W e could n o t p e rfo rm  th e  m easu rem en ts  in  m eth an o l due  to  th e  rap id  
decom position  of tr im e th y l- iso th io cy an a to s ilan e  in  th e  m en tio n ed  solvent.
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F i g .  2 .  Ultraviolet spectra of isothiocyanatosilanes in re-hexane

F ig .  3.  U ltraviolet spectra of tert-butylisothiocyanate and trimethylisothiocyanatosilane in
n-hexane
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F i g .  4 .  Ultraviolet spectra of tert-butylisocyanate and trimethylisocyanatosilane
in ra-hexane

F i g .  5 .  Ultraviolet spectra of trimethylisothiocyanatosilane in n-hexane and dioxane

W ith  increasing  n u m b er of NCS g roups in  th e  (C H 3)nSi(NCS)4_ n series 
th e  p o sitio n  of th e  n — n* tra n s itio n  does n o t  change, its  in te n s ity , how ever, 
increases. This fa c t in d ica tes , th a t  each  NCS group responsib le  for th e  m en ­
tio n e d  h a n d  seems to  he in d ep en d en t fro m  each  o ther. A n ev e n tu a l co n ju g a tio n  
c a n  occur th ro u g h  th e  d -o rb ita ls  o f th e  silicon atom . T he b a n d s  re flec ting  th e  
s t ru c tu re  m en tioned  above m ay  ap p ear a t  sh o rte r  w ave len g th  w ith  low  in te n s ity .
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T he effect of th e  silicon a to m  is d e m o n s tra te d  b y  th e  hypsoch rom ic  sh ift 
o f 6 n m  in  th e  n — л*  b an d  of th e  (C H 3)3SiNCS derivative  as co m p ared  to  th a t  
o f (C H 3)3CNCS. S im ultaneously  th e  second л  — л* b an d  is sh ifted  in  b a th o - 
ch rom ic  d irec tion , th e  abso lu te  in te n s ity  o f th e  la t te r  b an d  cou ld  n o t be m ea­
su red  (F ig . 3).

Quantumchemical calculations

W e tr ie d  to  exp la in  by  q u an tu m ch em ica l calcu la tions w hy  th e  u l t r a ­
v io le t sp ec tra  o f isocyanates an d  iso th io cy an a tes  differ so considerab ly . 
W e used  th e  P P P -m e th o d  [6] in  our ca lcu la tio n s and  assum ed th a t  th e  tw o л  
sy stem s w ere in d ep en d en t from  each  o th e r. T his w ay th e  e lec tro n  tra n s itio n s  
for each  л  system s o f (CH3)3SiNCO an d  (C H 3)3SiNCS w ere ca lcu la ted . T he 
req u ired  p a ra m e te rs  w ere ta k e n  fro m  th e  tab le s  of H in z e  [8], using  th e  
Ma t a g a  — N ish im o t o  re la tion  [7].

T h e  values o f valence s ta te  io n iza tio n  energy and  th e  v a lu es  o f e lectron- 
a f f in ity  w ere in te rp o la te d  for th e  h y b rid iz a tio n  given by  th e  ex p e rim en ta l geom ­
e try  [9]. T h e  ap p ro p ria te  p a ram e te rs  fo r silicon were ta k e n  from  th e  p u b lica ­
tio n  o f L e v is o n  an d  P e r k in s  [10].

R eso n an ce  in teg ra ls  were ca lcu la ted  b y  apply ing  th e  re la tio n  o f W o l f s - 
b e r g  an d  H e l m h o l z  [11] (the  p ro p o rtio n a lity  fac to r к w as 0.5 fo r th e  Si—N  
b o n d  an d  0.8 for all th e  o ther bonds). T ab le  I  con ta ins th e  s ta r tin g  p a ram e te rs .

Table I

Starting parameters

c N N 6 Ö s s Si

I p 11.19 14.12 31.69 17.70 33.16 12.70 23.72 1.10

y p p 11.09 12.16 18.10 15.23 17.92 9.94 12.20 3.76

Resonance integrals

S i - N  =  -1 .1 3  
S i - N  =  -1 .0 9

N - C  =  -3 .8 8 7  
N - C  =  -3 .8 0 5

C - 0  =  -3 .6 1 7  
C - S  =  -3 .4 9 8

T he ca lcu la ted  and  m easured  e lec tron  tra n s itio n s  and oscilla to r s tre n g th s  are 
su m m arized  in  T ab le  I I .  T he osc illa to r s tre n g th s  w ere ca lcu la ted  from  th e  
m easu red  sp ec tru m  b y  th e  re la tio n  E  =  41 7 0 0 /, w here E  is th e  m o la r e x tin c ­
tio n  coeffic ien t, and  f  is th e  oscilla tor s tre n g th .
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Table II

Calculated and measured electron transitions

Calculated Measured

J E  [eV] f J E  [eV] f

(CH3)3Si — N  — C — Ó 7.699 0.156

(CH3)3Si — N — C — Ö 7.795 0.302

(CH3)3Si — N  — C — S 
(CH3)3Si—N —C —S

6.617
6.940

0.190
0.372

6.199 0.071

A lthough  th e se  re su lts  m u st be t r e a te d  c ritic a lly , because of th e  m e n ­
tio n e d  ap p ro x im atio n s, th e y  d em o n stra te  th e  te n d e n c y , th a t  th e  e lec tro n  
tra n s it io n  of iso cy an a te s  appears a t m uch  sh o rte r  w av e  leng ths th a n  th a t  o f 
iso th io cy an a tes .

A ccording to  o u r re su lts  th e  f irs t  л  — n* tra n s it io n  is caused by  th e  exci­
ta t io n  of л  system  in  w h ich  th e  n itro g en  an d  su lp h u r a to m  p a rtic ip a te  w ith  2 
an d  1 electrons, re sp ec tiv e ly .

In  the  fu tu re  we in te n d  to  w iden our in v es tig a tio n s  on silyl iso cy an a tes  
a n d  iso th io cy an a tes  u s in g  all-valence e lec tron  m eth o d s, i.e. CNDO/S [12], an d  
L C Y O -M O  [13].

R E FE R E N C E S

[1] V oronkov , M. G „ D olgov , B. N.: Zh. Obsch. Chim., 24, 1082 (1954)
[2] F o rbes , G. S., A n d e r s o n , H. H .: J. Am. Chem. Soc., 70, 1222 (1948)
[3] E a bo rn , C.: J . Chem. Soc., 1950, 3077
[4] V o g el , A. I.: J .  Chem. Soc., 1952, 514
[5] Cradock , S., E b s w o r t h , E . A. V., Mu r d o c h , J . D .: J . Chem. Soc. Faraday Trans. I I .

1972., 86.
[6] P a r is e r , R., P a r r , R . G.: J . Chem. Phys., 21, 466, 767 (1953)
[ 7 ]  N i s h i m o t o , K . ,  M a t a g a , M .:  Z .  Physik. Chem., 1 2 ,  3 3 5  ( 1 9 5 7 )
[8] H in z e , J .: Ph. D. D issertation, Univ. C incinnati (1962)
[9] K im ura , K., K a t a d a , K ., Ba u e r , S. H .: J . Am. Chem. Soc., 88, 416 (1966)

[ 1 0 ]  L e v i s o n , K .  A., P e r k i n s , P .  G.: Theoret. Chim. A cta 1 4 ,  2 0 6  (1 9 6 9 )
[11] W o lfsberg , M., H el m h o lz , L.: J . Chem. Phys., 20, 837 (1952)
[12] D e l  B e n e , J ., J a f f e , H. H.: J . Chem. Phys., 48, 1807, 4050 (1968)
[13] N a g y , J .: P riva te  comm unications

T am ás V e s z p r é m i  

Jó z se f  N a g y  
I s tv á n  B a r t a

H -1521 B udapest

/

Acta Chim. Acad. Sei. Hvng. 96,1978



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96(3), jop. 223 — 233 (1978)

INVESTIGATIONS IN THE FIELD OF SOLID- 
STATE POLYMERIZATIONS XX XV [1]

SOLID-STATE POLYM ERIZATION O F MONOALKYL ITACONATES 
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Solid-state direct and post-polym erizations of four /?-monoalkyl itaconates 
(butyl, octyl, lauryl and cetyl) were studied. The phase diagrams of the monom er/poly- 
mer systems of bu ty l and octyl itaconate  were determined. Polym erization was shown 
to take place a t a high ra te  in the high-elastic state of the polym er plastified by  th e  
liquid monomer. On the basis of the highest, identity  period m easured by X -ray  dif- 
fractom etry  of the monomers, the crystal u n it cells of the monom ers studied w ere 
found similar. The solid-state heterogeneous reactiv ity  of molecules in  lattices of th e  
same type decreases w ith increasing size of the molecule.

In v es tig a tio n s  of th e  re la tions b e tw een  th e  crysta l s tru c tu re  of a m o n o ­
m er and  th e  ch a rac te ris tic s  of its  so lid -s ta te  po lym eriza tion  are  encum bered  b y  
th e  fa c t th a t  v a rious c ry s ta l s tru c tu re s  can  usually  be rea lized  w ith  d iffe ren t 
m o lecu lar s tru c tu re s . V ery  few w orks h a v e  been pub lished  on th e  solid s ta te  
p o lym eriza tion  b eh av io u r of d ifferen t po lym orphous form s o f th e  sam e m o n o ­
m eric m olecule (e.g. [2, 3]). C om parison  o f th e  b eh av io u r o f p o ly m o rp h o u s  
m odifica tions is p a rtic u la rly  d ifficu lt since th e  po lym er p ro d u ced  d u rin g  th e  
reac tio n  in te ra c ts  w ith  th e  m onom eric p h ase , and m ay  tra n sfo rm  th e  p o ly ­
m orphous m odifica tions in to  each o th e r.

T he effects o f th e  physica l s tru c tu re  can  be stud ied  m ore read ily  b y  th e  
in v es tig a tio n  of .hom ologous series. I t  is know n of a lk y l com pounds t h a t  
increasing  chain  len g th  resu lts  in  d e fin ite  s tru c tu ra l ch a ra c te ris tic s  w ith o u t 
an y  essential in fluence  on th e  electron  d is tr ib u tio n  of th e  fu n c tio n a l groups [4, 5 ].

The p resen t p a p e r  aim s a t  an  a p p ro x im a tio n  of th e  effects o f th e  s t ru c tu re  
on th e  so lid -sta te  po lym eriza tio n  ch a rac te ris tic s  by  using m on o alk y l ita c o n a te s . 
T h e  re la tiv e ly  less considered  m o n o -itaco n a tes  have been  selected  in s te a d  o f  
th e  b e tte r-k n o w n  d iesters [6 — 10], since th e  hydrogen  b o n d  betw een  th e  fre e  
ca rb o x y l groups p resu m ab ly  fixes th e  fu n c tio n a l groups o f th e  tw o a d ja c e n t  
m olecules th u s  th e  o rien ting  effects o f  th e  ester chains ce rta in ly  p re v a i l .  
/З-B u ty l, /3-octyl, /З-lau ry l, and  /З-cety l ita c o n a te s  were used . P o ly m e riz a tio n s  
of th e  fo rm er tw o in  th e  liqu id  phase  w ere recen tly  rep o rted  [11].

* Present address: Hanoi, V ietnam , Dem. Rep.
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Experim ental

Syntheses

Syntheses of yS-monobutyl itaconate (M BI) and /1-monooctyl itaconate (MOI) were 
described in  a previous paper [11].

The syntheses of /S-monolauryl itaconate (M LI) and /З-m onocetyl itaconate were th e  
sam e; 0.5 mole of the  alcohol and 0.6 mole of itaconic anhydride were heated to 67 °C (the 
m elting point of the anhydride) on a w ater ba th . Then 1 g of anhydrous ZnCl2 dissolved in 
10 m l of acetone was added. The m ixture was heated  a t 95 — 98 °C for 4 —5 hrs. After the addi­
tion  of 200 ml of light gasoline, the m ixture was boiled for 10—15 min then filtered. The 
f iltra te  was cooled to  room  tem perature when in  24 hrs the crude p roduct precipitated. After 
recrystallization  from benzene the yields of M LI (m .p. 74— 76°C) and of MCI (m.p. 83— 84 °C) 
were cca. 60 %. ч

Polym erization

Polym erizations were in itiated  by a eoCo y-radiation source of 500 Cu. The samples 
were sealed into 6 m m  diam . glass ampoules in  oxygen free argon atm osphere. Polym erizations 
were carried out in  th e  w ater-bath  of an u ltra  therm ostat. In post-polym erizations, samples 
were irradiated a t room  tem perature.

The conversion w as determ ined by precip ita tion  using gravim etric methods. Samples 
containing the polym er were dissolved in a 10 % solution of benzoquinone in  te trahydrofuran. 
M BI and MOI were prec ip ita ted  by light gasoline; for MLI and MCI m ethanol and acetone 
was used, respectively.

D eterm ination of the polymer—monom er phase diagrams

The phase diagram s were determ ined by  polarization microscopy, DTA and X -ray  
diffractom etry. The therm om echanical behaviour of th e  samples was determ ined by  consis- 
tom etry . These m ethods are described in  detail in  [12].

The melting en thalpies of the monomers were measured by  a DSC equipm ent (Perk in— 
E lm er) calibrated by  In  standard .

Results

Polym er-m onom er phase diagrams

T he phase  d ia g ra m  of poly-M B I an d  M BI is i llu s tra te d  in Fig. 1. T h e  
d iag ram  is sim ilar to  t h a t  o f acen ap h th y len e—p o ly acen ap th y len e  and  N -v iny l- 
ca rb azo le—p o ly -N -v iny lcarbazo le  re p o rte d  prev iously  [12]. The system  o f 
m in im u m  m elting  p o in t con ta in s 34 % o f m onom er an d  66 % of po lym er w ith  
a glass tra n s itio n  te m p e ra tu re  of 20 °C an d  a m elting  p o in t o f 36 °C. T he p o ly ­
m er side of th e  p h ase  d iag ram  can n o t be described  b y  th e  fu n d am en ta l e q u a ­
t io n  of th e  p la s tif ic a tio n  o f po lym er [13]; i t  is ra th e r  sim ilar to  th e  d isso lu tion  
cu rves of eu tec tics. I t s  X -ra y  d iffrac to g ram  shows a re la tiv e ly  sharp  re flec tio n  
a t  13.6 Â. T he a v e rag e  p artic le  m easu re  ca lcu la ted  from  th e  line b road en in g  
is cca. 80 Â. T he v ir tu a l  degree of p o ly m eriza tio n  ca lcu la ted  from  th e  m eltin g  
p o in t depression o f  m onom er crysta ls  w ith  A H m = 23.13 k j/m o le  is 9.

T he phase d iag ram  of poly-M O I is p resen ted  in  F ig . 2. The phase co n d i­
tio n s  are  id en tica l to  th o se  show n in  F ig . 1, a lthough  th e  varian ce  in  th e  m ea ­
su red  values is h ig h er. T he com position  w ith  m inim al m e lting  po in t (Mftr) is in
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Fig. 1. Phase diagram  of the polym er-m onom er system  of /З-m onobutyl itaconate. a  =  S tep 
on the DTA base line; •  =  starting  of the DTA peak  (decrease in  the light flux); X =  DTA 
peak (light flux  becomes zero); О =  Tg; □  =  Tf  (plots obtained by consistometer). A =  iso­
tropic liquid; В =  polym er plastified by its m onom er in  glassy s ta te ; C =  liquid +  crystalline 
monomer; D =  crystalline monomer +  plastified polym er in highly elastic state; E  =  crysta l­

line monomer +  plastified polym er in  glassy sta te

Fig. 2. Phase diagram  of the polym er-m onom er system  of /?-monooctyl itaconate. M arks 
and symbols are the same as in Fig. 1
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th e  ra n g e  of a m onom er co n ten t of 36 to  40 % w ith  a glass tra n s it io n  te m p e ra ­
tu r e  o f  35 °C and  a m e ltin g  p o in t o f 46 °C. T he polym er side of th e  p h ase  
d ia g ra m  can be well a p p ro x im a ted  b y  th e  eq u a tio n  of p la s tifica tio n . T he v ir tu a l 
d e g re e  o f p o lym eriza tion  is 5, using A H  =  32.43 k j/m o le  fo r th e  m e lting  h e a t 
o f  t h e  m onom er.

Polym erizations

D a ta  for insource  po lym eriza tion  o f M B I a t  20, 25, 30 an d  35 °C are  show n 
in  F ig . 3. Below 20 °C no  d e tec tab le  p o ly m eriza tio n  could be observed.

T h e  accelera ting  k in e tic  curves fo r 25, 30 and  35 °C can  be dev ided  in to  
tw o  stages. T he lin ea r  section  of th e  f i r s t  one gives an  a c tiv a tio n  energy  of 
122 k j/m o le , w hile fo r  th e  lin ear sec tion  o f  th e  second one 75 k j/m o le  w as ca l­
c u la te d  (see Fig. 4). T h e  conversion lim it is n ea rly  100 %. T he in itia l ra te s  fo r 
th e  k in e tic  curves w ere lin ear as a fu n c tio n  of th e  f irs t  pow er o f th e  dose ra te  
(see F ig . 5). F igure 6 show s th e  insource po ly m eriza tio n  of M B I in  th e  p resence  
o f  d im e th y l oxa la te . M B I form s an  e u tec tic  m ix tu re  w ith  DM O o f 0.32 
M B I(D M O ) (m ole/m ole) co n ten t h av in g  th e  m elting  p o in t of 29 °C. T h e  ac­
c e le ra tin g  ty p e  k in e tic  curves tu rn e d  lin e a r  in  th e  eu tectic  m ix tu re . C hanges in  
th e  in trin sic  v iscosity  ag a in st conversion  are  illu s tra ted  in  F ig . 7. V iscosity  
d ec rea ses  ten d in g  to  a lim iting  v alue  w ith  increasing  conversion. I t  increases 
w ith  th e  p o lym eriza tion  te m p e ra tu re  reg ard less  of th e  dose ra te . F igu re  8 show s 
th e  k in e tic  curves fo r th e  p o st-p o ly m eriza tio n  of M BI a t 25, 30 and  35 °C using  
14.4 M rad  as a to ta l  dose of p re - ir ra d ia tio n  a t  20 °C. T he conversion  versus 
t im e  curves for th e  po lym eriza tions a t  25 an d  30 °C coincide u p  to  15 ho u rs , 
w h e n  th e  p o ly m eriza tio n  a t  30 °C gets  accelerated . T he m olecular w eig h t is 
p ra c tic a lly  in d ep en d en t of th e  conversion  an d  th e  te m p e ra tu re , a lth o u g h  th e  
v a r ia n c e  is h igh  (see F ig . 7).

F ig . 3. Insource polym erization of MBI a t  a dose rate  of 2.12 • 104 rad /h  О  =  20 °C, 
+  =  25 °C, X =  30 °C, О =  35 °C and a t  30 °C w ith a dose ra te  of 1.43 • 104 (a ) and

1.05 • 104 (▼) rad /h
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Fig. 4. The tem perature dependence of the ra te  of polym erization in  A rrhenius representation. 
■  =  MBI first linear p a rt, □  =  MBI second linear p a rt, O  =  MOI linear p art

t (h)
Fig. 6. Insource polym erization of MBI in  the presence of dim ethyl oxalate additive a t 20 °C 
and a t  a dose ra te  of 1.5 • 105 rad /h , A =  0, X =  0.2, •  =  0.32 (eutectic) mole/mole

dim ethyl oxalate
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—I________________ ________
25 50 75 100

S , %
Fig. 7. Intrinsic viscosity of poly-M BI plo tted  against the conversion of insource polym eri­
za tion  a t a dose ra te  of 2.12 • 104 rad /h  ( О =  25 °C, X =  30 °C, •  =  35 °C, a t 30 °C w ith 
a dose ra te  of 1.43 • 104 { □ ) and  1.05 • 104 (■ )  rad /h , and of post-polym erization irradiated  

b y  a to ta l dose of 14.4 M rad, polymerized a t  a  =  25 °C, +  =  30 °C, ▼ =  35 °C

Fig. 8. Post-polym erization of M BI pre-irradiated by 14.4 M rad a t  20 °C. О =  25 °C,
X =  30 °C, •  =  35 °C

K inetic  curves fo r th e  insource po lym eriza tions o f M O I are  p resen ted  in 
F ig . 9. K inetic  cu rves o f  tw o  system s con ta in ing  d ifferen t am o u n ts  of d im ethy l 
o x a la te  (DMO) are  also inc luded  in  th e  F igure  (63 m ole- % o f DMO in  M OI 
fo rm s an  eu tectic , th e  m .p . being 43 °C).

The k ine tic  cu rv es  s ta r t  w ith  an  in d u c tio n  period ; th e n  a linear ra te  of 
po lym eriza tio n  can  be  observed . Below 35 °C p rac tica lly  no po lym eriza tion  
w as observed. T he a c tiv a tio n  energy ca lcu la ted  from  th e  lin ea r stages of the
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t !h)

Fig. 9. Insource polym erization of MOI a t a dose ra te  of 2.12 • 10J rad /h  О =  35 °C, X =  
=  40 °C, +  =  45 °C, •  =  50 °C, a t 50 °C w ith a dose ra te  of 1.43 • 104 (▼) and 1.05 • 104 ( a ) 
rad /h , 0  =  w ith 64 mole- % of dim ethyl oxalate additive (eutectic) a t 35 °C, Q  =  w ith

30 mole- % of additives a t 35 °C

cu rves is 109 k j/m o le  (see F ig . 4). T he ra te  of th e  insource  p o ly m eriza tio n  is 
p ro p o rtio n a l to  th e  f irs t  pow er of th e  dose ra te  (Fig. 5).

In  Fig. 10 th e  in trin sic  v isco sity  is p lo tte d  ag a in st th e  conversion  of 
in sou rce  p o lym eriza tion . T he n a tu re  of th e  curves is id en tica l w ith  th a t  o b ­
ta in e d  fo r M B I. K in e tic  curves fo r th e  post-p o ly m eriza tio n  of M OI are p re sen ted  
in  F ig . 11. The k in e tic  c h a ra c te r  o f th e  processes is n o t accelerating . T he m olec­
u la r  w eigh t is in d ep en d en t o f th e  conversion  and  te m p e ra tu re  (see F ig . 10).

K in e tic  cu rves of insource p o ly m eriza tio n  and  p o st-p o ly m eriza tio n  of 
M L I an d  MCI are  show n in  F igs 12 an d  14. T he corresponding  in trin sic  v is ­
co sity  func tions are  illu s tra te d  in  F igs 13 an d  15. T he in trin sic  v iscosities of

25 50 75 100
$ ,%

Fig. 10. In trinsic viscosity of poly-MOI plo tted  against the conversion of insource polym eri­
zation a t  a dose ra te  of 2.12 • 104 rad/h . О =  40 °C, X =  45 °C, 9 =  50 °C, a t 50 °C w ith  
a dose ra te  of 1.43 ■ 104 ( O )  and 1.05 • 104 (Ш) rad /h , and of post-polym erization irrad ia ted  
a t  20 °C b y  a to ta l dose of 14.4 Mrad, polym erized a t a  =  40 °C, +  =  45 °C, ▼ =  50 °C
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Fig. 11. Post-polym erization of MOI pre-irradiated by  a to tal dose Of 14.4 Mrad a t  20 °C, 
polym erized a t Q =  40 °C, X '=  45 °C, #  =  50 °C

Fig. 12. Insource and post-polym erization of M LI. O  =  insource polym erization by a dose 
ra te  of 2.12 • 10J rad /h  a t  65 °C, post-polym erization after pre-irradiation a t 20 °C by  a to ta l 

dose of 11.55 Mrad, a t  0  =  60 °C, X =  65 °C, +  =  70 °C

Fig. 13. Intrinsic viscosity  of poly-MLI plo tted  against the conversion of insource polym eri­
zation  by a dose rate  of 2.12 • 104 rad /h  a t 65 °C
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Fig. 14. Insource and post-polym erization of MCI. O  =  insource polym erization by a dose 
rate  of 2.12 • 104 rad /h  a t  70 °C, post-polym erization after p re-irradiation  a t 20 °C by a to ta l 

dose of 11.5 Mrad, a t X =  68 °C, +  =  73 °C, J )  =  78 °C

25 50 75 .100
$,%

Fig. 15. Intrinsic viscosity of poly-MCI plo tted  against the  conversion of insource polym eri­
zation by a dose ra te  of 2.12 • 104 rad /h

poly-M LI and  -M CI o b ta in ed  by  p o st-p o ly m eriza tio n  a t  d iffe ren t te m p era tu res  
w ere m easured  as 0.12 +  0.02 g d m -3 , C h arac te ris tics  o f th e  k inetic  cu rves 
and  dependence o f  th e  m olecu lar w eight on  th e  Conversion are  sim ilar to  th o se  
of th e  form er tw o  m onom ers.

Discussion

All th e  fo u r m onom ers w ere classified b y  our p rev ious system  as h av in g  
accelerating  k in e tic  ch a rac te r . A dd itives enhance  th e  ra te s  o f so lid-sta te  p o ly ­
m erizations. I n  p o st-p o ly m eriza tio n , how ever, th e  k in e tic  c h a rac te r  is g e ttin g  
re ta rd a n t  as th e  ch a in  len g th  of th e  m onom eric  m olecules increases. I n  th e  
insource p o ly m eriza tio n , th e  m olecular w e ig h t is h ig h er .du ring  th e  in itia l 
conversion, th e n  te n d s  to  a lim iting  v alue  th a t  depends on th e  te m p e ra tu re ; 
w hile in  p o st-p o ly m eriza tio n  i t  is in d ep en d en t of b o th  th e  tem p era tu re  an d  
conversion.

U sing pow der reco rds of X -ray  d iffrac to m e try , th e  le n g th  of th e  c ry s ta l 
periods and , assum ing  ex ten d ed  chains, th e  size of th e  m olecules were d e te r ­
m ined  for th e  fou r m onom ers. These d a ta  are  co llected  in  T ab le  I . The o rig inal 
d iffrac togram s in  schem atic  rep re sen ta tio n  a re  show n in  F ig . 16.
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Table I

Cell d im ensions , molecular lengths a n d  tilt angles o f  m onoalkyl itaconates

Compound
Length of 
dimer mol

1 A
a
A

b
Â

C

A
c/l a

degrees

MBI 25.7 5.64 7 .14 18.7 0 .779 50.5

MOI 35.7 5.67 7 .54 25.9 0 .786 48.8

м ы 45.7 10.39 7 .87 33.3 0 .727 48.6

MCI 55.7 5.56 7.57 39.9 0 .715 47.2

1 ! . .  , , 1.1 I I I  1

MCI

1I I 11 1 111111.

.1, . 1 , ].____ l l  l l  l l  l l l l l  11 1 1

1 M Ll
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t i l l  1 il 1 I I I
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Fig. 16. X -ray diffractogram s of m onoalkyl itaconate crystals in  schem atic
representation

I t  can be seen th a t  th e  u n it cell d im ensions co rrespond  to  th e  m onoclinic 
cell o f su b s titu te d  p a rra ffin s . The av e rag e  spacing of th e  ex ten d ed  ch a in  m ole­
cu les is th e  sam e in  all th e  four cases. T h e  longest cell periods are p ro p o rtio n a l 
to  th e  lengths of th e  m onom eric m olecules, b u t  are h igher th a n  these. I t  m eans 
t h a t  th ere  are tw o  m olecules in  th e  asy m m etric  u n its  b rid g ed  b y  h y d ro g en  
b o n d s and th a t  th e  t i l t  angles o f th e  coup led  m olecules (a) to  th e  p lan e  o f th e  
la y e rs  w here th e y  a re  arranged  are ju s t  th e  sam e and  decrease only  s ligh tly  
as th e  chain  len g th  increases. T herefo re , i t  can  be assum ed th a t  th e  topochem - 
ica l behav iou r of th e  m onoalkyl ita c o n a te s  should also he th e  sam e.

F or M BI an d  M O I, close re la tio n s  w ere observed b e tw een  th e  k inetic  
c h a ra c te r  and  th e  p o lym er—m onom er p h ase  d iagram . Below  th e  glass tra n s itio n  
te m p e ra tu re  of a p o ly m er p lastified  b y  i ts  m onom er in  a com position  o f МЛг, 
in sou rce  po lym eriza tio n  does no t ta k e  p lace  a t a m easu rab le  ra te . T he in itia l 
to p o ta c tic  reac tio n  should , th ere fo re , be  regarded  heterogeneous [14]. In  th e  
v iscoelastic  ran g e , th e  po lym eriza tio n  h as  high ac tiv a tio n  energy w hich  is 
com m ensurab le  w ith , or higher th a n , th e  estim ated  [15] h e a t of sub lim atio n  
(107 and  123 k j/m o le , respectively). A bove th e  m elting  p o in t th e  po ly m eriza ­
tio n  ra te  is high. T h u s  th e  rap id  p o ly m eriza tio n  is n o t b ro u g h t a b o u t b y  th e
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reac tio n  occu rring  in  th e  solid s ta te . I t  is reasonable , th e re fo re , th a t  th e  m olec­
u la r  w eigh t o f th e  po lym er form ed in  th e  so-called solid s ta te  is co m m en su r­
able w ith  th a t  o b ta in ed  in  th e  liqu id  p h ase  [11]. T he m olecular w eigh t o f a 
po lym er fo rm ed  in  th e  real to p o ta c tic  processes d o m in a tin g  in  th e  f irs t  stage  
o f th e  p o ly m eriza tio n  should be h ig h er th a n  in  th e  liq u id  or in  th e  h igh ly  
elastic  s ta te , as th e  in trin sic  v iscosity  o f th e  po lym er ra p id ly  decreases w ith  
increasing  conversion  and  tem p era tu re .

T he effect o f increasing th e  ch a in  len g th  of th e  m onom eric m olecules 
c a n n o t be in te rp re te d  unequ ivocally  fo r th e  insource po lym eriza tion . In  th e  
p o st-p o ly m eriza tio n , ra te s  reduced  to  th e  sam e te m p e ra tu re  are decreasing b y  
increasing  th e  ch a in  len g th  of th e  m onom ers. O bviously , i t  is no t qu ite  a good 
basis fo r co m p ariso n , since th e  phase cond itions can n o t be  reduced  to  th e  sam e 
te m p e ra tu re . I t  c an  still be concluded th a t  th e  increasing  len g th  of th e  m o n o ­
m eric  m olecules w ith  iden tica l s tru c tu ra l conditions is less favorab le  fo r th e  
non-hom ogeneous phase  so lid-sta te  p o lym eriza tion . T h is m ay  be ex p la in ed  b y  
th e  g rea te r  d is tan ce  betw een  fu n c tio n a l g roups as th e  t i l t  angle of th e  m olecules 
to  th e ir  sheet p la n e  decreases, as well as b y  th e  h igher b in d in g  energy b y  w h ich  
th e  m olecules a re  fix ed  to  th e ir  sites as th e  leng th  of th e  chain  su b s titu e n t is 
increased .
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INVESTIGATIONS IN THE FIELD OF SOLID-STATE 
POLYMERIZATIONS, XXXVI [1]

POLYM ERIZATIONS O F N -H EX A D ECY L ACRYLAM IDE 
AND N-HEX AD ECY L M ETHACRYLAM IDE IN  T H E  PR ESE N C E  

OF T H E IR  SATURATED ANALOGUES

F . Cs e r , K . N y it r a i , Y. D é v é n y i  and Gy . H a r d y

( Research Institute fo r the Plastics Industry, Budapest)
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I t  has been established th a t  the solid-state polym erization of N-hexadecyl acryl­
am ide and N-hexadecyl m ethacrylam ide has accelerating kinetic character. They form  
isomorphous systems w ith their sa tu ra ted  analogues (N-hexadecyl propionam ide and 
N-hexadecyl isobutyram ide, respectively) which is proved by the ir phase diagram s 
and structure analyses. According to  X -ray  diffractom etric investigations, the polym er 
o f N-hexadecyl acrylamide rem ains in  the  la ttice  of the monom er, and the system  
undergoes a phase transition  even a t  low conversions. The structu re  of this new phase 
is preserved in the course of the polym erization in  spite of the fac t th a t  the struc tu re  
of the polypier is different. This case is a new evidence for forced isomorphism. In  th e  
polym erization of N-hexadecyl m ethacrylam ide, the polymeric p roduct causes a phase 
transition  a t  low conversions. The polym er becomes isomorphous w ith the m onom er 
b y  dissolving the unreacted m onom er in to  its  own hexagonal phase. Polym erization 
takes place then  in  this loose-packed system .

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96(3), pp. 235—243 (1978)

S everal s tud ies have been  d ev o ted  in  our lab o ra to ries  to  th e  so lid -sta te  
p o ly m eriza tio n s o f v iny l esters an d  e th e rs  conta in ing  long -chain  a lip h a tic  
[2 — 7] or cho lestery l [8 — 10] groups. I t  h as  been  po in ted  o u t th a t  these  m ono­
m ers a re  p a rtic u la rly  capab le  of so lid -s ta te  po lym eriza tion  since th e ir  m ole­
cules a re  a rran g ed  in  n o d u la r an d  la m in a r  s tru c tu re s  w ith in  th e  c ry s ta l la ttic e . 
I t  follow s from  th e  la t te r  th a t  th e  v in y l g roups are loca ted  in  th e  sam e p lane , 
w hich  is a fav o u rab le  p re -a rran g em en t fo r so lid -sta te  p o lym eriza tion . T h is 
p a t te rn  is also found  in  N -hexadecy l ac ry lam id e  and  N -h exadexy l m e th a c ry l­
am ide  to  be discussed in  th e  p re se n t p a p e r, b u t  th e  acid am ide  g roup  m ay  give 
rise to  som e differences, owing to  th e  p resence  of hydrogen  bonds. T hese m ay , 
e.g. co m p le te ly  h in d e r lo n g itu d in a l m o tio n  in  c o n tra s t w ith  th e  case of v in y l 
esters  a n d  e thers. H ydrogen  bonds m ay  in te rco n n ec t th e  m olecules a t  th e  v in y l 
p lane  in fluenc ing  th e  s tru c tu re  of th e  p o ly m er form ed. These ex p ec ted  effects 
h av e  been  s tud ied  in  th e  p resen t w ork.

Experim ental

N-Hexadecy] acrylamide (HAA) and N -hexadecyl m ethacrylam ide (HMA) were pre­
pared from  cetylam ine w ith acrylic and m ethacrylic chloride, respectively, according to  
J orda n  et al. [11]. N -Hexadecyl propionam ide (H PA ) and N-hexadecyl isobutyram ide (H IB A ) 
were synthetized  from cetylamine w ith propionic chloride and isobutyric chloride, respectively. 
The d a ta  of the m aterials prepared in th is w ay are collected in Table I.
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Table I

Properties o f the substances used 
CH3(CH2)15- N H C O - R

Analysis

Symbol R м.р., °с Calculated Found

С Н N с Н N

HAA 1 о И II о X 48 77.40 12.52 4.75 77.51 12.41 4.82

HMA - с = с н 2
с н 3

52 79.60 12.93 4.52 79.72 12.87 4.38

H PA -  СН2 -  с н 3 45 76.82 13.14 4.73 76.74 13.21 4.92

H IB A - С Н - С Н з

с н 3

66 77.30 13.28 4.49 77.45 13.44 4.32

Polymerizations

Polym erizations of th e  monomers were in itia ted  by the 500-Cu 60Co y  radiation  source 
of our Institu te . The sam ples were sealed into 6 m m  i.d. ampoules after expulsion of the oxygen 
by  an  argon stream. Conversion was determ ined b y  precipitation using gravim etric m ethod. 
Polym er samples were dissolved in a 1 % solution of benzoquinone in  chloroform and precipi­
ta ted  by methanol.

Phase diagrams were recorded by m eans of a polarizing microscope using a m ethod 
described previously [12]. X -ray  diffraction m easurem ents were carried ou t w ith a Philips 
wide-angle powder d iffractograph a t a scanning ra te  of l°/m in  in  the range of 3 to 49° for 2©.

Results

Phase diagrams of monom er/inert m aterial systems

F ig u re  1 show s th e  phase d iagram  o f th e  b in a ry  sy s tem  N -hexadecyl a c ry l­
am ide  (HAA) an d  N -hexadecy l p rop ionam ide (H P A ). T he m elting  p o in t cu rve

Fig. 1. Phase  d iag ram  o f  th e  system  N -hexadecy l acry lam ide  (M t) -N -hexadecy l p ro p io n ­
am ide (M2)
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s ta r ts  a t  th a t  o f H A A  a t  48 °C an d , a f te r  passing  th ro u g h  a v e ry  f la t  m in i­
m um  a t  a b o u t 40 °C, reaches th e  m elting  p o in t o f H P A  a t  45 °C. T h e  course 
of th e  freezing p o in t cu rve  is s im ilar, show ing its  m in im um  a t  30 °C.

In  F ig . 2 X -ra y  d iffrac to g ram s fo r som e com positions of H A A /H P A  are 
p re sen ted  schem atica lly . In te s it ie so f  th e  reflexions are  illu s tra te d  b y  th e  len g th s  
of s tra ig h t lines loca ted  a t  th e  p lace  of th e  peak . F o r each com position , th e  
h e ig h t o f th e  stro n g est reflex ion  is ta k e n  as u n ity , th u s  all o th e r in te s itie s  co r­
respond  to  its  p ro p o rtio n . I t  can  be seen th a t  th e  ch a rac te ris tic  reflex ions of 
H A A  are changed  even a t  a m o la r ra tio  of 0.9 : 0.1 for H A A /H A P , in d ic a tin g  
th e  ap p earan ce  of a new  phase . T h is phase  can  be d e tec ted  up  to  th e  m o lar 
ra tio  0.5 : 0.5, w hile th e  reflex ion  angles v a ry  con tinuously . W ith  H P A  co n ­
te n ts  h ig h er th a n  0.5 : 0.5, th e  reflex ions of H P A  are  observed  a t  angles v a ry in g  
m ono tonously  w ith  th e  com position . C om paring F igs 1 and  2 i t  can  be e s ta b ­
lished  th a t  H A A  an d  H P A  fo rm  p a r tia lly  m iscible solid solu tions. A t h igh  
H P A  co n ten ts , th e  s tru c tu re  o f th e  solid so lu tion  corresponds to  th a t  of H P A  
itse lf, w hereas a t  h igh  H A A  co n ten ts , th e  s tru c tu re  o f th e  solid so lu tion  differs 
from  th a t  of p u re  H A A . T he tw o  phases, i.e. H A A  con ta in in g  H P A , an d  H P A

-------- 1---- La 1_1_I I I  1 1 Il  1

HAA
1.0

HPA
0.0

____1_____ 1 ................  1 1 1
0.9 0.1

------1_____d_1___ 1 ■ 1 il 1
0.8 0.2

----- i— .........................1 il 1
0.7 0.3

- L -  1 1 , , 1 III 1 1, . .
0.6 0.4

___ U____ lLu___ . ■ 1 Il 1 1, „ ,
0.5 0.5

_ l _____Il 1 I.____ , _ L Il 1 I I I  1 1
0.4 

I . . .
0.6

1 1. 1 . . 1 1__ 1 1
0.3 0.7

1 1 1
0.2 0.8

1 I I I  , 1 III. 1
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1 1

M i l . 111 1  1
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. .  1
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Fig. 2. X -ra y  d iffrac to g ram  o f N -h ex ad ecy l acry lam ide  (Mx)-N -h ex ad ecy l p ro p io n am id e
(M2) m ix tu re s
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c o n ta in in g  HAA, a re  n o t  p resen t sim u ltan eo u sly  a t  am b ien t te m p e ra tu re ; 
a lw ay s  th e  solid so lu tio n  cha rac teris tic  o f th e  com ponen t of h igher p ro p o rtio n  
c a n  b e  detected . T h e  liq u id u s  and solidus cu rves decrease fo r b o th  solid solu­
tio n s  b y  increasing th e  a m o u n t of th e  second com ponen t, an d  in te rsec t a t  th e  
co m p o sitio n  w here th e  s tru c tu re s  of th e  solid  so lu tions in te rchange .

T he phase d ia g ra m  of th e  system  N -hexadecy l m e th ac ry lam id e  (HM A) 
a n d  N -hexadecyl iso b u ty ra m id e  (H IB A ) is i llu s tra te d  in  F ig  3. T he shape of 
th e  solidus curve is co n v ex  from  th e  m eltin g  p o in t o f H M A  a t  51 °C u p  to  th a t  
o f  H IB A  a t 65 °C, a n d  i t  shows a w ide shallow  m ax im um  betw een  H IB A  con­
te n ts  of 0.6 to  0.9. I n  F ig . 4 schem atic  X -ra y  d iffrac tog ram s are  p resen ted  for 
sev e ra l com positions o f  th e  H M A /H IB A  sy stem . T he reflex ions of HM A con­
tin u o u s ly  app roach  to  th o se  of H IB A . F o r  a n  in te rp re ta tio n  of F igs 3 an d  4 i t  
c a n  be  s ta ted  th a t  H M A  and  H IB A  fo rm  a solid so lu tion  in  sp ite  of th e  slight 
d ifferences in  th e ir  s tru c tu re s . T he s tru c tu re  o f th e  solid so lu tion  depends on 
th e  com position  an d  i t  corresponds to  a tra n s it io n  s tru c tu re  betw een  those of 
th e  p u re  com ponents.

Polym erizations

F igure 5 show s th e  k inetic  curves o f  so lid -s ta te  in  source po lym eriza tions 
o f  H A A  a t 20 °C, in  th e  presence o f v a rio u s  am o u n ts  of H P A . I t  can  he read ily  
o b se rv ed  th a t  b o th  th e  po lym eriza tion  ra te  an d  th e  conversion lim it decrease 
as th e  co n cen tra tio n  o f  th e  in e rt m a te ria l increases. A  physica l h in d ran ce  of 
c h a in  p ropag a tio n  o f  th is  k ind was fo rm erly  observed in  th e  b in a ry  system  
o f  cholesteryl p ro p io n a te  [8 ].

K inetic  cu rves o f  so lid-sta te  in  source po lym eriza tions of HM A in  th e  
p resence  of vario u s a m o u n ts  of H IB A  are  p re sen ted  in  F ig . 6 . T he in e r t m a te ­
r ia l  b o th  changes th e  k in e tic  ch a rac te r an d  increases th e  in itia l ra te  of poly-

M, 0.2 0.4 0.6 0.8 М2 1.0

Fig. 3. Phase d iag ram  o f  th e  system  N -hexadecyl m eth acry lam id e  (M j)—N -hexadecy l isobutyr-
am ide  (M2)
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Fig. 4. X -ray diffractogram  of N-hexadecyl m ethacrylam ide (Mj)—N-hexadecyl isohutyram ide
(M2) m ixtures

100 200 300 400t (h)
Fig. 5. K inetic curves of solid-state polym erizations of N -hexadecyl acrylamide a t a dose 
ra te  of 1.4 • 105 r/h  a t  20 °C; О =  w ithout additive; X =  w ith 20 mole- % of H PA; •  =  w ith  

50 mole- % of H PA ; Д  =  w ith  70 mole- % of H PA

m eriza tion . I n  th is  case th e  isom orphous d ilu en t p re su m ab ly  a lte rs  th e  s tru c tu re  
o f th e  solid p h ase  so th a t  th e  po lym er p ro d u c t can  also be  isom orphous w ith  
th e  orig inally  isom orphous system  consisting  of th e  m onom er an d  in e r t  
m a te ria l.
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100 200 300 Л 00 500 600
U h )

Fig. 6. K inetic curves of solid-state polym erizations of N-hexadecyl m ethacrylam ide a t a dose 
ra te  o f 1.4 • 105 r/h  a t  20 °C; О =  w ithou t additive; Д =  w ith  20 mole- % of H IB A ; 

□  =  w ith 50 mole- % of H IB A ; 0  =  w ith 70 mole- % o f H IB A

In te rac tio n s betw een th e  po lym er and the  m onom er

F igu re  7 show s th e  schem atic  d iffrac tog ram s of H A A  sam ples ta k e n  a t 
v a r io u s  conversions. I t  can  he estab lished  th a t  th e  s tru c tu re  o f th e  m onom er 
c h a n g e s  considerably  ev en  a t  a low  conversion . In  th e  p resence  of th e  po lym er 
th e  d iffrac tog ram s re m a in  ch a rac te ris tic  o f a crysta lline  m a te r ia l up  to  a con­
v e rs io n  of 90 %, b u t  th e  in ten sities  of th e  reflexions are decreasing . In  fac t, th e  
lo c a tio n s  and re la tiv e  in ten sitie s  of th e  in d iv id u a l reflex ions are  changing  w ith  
in c rea s in g  conversion. T h e  d iffrac to g ram  o f th e  p rec ip ita ted  p u re  po lym er d if­
fe rs  from  th a t  of th e  sy stem  of 90 % conversion  suggesting  a know n  hexagonal 
a r ra n g e m e n t of th e  side chains [13]. T h e  po lym er/m onom er system  of 90 % 
co n v ersio n  is hexagonal as well, b u t  th e  reflex ion  correspond ing  to  th e  a tta c h -
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F ig. 7. Schematic illustrations of X -ray  diffractogram s of polymerizing HAA samples a t
different conversions
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Fig. 8. Schematic illustrations of X -ray  diffractogram s of polym erizing HMS sam ples a t
different conversions

m en t o f  th e  chains is sh ifted  to w ard s th e  low er angles (h igher d istances). T h is  
sh ift can  also be o bserved  in  th e  course of th e  conversion .

In  F ig . 8 X -ra y  d iffrac tog ram s are schem atica lly  i llu s tra te d  as a fu n c tio n  
of th e  H M A  conversion . I t  can  be s ta te d  th a t  in ten s itie s  o f th e  c ry s ta llin e  
reflex ions decrease ra p id ly  as com pared  w ith  th o se  o f  th e  orig inal m onom er. 
E v en  a t  a conversion o f  7.5 %, th e  d iffrac tog ram  in d ica tes  th e  fo rm atio n  o f a 
new p h ase  w ith  c ry s ta llin e  o rien ta tio n  w hich la t te r  becom es how ever, red u ced  
w ith  th e  progress o f  conversion . A t conversions ab o v e  15 %, th e  d iffrac tion  
p a tte rn  o f th e  p o ly m er is p red o m in a tin g . T he p o ly m er is ch a rac terized  b y  a  
hexagonal s tru c tu re  a n d  th e  m onom er is tran sfo rm ed  in to  th a t  s tru c tu re  b y  
th e  ap p earan ce  of a re la tiv e ly  low  a m o u n t of po lym er.

Discussion of the phase conditions

F o r an  in te rp re ta tio n  of th e  above exp erim en ta l re su lts , i t  should  be 
considered th a t  an  idea l solid so lu tion  of organic m olecules is qu ite  ra re . 
A ccording to  K i t a i g o r o d s k i i  [14], a solid so lu tion  can  be ex p ec ted  w hen th e  
m olecular sizes of th e  com ponen ts assure  th a t  th e ir  o v erlap p in g  volum e ta k e s  
a t  least 90 % of th e  to ta l  volum e, th e ir  crysta lline  s tru c tu re s  are  id en tica l an d  
none of th e  com ponen ts has a group th a t  could h in d e r se ttin g  in to  th e  m olec­
u la r  la ttic e  of th e  o th e r. V inyl m onom ers generally  do n o t fo rm  solid so lu tions 
w ith  th e ir  s a tu ra te d  analogues. Id e a l eu tectics w as o b ta in e d  fo r th e  system  
acen ap h th y len e-acen ap h th en e  [15]. T he system s N -v in y lp h th a lim id e -N -e th y l- 
p h th a lim id e  [16] an d  N -v iny lcarb azo le -N -e th y lcarb azo le  [17] form  eu tec tics , 
too . P a r tia l  m iscib ility  w as found  for th e  solid so lu tions o f th e  m onoally l—m ono­
p ropy l esters  of norbo rnene-2 ,3 -d icarboxy lic  acid [18] an d  cho lestery l m e th ­
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a c ry la te —cholesteryl iso b u ty ra te  [10]. A p a r tia lly  m iscible liq u id  crysta lline  
so lu tio n  was observed  in  th e  sy stem  cho lestery l a c ry la te -c h o le s te ry l p ro ­
p io n a te  [8].

C apab ility  o f isom orph ism  increases w ith  th e  ch a in  le n g th  o f th e  sub­
s t i tu e n t  bonded to  th e  v in y l group. I t  is im p aired , how ever, b y  th e  fa c t th a t  the  
v in y l  group is p lan a r, w hile its  s a tu ra te d  analogue is n o n -p lan a r. K i t a i g o - 

RODSKII [14] m ade a th e o re tic a l s tu d y  of th e  c ry s ta l s tru c tu re  o f p a ra ffin s  and 
fo u n d  th a t  th e  a rra n g e m en t of th e  subcells of a long ca rb o n  ch a in  re la te d  to  
th e  c ry s ta l la ttic e  is d e te rm in ed  b y  th e  a tta c h m e n t o f th e  end -g roups. This 
m a y  exp la in  th e  sign ificance of th e  v in y l-to -a lk y l change in  th e  a tta c h m e n t of 
th e  lay ers  in  th e  c ry s ta l la ttic e . T he difference observed  b e tw een  H A A  and  
H M A  in  th e  p resen t w ork  m ay  be a t t r ib u te d  to  th e  h ig h er space req u irem en t 
o f  th e  m ethy l group of th e  su b s ti tu e n t in  HM A (w hich is n o t  e n tire ly  p lan ar) 
as co m p ared  w ith  th a t  of th e  acry l g ro u p ; th e  su p p lem en ta ry  h y d ro g en  atom s 
do  n o t  d estru c t th e  close p ack ing  o f th e  la ttic e . F u rth e rm o re , i t  does n o t appear 
c a su a l th a t  no solid so lu tio n  is fo rm ed  in  th e  la ttic e  of H A A ; in s tead , th e  
sy s te m  H A A /H PA  o f h igh  H A A  c o n te n t crea tes a new  s tru c tu re , w hile  H P A  is 
a b le  to  dissolve H A A  in  its  la ttic e  w ith  a h igher space re q u ire m e n t.

A  s tu d y  o f th e  p o ly m eriza tio n  o f th e  m onom ers as a fu n c tio n  o f th e  con­
v e rs io n  has show n th a t  H A A  undergoes a phase tra n s itio n  a t  a low  conversion 
u n d e r  th e  in fluence o f th e  p o ly m er rem ain in g  in  th e  la ttic e . I n  th e  course of 
f u r th e r  po lym eriza tion , th e  p o ly m er p reserves th e  s tru c tu re  o f th is  phase in  
sp ite  o f the  fa c t th a t  its  ow n s tru c tu re  is d ifferen t. T h is is an  a d d itio n a l piece 
o f  evidence for forced  isom orph ism  described  p rev iously  [8 ]. T h e  po lym eriza­
t io n  ch aracteristics o f m ixed  film s o f v in y l s te a ra te —e th y l s te a ra te  stu d ied  b y  
P u t e r m AN et al. [19] can  be ex p la ined  sim ilarly .

P hase  tra n s itio n s  in  H M A  system s occur a t  low er conversions. T he po ly ­
m e r becom es isom orphous w ith  th e  m onom er in  such a w ay  th a t  th e  po lym er 
d isso lves th e  u n re a c te d  m onom er in  its  hexagonal phase . Such  a hexagonal 
p h a se  is form ed in  sm ectic  substances as well, charac terized  b y  chains p erpend ic­
u la r  to  th e  p lane o f th e  chain  ends; th e  d irec tion  of th e  C — C — C p lanes w ith in  
th e  chains is, how ever, s ta tis tic a l. P o ly m eriza tio n  tak es  p lace  in  th is  loose- 
p a c k e d  system . T h is p a t te rn  is re la te d  to  th e  fea tu re  of th e  so lid -s ta te  reaction . 
T h e  reaction  ra te  increases as th e  new  phase  has form ed re su ltin g  in  an ac­
ce le ra tin g  k inetic  ch a ra c te r . In  th e  presence of th e  isom orphous in e r t  m ateria l 
th e  m odifying effect o f th e  p o lym er does n o t p revail, since th e  in itia l c ry sta l 
s tru c tu re  differs from  th a t  of th e  p u re  m onom er even if  th is  d ifference is slight.

The h ighest periods of th e  m onom eric  c rysta ls  are  24.9 Â  fo r H A A  and  
21.51 A for HM A ; th o se  for th e  system s con ta in ing  p o lym ers are  31.2 an d  
31.1 Á, respectively . T h e  e s tim a te d  len g th  of ex ten d ed  ch a in  m olecules is 
27.5 A. I t  m eans t h a t  th e  m olecules are  tilte d  to  th e ir  sh ee t in  m onom eric 
c ry s ta ls , b u t form  sheets w ith  p e rp en d icu la r m olecular chains in  th e  presence
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o f p o ly m er. Such a tran sfo rm atio n  o f  m olecu lar o rien ta tio n  w as n o t o b serv ed  
in  m onom ers h av in g  no hydrogen b rid g es  w ith in  th e  sheets. In  all cases w hen  
fo rced  isom orphism  betw een  a m o n o m er an d  po lym er w as de tec ted , th e  p o ly ­
m er w as p reserved  b y  th e  la ttice  g e o m e try  o f m onom eric crysta ls . In  th e  p re s ­
e n t cases th is  re la tio n  is reversed, w h ich  can  be exp la ined  b y  hydrogen  b o n d in g  
forces coupling th e  m olecules to  each  o th e r  w ith in  th e  sheets and  p re v e n tin g  
th e  fo rm a tio n  of a sep a ra te  po lym eric  phase .
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Our previous studies have show n th a t  the surface excess free energy of platinum , 
palladium , rhodium , ruthenium  and irid ium  cata lysts depends prim arily on the  na tu re  
of th e  catalyst, b u t i t  also varies w ith  th e  m ethod of preparation.

This work aim s a t investigating how the surface excess free energy of palladium  
and  platinum  cata lysts varies upon alloying. The effect of alloying was studied on 
P d  I r  and P t-A u  systems.

By extending the investigations to  the m easurem ent of hydrogen content, sur­
face area and ac tiv ity , we have found  th a t  the excess surface free energy rem ains 
essentially unchanged within the detec tion  lim it while the components of th e  alloy 
form  a homogeneous solution and have  sim ilar physicochemical properties (e.g. la ttice  
param eters) w hich enable the atom s o f th e  alloying m etal to  replace easily those of 
th e  host m etal in  the  lattice points.

D etectable changes occur in  th e  excess free energy upon alloying only in those 
cases when new phases appear (P t w ith  an  Au conten t of 10— 15 atom  %).

In tro d u c tio n
•

A ccord ing  to  th e  m o st generally  ac c e p ted  view , c a ta ly s ts  can  be re g a rd ed  
as su b stan ces in  a non-equ ilib rium  s ta te  w ith  excess free energy. T he m o st 
im p o r ta n t  com ponen ts o f th is  excess free  energy  are, according to  R o g i n s k i i  
[1], th e  ph ase  defects, chem ical and  s t ru c tu ra l  defects an d  th e  h igh  d isp e rs ity .

I n  ce rta in  cases, th e re  is a lin e a r  co rre la tio n  betw een  th e  excess surface 
free en erg y  and o th e r  properties (e.g. c a ta ly tic  ac tiv ity ) of th e  c a ta ly s ts  [2 ].

T h e  excess free energy  can be d e te rm in e d  on th e  basis o f several p h y sico ­
chem ical p roperties o f solids. O ur m easu rem en ts  are based  on an  im p ro v ed  
v a r ia n t o f th e  m ethod  o f H ü ttig  an d  H e r m a n n  [3] and  R o g i n s k i i  [1 ] .  A ccord ­
ingly , th e  excess free  energy ( A F ) o f  noble  m e ta l c a ta ly s ts  is d e te rm in ed  
from  th e  p o ten tia l d ifference, E, of th e  ac tiv e  su b stan ce  an d  th e  m e ta l in  eq u i­
lib riu m  s ta te , w ith  re sp e c t to  the  ions o f th e  g iven  m eta l [4], b y  m eans of 
the eq u a tio n

A F  = 23060 n E  (cal/m ol)

w here n  is th e  valence  num ber of th e  m e ta l ion  in  solution.
O ne of th e  basic  fea tu res of th e  m e th o d  developed  in  our la b o ra to ry  is 

th a t ,  b efo re  th e  m easu rem en t, th e  c a ta ly s t  is po larized  g a lv an o sta tica lly  to  a
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p o te n tia l  a t w hich th e  c a ta ly s t can  be reg a rd ed  as p rac tica lly  free o f gases. 
O therw ise , th e  o x ygen  or hydrogen  gas on th e  surface of th e  c a ta ly s t in te rfe res  
w ith  th e  d e te rm in a tio n  of th e  p o te n tia l M e/M e" .

T he excess free  energy  ca lcu la ted  fro m  th e  electrochem ical p o te n tia l is 
c h a rac te ris tic  o f th e  surface of th e  c a ta ly s t , an d  th u s  i t  rep resen ts th e  excess 
free  energy re ferred  to  u n it  surface a rea , an  im p o r ta n t p ro p e rty  in  ca ta ly sis .

W e found [4] t h a t  th e  surface excess free energy of p la tin u m , p a llad iu m , 
rh o d iu m , ru th e n iu m  an d  irid ium  c a ta ly s ts  is a fu n c tio n  p rim arily  of th e  n a tu re  
o f th e  ca ta ly s t, b u t  i t  can  also be in flu en ced  b y  th e  m ethod  of p re p a ra tio n  over 
a w ide  range. F o r a g iven  m eta l, th e  h ig h er th e  v alue  o f A F , th e  h igher th e  
c a ta ly tic  a c tiv ity  o b ta in ed .

As an  ex ten sio n  of th is  w ork , we h a v e  now  stu d ied  how  th e  changes 
o ccu rrin g  upon  th e  alloy ing  of th e  c a ta ly s ts  can  be de tec ted  via th e  m easu re ­
m e n t o f  th e  surface excess free energy. T h e  effect o f alloying w as s tu d ied  on th e  
P d —I r  and  P t—A u system s.

I n  add itio n  to  th e  m easu rem en t of A F , th e  so rp tion  of hyd ro g en  w as also 
in v e s tig a te d  b y  g a lv an o sta tic  an d  p o te n tio d y n a m ic  m ethods, fu rth e rm o re , th e  
su rface  area an d  th e  ca ta ly tic  a c tiv ity  w ere m easured  in  liq u id -p h ase  h y d ro ­
g e n a tio n  reactions. O n th e  basis o f th e se  m easu rem en ts , we a t te m p t to  e s ti­
m a te  th e  role o f th e  com ponen ts of A F  in  th e  surface excess free energy .

E xperim en ta l 

1. E xperim en ta l m ethods

a) The determination o f surface excess free energy

T he su rface excess free energies of p a lla d iu m —irid ium  c a ta ly s ts  w ere m ea ­
su re d  in  the  follow ing w ay. T h irteen  to  50 m g sam ples of th e  c a ta ly s t w ere p o ­
la r iz e d  to  ca. 500 m V  in  1 N  HC1. T he re su ltin g  degassed c a ta ly s t was tra n sfe rre d  
u n d e r  liquid  in to  th e  m easuring  e lec trode  ch am b er of th e  a p p a ra tu s  described  
in  o u r previous p u b lica tio n  [4], c o n ta in in g  a so lu tion  w ith  a c o n cen tra tio n  of 
1 M  fo r HC1 an d  10 ~3 M  for H 2PdC l4. T he f la sk  w as shaken  to  m ake th e  c a ta ly s t  
g ra in s  im p ac t a g a in s t a sm ooth  p la tin u m  sh ee t electrode. T he reference elec­
tro d e  w as A g/A gCl/H Cl (1 ill)  sy stem . T h e  tw o  electrode cham bers co m m u n i­
c a te d  th ro u g h  g ro u n d  jo in ts . T he m easu rem en ts  w ere carried  o u t a t  25 °C.

W ith  th is  m e th o d , a possible source o f erro r is th a t  th e  c a ta ly s t m ay  
re -ad so rb  gases w h en  tran sfe rred  from  th e  po lariz ing  a p p a ra tu s  in to  th e  
m easu rin g  ch am b er, or adsorb  gases from  th e  e lec tro ly te  fed  in to  th e  la t te r .  
T h erefo re , an  a p p a ra tu s  was developed (F ig . 1), w hich can  be app lied  for b o th  
g a lv a n o s ta tic  p o la riza tio n  an d  th e  m easu rem en t of A F . D uring  th e  m easu re ­
m e n t, th e  e lec tro ly te  and  th e  c a ta ly s t c an  be flu shed  w ith  oxygen-free argon
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Fig. 1. A pparatus for the m easurem ent of free energy. A — measuring electrode, В — auxi- 
iary electrode, C — reference electrode, D — inlet and ou tle t of Ar gas, E  — inlet of oxygen-free

electrolyte, F  — electrolyte drain

and  b e tw een  th e  tw o  m easu rem en ts th e  e lec tro ly te  can  be rep laced  u n d e r an  
in e rt gas a tm o sp h ere .

T h e  design o f th e  m easuring  e lec trode  is as follows. A  g ro u n d  p is to n  
m oves in  a sh ea th  closed on th e  end  w ith  a s in te red  glass filte r . T he p is to n  ends 
in  a p la tin u m  sheet. T he c a ta ly s t c an  be p laced  b e tw een  th e  p la tin u m  sh ee t an d  
th e  f ilte r , an d  i t  is pressed ag a in s t th e  la t te r  b y  th e  p iston . T h e  po la riz ing  
au x ilia ry  e lec trode  is a sm ooth  p la tin u m  sheet, an d  th e  reference e lec trode  is 
Ag/AgCl im m ersed  in to  1 N  HC1. T h e  e lec tro ly te  can  be s tirred  b y  argon  gas 
or w ith  a m agnetic  s tirre r.

T h is a p p a ra tu s  was used to  s tu d y  P t-A u  c a ta ly s t system s.

b) Galvanostatic and potentiodynamic studies

T he g a lv an o sta tic  in v estig a tio n s o f th e  c a ta ly s ts  con ta in ing  p a llad iu m  
and  th e  p o ten tio d y n am ic  m easu rem en ts  on all c a ta ly s ts  w ere perfo rm ed  in  th e  
th ree-e lec tro d e  ch am b er described  in  o u r p rev ious p a p e r [4]. I n  th is  cell th e  
m easuring  an d  po lariz ing  electrodes are  sm o o th  p la tin u m  sheets, an d  th e  re fe r­
ence e lectrode is a p la tin ized  p la tin u m  h y d ro g en  electrode. F ro m  th e  space 
of th e  reference e lectrode a L ugg in  cap illa ry  leads dow n to  th e  ca ta ly s ts .

T h e  galvanostatic in v estig a tio n s of P d -co n ta in in g  c a ta ly s ts  w ere p e r­
fo rm ed  a t  room  te m p e ra tu re  w ith  10 m g sam ples of c a ta ly s t in  1 N  su lfuric acid . 
C urren t in te n s ity  w as 2 mA. T he c a ta ly s t  sam ples w ere f irs t s a tu ra te d  w ith  
hyd rogen  b y  ca th o d ic  po la riza tio n , an d  th e n  th e  anodic curves w ere ta k e n . 
In  p lo ttin g  th e  cu rves, th e  ap p ro x im a te  va lu e  of th e  resistance  p o la riza tio n  
was also ta k e n  in to  accoun t. T he sec tion  o f th e  cu rves below  50 mV w as d e te r­
m ined b y  ex trap o la tio n . In  th e  e v a lu a tio n  of th e  charg ing  curves, accord ing  
to  th e  ap p ro x im a tio n  given in  ou r p rev ious p a p e r [5], th e  am o u n t of h y d ro g en
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d eso rb ed  b e tw een  0 an d  90 mV w as reg a rd ed  as d issolved, an d  th a t  desorbed  
in  th e  range of 90 — 300 mV as adso rbed . F ro m  th e  a m o u n t of adso rbed  h y d ro ­
gen , th e  surface a re a  w as ca lcu la ted  b y  th e  u su a l ap p ro x im atio n s [6 ], an d  i t  
w as also e v a lu a te d  from  th e  specific cap a c itan c e  o b ta in ed  from  th e  doub le­
la y e r  sections o f th e  curves [7]. (Since no d a ta  h av e  been  found  in  th e  l i te ra tu re  
on th e  specific cap ac itan ce  of th e  alloys, th e  values p erta in in g  to  p la tin u m  
w ere  used in  all cases.)

T he g a lv a n o s ta tic  curves of P t—A u c a ta ly s ts  w ere m easured  in  th e  a p p a ­
r a tu s  show n in  F ig . 1. The m easu rem en ts w ere ca rried  o u t a t  25 °C w ith  20 — 30 
m g o f ca ta ly s t in  1 N  HC1, a t  a c u rre n t in te n s ity  o f 1 m A. T he am o u n t of so rbed  
h y d ro g en  w as d e te rm in ed  from  th e  0 — 300 mV section  of th e  curves, w hereas 
th e  surface a rea  fro m  th e  doub le-layer section .

In  th e  potentiodynamic  m easu rem en ts  1 N  su lfuric acid or 1 IV h y d ro ­
ch lo ric  acid w as u se d  as e lectro ly te . T he m easu rem en ts  w ere carried  o u t a t  room  
te m p e ra tu re  b e tw een  50 and 300 mV w ith  1 — 10 m g of c a ta ly s t, using  an  A M EL 
551/SU  ty p e  p o te n tio s ta t .  To d e te rm in e  th e  p o ten tia ls  belonging to  each  of 
th e  m ax im a, th e  r a te  of th e  p o te n tia l change w as decreased  u n til  th e  peaks 
d id  n o t sh ift a n y  m ore  [5, 8 ].

c) A ctivity measurements

The a p p a re n t ac tiv ities of th e  c a ta ly s ts  w ere in v es tig a ted  in  liqu id  phase  h y ­
d ro g en a tio n  re a c tio n s  a t  20 °C u n d e r 1 a tm , using  n itrobenzene , eugenol an d  ac ­
e tophenone as re a c ta n ts . One h u n d re d  m g c a ta ly s t  and  10 ml 90 % e th an o l w ere 
ch a rg ed  in to  a 50 m l flask , and  th e  re a c tio n  m ix tu re  w as s a tu ra te d  w ith  h y d ro ­
gen  u n d e r shak ing . T h erea fter, 2 m l of a 90 % alcohol so lu tion  con ta in in g  2 m m ol 
o f  eugenol or ace to p h en o n e  or 2/3 m m ol o f n itrobenzene , re spec tive ly , w ere 
in je c te d  in to  th e  system , and th e  co n su m p tio n  of hyd rogen  w as m easu red .

A c tiv ity  w as defined  as th e  a m o u n t of h y d rogen  (ml) consum ed  from  
th e  gas phase b y  1 g ca ta ly s t in  1 m in.

2. The p rep ara tio n  of catalysts

a) P d catalysts containing 0, 0.5, 2.5 and 4 atom % o f Ir

The pH  o f 30 m l of a 10 w t. % H 2P dC l4 so lu tion  w as a d ju s te d  to  9 — 10 
w ith  30 w t. % N a O H  solution. T h e  p re c ip ita te d  oxide w as boiled, an d  im m e­
d ia te ly  h y d ro g e n a te d  under a tm o sp h eric  p ressu re  an d  shaking  u n til  th e  h y ­
d rogen  u p ta k e  ceased . The c a ta ly s t w as w ashed  w ith  h o t d istilled  w a te r, an d  
d ried  a t  room  te m p e ra tu re  in  a v acu u m  d esiccato r to  c o n s ta n t w eigh t.

The irid iu m  conta in ing  c a ta ly s ts  w ere p rep a red  in  a sim dar m an n er, 
e x c e p t th a t  in  th e  s ta rtin g  H 2PdC l4 so lu tio n  (N H 4)2IrC l6 w as d issolved in  a- 
m o u n ts  co rrespond ing  to  0.5, 2.5 an d  4 a to m  % of irid ium  co n ten t.

Acta Chim. Acad. Sei. Hung. 96, 1978



MALLÁT et al.: NOBLE METAL CATALYSTS 249

b) Pt—A u  catalysts containing 0 ,5 , 10, 15 and 20 atom % o f A u  w ere p re ­
p a red  by  sod ium  b o rohydride  red u c tio n ; 120 m l of a so lu tion  of 4.5 g N a2P tC l6 
an d  an a p p ro p ria te  am o u n t of H A u C14 and  300 m l 15 w t. % so lu tion  of N a B H 4 
w ere dropped  s im u ltaneously , a t  20 — 25 °C, in to  150 m l of d istilled  w a te r, 
in  a m anner a lw ay s ensuring an  excess of sodium  b o ro h y d rid e . T h erea fter, th e  
reac tio n  m ix tu re  w as h ea ted  to  boiling  an d  th e n  filte re d . T he c a ta ly s ts  w ere 
w ashed  w ith  200 m l of 0.1 N  h y d roch lo ric  acid  an d  d istilled  w ater, and  f in a lly  
d ried  a t 25 °C in  vacuum .

R esults

The effect o f  alloying w as in v es tig a ted  on p la tin u m  ca ta ly s ts  co n ta in in g  
gold and p a lla d iu m  ca ta ly s ts  co n ta in in g  ir id iu m . T hese system s were selected  
on th e  basis o f th e  follow ing considera tions. In  th e  electrochem ical m easu re ­
m en t of th e  su rface  excess free  energy , i t  m u s t be  ta k e n  in to  accoun t t h a t  
the p o ten tia l o f a llo y  ca ta ly s ts  is d e te rm in ed  b y  th e  less noble com ponen t, b u t  
th e  alloying m e ta l, in  paralle l w ith  alloy fo rm a tio n , m akes th e  s ta n d a rd  p o te n ­
tia l  of the  less n ob le  m etal m ore positive . To be able to  neg lec t th e  d isso lu tion  
of th e  nobler co m ponen t, th e  d ifference b e tw een  th e  tw o  s ta n d a rd  p o te n tia ls  
m u st be su ffic ien tly  large. T hese considera tions h av e  led  to  choosing irid iu m  
an d  gold for a llo y in g  pa llad iu m  an d  p la tin u m , resp ec tiv e ly . (The corresponding  
m eta l/m e ta l ch lo rid e  com plex s ta n d a rd  p o ten tia ls  are  as follows:

E°Pd =  0.64 У 

£ p t =  0.76 У 

E \r = 0.86 V 

K n  = i-oo  V)

The P d —I r  system  is hom ogeneous above 1500 °C, and  separa tes in to  
system s rich  in  p a llad iu m  or irid iu m  below  th is  te m p e ra tu re . T he heterogeneous 
range  rap id ly  increases w ith  a decrease in  te m p e ra tu re : a lread y  a t  700 °C on ly  
3 a tom  % o f ir id iu m  is dissolved in  p a llad iu m  [9]. A ccord ing  to  th e  in v e s tig a ­
tio n s of K h o m c h e n k o  et al. [10], p e rta in in g  to  e lec tro ly tica lly  p re c ip ita te d  
P d —I r  b lack, th e  system  becom es heterogeneous on ly  above 15 a tom  % o f I r .  
T his m ight be d u e  to  th e  fa c t t h a t  a t  low  te m p e ra tu re s  th e  equ ilib rium  s ta te  
can n o t be reach ed  owing to  slow diffusion. T he co n cen tra tio n s of th e  P t—I r  
alloys chosen in  o u r m easu rem en ts w ere to  ensure hom ogeneous alloys. T h e re ­
fore, p a llad ium  w as alloyed o n ly  w ith  v e ry  sm all am o u n ts  of irid ium  (0.5, 2.5 
an d  4 a tom  %), su ited  for th e  in v es tig a tio n  of th e  re la tiv e  im p o rtan ce  of chem -
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ic a l d efects according to  th e  c la ss if ic a tio n  o f  R o g in sk ii in  th e  surface excess  
free  energy.

P la tin u m  an d  gold  crysta llize  in  th e  sam e system , an d  th e re  is on ly  a 
s lig h t difference in  th e ir  la ttic e  p a ra m e te rs . N evertheless, th e y  are  m iscible 
to  o n ly  a re s tric ted  e x te n t  due to  som e differences in  th e ir  e lectron ic  s tru c tu re s . 
A t room  te m p e ra tu re , th e  equ ilib rium  com position  of th e  p h ase  rich  in  p la ­
t in u m  is, th eo re tica lly , a lm o st 100 % p la tin u m , w hich, how ever, c an n o t be 
reach ed  in  p rac tice  d u e  to  slow diffusion  [11]. W ith  th is  sy stem , th e  co n cen tra ­
tio n s  of th e  alloys ap p lied  (5, 10, 15 an d  20 a to m  % o f Au) c e rta in ly  reached  
th e  heterogeneous reg ion , th e re b y  i t  is possib le to  s tu d y  n o t on ly  th e  role of 
chem ical defects b u t  also th a t  of p h ase  defects occurring in  th e  presence o f the  
new  phase.

F o r th e  ca lcu la tio n  o f th e  A F  v a lu es  of alloy ca ta ly s ts  i t  is also necessary  
to  know , as a reference  v a lu e  for th e  p o te n tia l  of th e  c a ta ly s t , th e  s ta n d a rd  
p o te n tia l  of th e  m e ta l—m eta l com plex  io n  system  of a g iven  co n cen tra tio n , 
b e ing  a t  th e rm o d y n am ic  equ ilib rium  in  th e  alloy. In  th e  case o f P d - I r  alloy  
th is  w as ca lcu la ted  (for P d ) b y  assu m in g  th e  presence of an  ideal so lu tion . 
I n  th e  case of P t-A u  alloys, th e  p o te n tia l  o f P t  was ca lcu la ted  from  th e  ap p ro x ­
im a te  equa tion  g iven  b y  B o r e liu s  [11]:

F
—  =  950*4(1 -  x) +  7700 [ж3(1 -  x ) 2 +  x 2( l  -  * )3] +

+  2900*(1 -  x)* +  T [x  In *  +  (1 -  ж) In (1 -  ж)]

w h ere  F  is th e  free energy  change o f alloy ing  referred  to  1 g a to m  of th e  
alloy;

[p x=i =  0 and F x=o =  °];
x  and  (1 — x) a re  th e  m ole frac tio n s  of gold an d  p la tin u m ;
T  is th e  te m p e ra tu re ; an d
R  is th e  u n iv e rsa l gas c o n s ta n t.

(a) The g a lv an o sta tic  curves o f P d  c a ta ly s ts  co n ta in in g  0, 0.5, 2.5 and  
4 a to m s % of I r  w ere dete rm in ed  in  1 N  su lfuric acid (F ig . 2). T he sections 
co rrespond ing  to  th e  processes w hich  occur during  anodic p o la riza tio n , i.e. co r­
re sp o n d in g  to  h y d ro g en  io n iza tion , doub le  lay e r charge in v ersio n  an d  oxygen 
a d so rp tio n  are well d is tin g u ish ab le  on th e  curves. In  th e  ran g e  b e tw een  0 and  
300 mV, th e  curve o f p a llad iu m  is m ore com plex  th a n  tho se  o f o th e r  p la tin u m  
m e ta ls  owing to  th e  la rg e  am o u n ts  o f dissolved hydrogen . B elow  100 mV 
a long , nearly  h o riz o n ta l section  ap p ea rs , w hich corrsponds essen tia lly  to  th e  
o x id a tio n  of dissolved h y d ro g en . The n e x t, low er step  can be a t tr ib u te d , acco rd ­
in g  to  th e  ap p ro x im a tio n  m en tio n ed  above, to  th e  io n iza tion  o f th e  adsorbed  
a m o u n ts  of hydrogen .
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T he p o te n tia l o f th e  f irs t  s tep  of th e  cu rves decreases g rad u a lly  up o n  
alloying. F o r th e  c a ta ly s t  con ta in in g  4 a tom  % ir id iu m , th e  decrease reaches 
a b o u t 15 mV.

T he hydrogen  co n te n t an d  th e  surface area  ca lc u la ted  from  th e  galvano- 
s ta tic  curves are  g iven  in  T ab le  I .  I t  can  be seen th a t  th e  am o u n t of adsorbed  
hydrogen  and th e  surface area  ca lcu la ted  th e re fro m  do n o t v a ry  w ith  th e  I r  
co n ten t, w hereas th e  dissolved and  to ta l  am o u n ts  of h y d ro g en  decrease.

Table I

Specific hydrogen content and surface area o f palladium —iridium  catalysts

Iridium content 
(atom %)

Hydrogen content (ml/g) Surface area
(m '/g)Total Dissolved Adsorbed

0 71.3 57.0 14.3 56.1

0.5 70.2 55.7 14.5 56.1

2.5 65.2 51.0 14.2 54.8

4.0 53.5 38.7 14.7 57.0

U pon th e  in tro d u c tio n  of 4 a to m  % Ir , th e  a p p a re n t ac tiv ities  fo r th e  
liq u id  phase h y d ro g en a tio n  o f eugenol and  n itro b en zen e  decrease only  b y  
5 —10 % w ith  re sp ec t to  th a t  of p u re  pallad ium  (84 an d  79 m l H 2/m in  g ca ta ly s t) .

T he surface excess free  energy  of th e  c a ta ly s ts  rem ain s p rac tica lly  u n ­
changed  upon  alloying w ith  I r ,  being  in v ariab ly  in  th e  ran g e  o f 2.3 — 2.5 kcal/m ol.

Fig. 2. G alvanostatic curves of P d - I r  catalysts (1 N  H 2S04, 10 mg cata lyst, room tem perature, 
i = 2  mA); a — pure Pd, b — 0.5 at. % Ir, c — 2.5 at. % Ir , d — 4 at. % Ir
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T h e  w id th  of th is  ran g e  is th e  sam e as th e  p robab le  sc a tte r  o f  th e  exp erim en ta l 
re su lts  ( ± 0.1 kcal/m ol).

A ccording to  X -ra y  d iffrac tio n  m easu rem en ts, th e  c a ta ly s ts  are  hom o­
g eneous, and a new  p h ase  rich  in  irid iu m  can n o t be de tec ted .

(b) The h y d ro g en  c o n te n t o f  p la tin u m  ca ta ly s ts  co n ta in in g  0, 5, 10, 15 
a n d  20 a tom  % gold w as d e te rm in ed  b y  ga lv an o sta tic  an d  th e rm o d eso rp tio n  
m e th o d s . The hydro g en  c o n te n t d e te rm in ed  e lectrochem ically  (F ig . 3, cu rve  b) 
decreases linearly  b e tw een  0 an d  10 a to m  %, increases in  th e  ran g e  o f 10 —15 
a to m  %, and th e n  decreases again .

T he surface a reas  ca lcu la ted  from  th e  double lay er ca p a c itan c e  on the  
b as is  o f  th e  g a lv an o sta tic  cu rves also change a b ru p tly , a f te r  a s te a d y  section, 
b e tw e e n  10 and  15 a to m  % (F ig . 3, curve c).

T he hydrogen  c o n te n t re fe rred  to  1 m 2 of surface a rea  d e te rm in ed  by  
e lectrochem ical m e th o d s  (T able I I )  decreases by  ab o u t 20 % u p o n  th e  in tro ­
d u c tio n  of 20 % gold, i.e. th e  specific hyd rogen  so rp tion  a b ility  o f th e  ca ta ly s t 
decreases.

Au [a%]

Fig. 3. The most im p o rtan t characteristics of P t-A u  catalysts as a function  of composition. 
a and  a’ — activities in  th e  hydrogenation of eugenol and nitrobenzene, b — hydrogen content 
determ ined electrochemically, c — surface area determ ined electrochem ically, d — surface

excess free energy
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Table II

Hydrogen content and surface area o f Au-containing Pt catalysts

Au
(atom  % )

H ydrogen content Surface area

From therm o- 
desorption 

H / g )

From  electrochem. m easurem ent Electrochem.
m easurem ent

(m*/g)(rolls) (ml/m*)

0 1.4 3.42 0.140 24.3
5 - 3.22 0.122 26.3

10 0.9 3.01 0.126 23.9
15 1.3 3.95 0.114 34.8
20 0.7 3.45 0.110 31.3

T he s ligh t change in  th e  p o te n tia l  dependence o f h y d ro g en  so rp tio n  is 
AQ

easy  to  observe on th e  - ^ 7  vs. E  cu rves o b ta in ed  by  d iffe ren tia tio n  of th e  gal-

v a n o s ta tic  cu rves. T he d iffe ren tia l g a lv a n o s ta tic  curves o f th e  c a ta ly s ts  con­
ta in in g  0 an d  5 % A u are  show n in  F ig . 4. (O w ing to  th e  d iffe ren t experim en­
ta l  co n d itions th e y  are  n o t id en tica l to  th e  p o ten tio d y n am ic  i vs. E  curves.) 
I t  c an  be seen th a t  w ith  th e  in tro d u c tio n  o f gold (5 a to m  %), w eak ly  b o u n d  
h y d ro g en  is desorbed  a t  a p o te n tia l b y  a b o u t 15 mV low er th a n  in  th e  case 
o f p u re  p la tin u m . T he peak  p o sitio n  o f s tro n g ly  b ound  h y d ro g en  rem oved 
above  200 mV c a n n o t lie de te rm in ed  a c cu ra te ly  enough due  to  th e  stepw ise 
m easu rem en t of th e  g a lv an o sta tic  cu rves. W ith  sam ples o f h igher gold con­
te n t ,  th e  f irs t p e a k  is a lready  n o t sh ifted , an d  th u s  th e  co rrespond ing  curves 
are  n o t rep ro d u ced  here.

Fig. 4. D ifferential galvanostatic curves of P t-A u  catalysts (1 N  HC1, 25 mg catalyst, 25 °C);
a — pure P t, b — 5 at. % Au
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P o ten tio d y n am ic  stud ies p e rm it m ore de ta iled  a n d  accu ra te  resu lts  to  
be  o b ta in ed  concern ing  th e  hyd rogen  adso rbed  on th e  c a ta ly s ts . The p o te n tio ­
d y n am ic  curves of p la tin u m  c a ta ly s ts  con ta in in g  gold e x h ib it tw o m ax im a 
due to  hydrogen  in  all th e  cases, like those  of p u re  p la tin u m  [12], b u t th e  sp ac ­
in g  o f  m ax im a decreases w ith  increasing  gold co n ten t (F ig . 5). This is in  ag ree­
m e n t w ith  th e  resu lts  o f B r e i t e r  [1 3 ] ,  accord ing  to  w hich, i f  p la tin u m  is a lloyed  
w ith  increasing a m o u n ts  of gold, only  one, b ro ad  p eak  can  be found  above 
40 % gold co n ten t.

T he am o u n t an d  n a tu re  of adso rbed  hydrogen  w ere also in v estig a ted  b y  
th e rm o d eso rp tio n  m e th o d s , in  a d d itio n  to  e lec trochem ical m easurem ents. 
W ith  an  increase in  gold co n te n t from  0 to  20 a to m  %, th e  te rm o d eso rp tio n  o f 
h y d ro g en  takes p lace  a t  te m p e ra tu res  low er by  ab o u t 100 °C. The decrease in  
th e  p eak  te m p e ra tu re  corresponds to  decreasing m e ta l—hydrogen  b o n d  
s tre n g th s . The a m o u n t o f sorbed h y drogen  as a fu n c tio n  o f th e  com position  
v a rie s  in  a sim ilar w ay  as observed in  th e  electrochem ical m easurem ents.

The s tru c tu re s  o f th e  ca ta ly s ts  w ere in v es tig a ted  b y  X -ray  d iffrac tio n  
m eth o d s. The p resence  of a phase rich  in  gold could n o t be  de tec ted  in  an y  of 
th e  sam ples, on ly  th e  tw o m ost in ten se  peaks of p la tin u m  were b ro ad en ed  
to w ard s  th e  v a lu e  ch a rac te ris tic  of gold. T he asy m m etric  broaden ing  o f th e  
tw o  peaks of P t  a n d  th e  invariance  of th e  positions o f th e  m axim a can  be 
a t t r ib u te d  to  th e  fa c t  th a t  u p o n  th e  in tro d u c tio n  of gold th e  am o u n t of phases 
r ic h  in  p la tin u m  an d  con ta in in g  gold in  various a m o u n ts  increases inside th e  
g ra in s  a t  th e  expense  o f th e  pu re  p la tin u m  phase.

The a p p a re n t ac tiv itie s  of th e  c a ta ly s ts  in  th e  h y d ro g en a tio n  of eugenol 
a n d  n itrobenzene  (F ig . 3, curves a an d  a ’) change q u ite  sim ilarly  in  th e  e n tire

E [mVj

Fig. 5. Potentiodynam ic curves of P t-A u  catalysts in 1 N  sulfuric acid. R ate of po ten tia l 
change 200 mV/min; a — 0 at. % Au (17 mg), 6 — 10 at. % Au (17 mg), c — 20 a t. % Au

(15 mg)
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co n cen tra tio n  ran g e  stud ied . W ith  b o th  re a c ta n ts , th e  p ro b ab le  m ax im u m  lies 
betw een  10 an d  15 a tom  %.

T he surface excess free energy  (F ig. 3, curve d) w as fo u n d  to  be c o n s ta n t  
betw een  A u co n ten ts  of 0 an d  10 a to m  %, increasing  on ly  in  th e  ra n g e  o f 
10 — 15 a to m  % of A u b y  a b o u t 70 p e r cents. This increase  occurs in  th e  ra n g e  
w here th e  o th e r ca ta ly tic  p ro p ertie s  also show re m ark ab le  changes.

D iscussion

T he resu lts  o b ta in ed  on th e  effect of alloying on  th e  hyd rogen  c o n te n t, 
surface area , a c tiv ity  and  su rface excess free energy o f p a llad iu m —irid iu m  an d  
p la tin u m —gold system s can be in te rp re te d  as follows.

(a) P d -I r  catalysts
T he la ttic e  p a ram e te rs  o f P d  an d  I r  are n e a rly  id en tica l (3.88 an d  

3.89 Á), m ak ing  su b s titu tio n  in  th e  c ry s ta l la ttice  possib le, p a r tic u la rly  in  th e  
alloys stu d ied , co n ta in in g  0 to  4 a to m  % of I r . T h e  s tru c tu ra l hom ogeneity  
o f th e  b u lk  of a lloys is also p ro v ed  b y  X -ra y  d iffrac tion  m easu rem en ts , w hich  
fa iled  to  show  th e  presence o f phases rich  in  irid ium . H ow ever, th e  b u lk  an d  
su rface com positions o f alloy c a ta ly s t  grains m ay  he  considerab ly  d ifferen t. 
A ccord ing  to  th e  segregation  th e o ry  [15], th e  com ponen t w ith  a low er h e a t o f 
su b lim a tio n  is enriched  on th e  su rface  of hom ogeneous alloys. In  th e  P d —I r  
sy s tem , P d  has th e  low er h e a t of su b lim a tio n  [16], an d  th u s  i t  can  be  expec ted  
to  undergo  en rich m en t in  th e  su rface  layers. T herefore, th e  in tro d u c tio n  of 4 
a to m  % I r  m ay  cause only m in o r changes in  th e  su rface  ch a rac te ris tic s  as 
co m p ared  w ith  p a llad ium .

A ccordingly , th e  surface excess free energy (AF)  o f th e  alloys w as fo u n d  
to  rem ain  p rac tica lly  unchanged  u p o n  th e  in tro d u c tio n  o f irid ium .

The in v arian ce  of A F  leads to  on ly  insign ifican t changes in  th e  c a ta ly tic  
a c tiv ity  (5 — 10 %), in  ag reem ent w ith  our previous o b serv a tio n s [4].

A ccording to  ou r e lectrochem ical m easurem ents, th e  effect of ir id iu m  is 
m an ifested  p rim arily  in  a decrease of th e  m e ta l-h y d ro g e n  b o n d  s tre n g th  
(q u a lita tiv e  change) and  in  a sligh t decrease in  the  d issolved an d  to ta l  a m o u n ts  
o f sorbed h y d ro g en  (q u a n tita tiv e  change). T he a m o u n t o f adso rbed  h y d ro g e n  
and  th e  surface a rea  w ere found  to  be in d ep en d en t of th e  irid ium  c o n te n t.

T he decrease in  th e  a m o u n t a n d  b o n d  s tren g th  o f d issolved h y d ro g e n  
can  he in te rp re te d  b y  assum ing th a t  ir id ium  enters th e  la ttic e  of p a lla d iu m , 
i.e. an  alloy is form ed. The g a lv an o sta tic  investig a tio n s of K h o m c h e n k o  
et al. [10] on P d - I r  c a ta ly s ts  h av e  led  to  sim ilar conclusions. A ccord ing ly , th e  
in tro d u c tio n  of irid iu m  changes p rim a rily  th e  bulk structure o f th e  c a ta ly s t :  
alloy  fo rm atio n  involves changes in  th e  q u a lita tiv e  an d  q u a n tita tiv e  p a ra m ­
ete rs o f th e  d isso lu tion  of hyd rogen . In  co n trast, th e  su rface  c h a ra c te ris tic s
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of th e  ca ta ly s t (am o u n t o f  adso rbed  hydrogen , surface a rea , a c tiv ity  and  surface 
excess free energy) re m a in  essen tia lly  unch an g ed .

(b) Pt-А и  catalysts
I n  th e  alloys o f  p la tin u m  form ed w ith  gold su b s ta n tia l differences can 

be expected  to  occur b e tw een  th e  surface an d  h u lk  p ro p ertie s  of th e  grains. 
I n  th is  system  th e  h e a t  o f su b lim a tio n  o f th e  alloy ing  m e ta l, gold, is m uch 
low er th a n  th a t  o f th e  h o s t m e ta l [15]. T herefo re , one can  ex p ec t gold, or a 
p h a se  rich  in  gold, to  b e  en riched  on th e  surface an d  in  th e  n e a rb y  layers. T hus 
th e  surface of th e  a llo y  w ill p ro b ab ly  sep a ra te  in to  phases r ich  in  p la tin u m  
a n d  gold. This su rface  in h o m ogeneity  w as d e tec ted  b y  B r e i t e r  [17] in  an  
electrochem ical s tu d y  o f  th e  surface com position  o f P t-A u  alloys.

Concerning th e  b u lk  s tru c tu re  of alloys, we h av e  fo u n d  b y  X -ray  m ea­
su rem en ts  th a t  gold is b u ilt  g rad u a lly  in to  th e  la ttic e  of p la tin u m , as show n 
b y  th e  asym m etric b ro a d e n in g  of th e  P t  m ax im a. T he ch a ra c te ris tic  m axim um  
o f gold could no t be  d e te c te d  in  an y  of th e  alloys, b u t  th e  X -ra y  d iffrac togram s 
o f th e  sam ples c o n ta in in g  15 an d  20 a to m  % gold w ere a lre a d y  iden tica l, 
suggesting  th a t  gold  in  a q u a n ti ty  above 15 a to m  % does n o t  e n te r  th e  phase 
r ic h  in  p la tinum , fo rm in g  in s tead  a new  p h ase  rich  in  gold w h ich  is am orphous 
in  X -ra y  d iffraction . A  sim ilar conclusion can  be found  in  th e  lite ra tu re  [14] 
on  e lectro ly tically  d ep o s ited  P t—A u b lack .

A t low co n c e n tra tio n s , w hen  th e  alloy  is hom ogeneous, alloy ing  w ith  gold 
causes only slight ch an g es in  th e  ca ta ly tic  p ro p ertie s  of p la tin u m . More signif­
ic a n t  changes ca n  b e  expec ted  to  occur in  th e  co n c e n tra tio n  range in  
w h ich  th e  alloy is a lre a d y  heterogeneous, an d  co n ta in s  a second phase rich  
in  gold.

As shown b y  F ig . 3, th e re  is an  a b ru p t change in  th e  surface area, h y d ro ­
gen  con ten t, su rface  excess free energy  an d  c a ta ly tic  a c tiv ity  w hen  th e  average 
gold  con ten t increases from  10 to  15 a to m  %. A ccording to  th e  above consid­
e ra tio n s , th is is th e  ra n g e  w here th e  fo rm a tio n  of a he terogeneous alloy begins 
on  th e  surface.

The surface excess free energy  increases b y  ab o u t 70 % in  th e  above range, 
a n d  th e  constancy  o f  A F  in  th e  range  above 15 a to m  % in d ica tes  th a t  th e  
ch a ra c te r  of th e  su rface  is essen tia lly  in v a r ia n t w ith  re sp ec t to  th e  in tro d u c tio n  
o f  fu rth e r  am o u n ts  o f  gold. S a c h t l e r  et al. [18, 19] o b ta in e d  sim ilar resu lts  
b y  m easuring th e  e lec tro n ic  w ork  fu n c tio n  an d  th e  ad so rp tio n  ra tio  H 2/X e.

The change in  su rface  area  can  also be  associa ted  w ith  th e  surface hom o­
g en e ity  or in h o m o g en e ity  of th e  alloy. T h e  surface area  is p ra c tic a lly  co n stan t 
in  th e  hom ogeneous ran g e , i t  increases b y  a b o u t 25 — 30 % w ith  th e  appearance  
o f  th e  second p h ase , a n d  slig h tly  decreases above a gold c o n te n t of 15 a tom  %. 
T h e  increase in  su rface  a rea  is p re su m ab ly  due to  th e  a b ility  of th e  new phase, 
s im ilarly  to  su p p o rts , to  read ily  d isperse p la tin u m . (T he decrease above 15 
a to m  % m ight b e  a t t r ib u te d  to  th e  fac t th a t  in  th e  ca lcu la tio n  of surface area
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from  th e  ch a rg in g  curves th e  specific cap ac ity  of p la tin u m  was used, an d  th e  
error th e re b y  in tro d u c e d  increases w ith  increasing  gold con ten t.)

T he v a r ia tio n  of th e  hydrogen  c o n te n t o f c a ta ly s t  sam ples is essen tia lly  
sim ilar in  te n d e n c y  to  th a t  of th e  surface area. T he a m o u n t of hydrogen  so rb ed  
on u n it a rea  show s a decreasing tre n d  upon  alloying. (Owing to  th e  re la tiv e ly  
g rea t s c a tte r  o f th e  ra tio  of th e  tw o  q u a n titie s , no fu r th e r  conclusions can  be 
draw n.) G old decreases n o t only  th e  a m o u n t b u t  also th e  bonding energy  of 
hydrogen . T h is  is in d ica ted  by  th e  sh ifts of th e  m ax im a  in  b o th  th e  d iffe ren tia l 
g a lv an o sta tic  cu rves an d  th e  th e rm o d eso rp tio n  curves to w ard s lower p o te n tia ls  
and  te m p e ra tu re s , respective ly , upon  alloying.

A ccord ing  to  th e  p o ten tio d y n am ic  in v es tig a tio n s , n o t only  th e  m e ta l 
hydrogens b o n d  energy  decreases w ith  increasing  gold co n te n t, b u t th e  tw o  ty p e s  
of hyd rogens also becom e less sep a ra ted . C onsequen tly , th e  surface area  o f th e  
ca ta ly s t, a t  le a s t w ith  reg ard  to  hyd rogen  so rp tio n , becom es energetically  
m ore hom ogeneous.

T he a p p a re n t ac tiv ities o f th e  c a ta ly s t sam ples w ere sim ilar in  th e  h y d ro ­
genation  o f doub le  bonds (eugenol) an d  n itro  g roups (n itrobenzene), an d  ex ­
h ib ited  m ax im a  b e tw een  10 and  15 a to m  % gold, i.e. in  th e  range w here th e  
second ph ase  occurs. T he increase in  a c tiv ity  b e tw een  0 an d  10 a tom  % can  
be a t tr ib u te d  p re su m ab ly  to  a loosening effect of in tro d u c e d  gold on th e  p la ­
tin u m -h y d ro g e n  b o n d . T he decrease in  a c tiv ity  a t  h igher concen tra tions can  
be associa ted  w ith  an  en rich m en t of th e  in ac tiv e  phase , rich  in  gold on  th e  
surface.

I t  ap p ea rs  from  th e  above resu lts  th a t  phase  defec ts an d  changes in  dis- 
p e rs ity  (surface area), tw o  of th e  p a ram e te rs  considered  b y  R o g i n s k i i  as m a k ­
ing  th e  m ost im p o r ta n t  co n trib u tio n  to  th e  su rface excess free energy, n eed  
n o t he ta k e n  in to  acco u n t in  th e  range b e tw een  0 an d  10 a to m  % gold. U n d e r 
th e  sam e co n d itio n s o f p re p a ra tio n , th e  effect of s tru c tu ra l defects is p ro b a b ly  
sim ilar. T he fa c t t h a t  th e  change in  com position  (chem ical defects) is n o t  
accom panied  b y  changes in  th e  excess free surface en erg y  can  be a ttr ib u te d  to  
th e  physicochem ical s im ila rity  of th e  tw o  com ponen ts. T h e  increase of A F  in  
th e  range o f 10 —15 a to m  % gold can be ascribed  eq u a lly  to  phase defec ts 
(fo rm ation  of a new  phase) and  to  increasing  d isp e rs ity .

Conclusions

O ur conclusions concern ing  th e  effect of a lloy ing  on th e  surface excess 
free energy o f p la tin u m —gold an d  p a llad iu m —irid iu m  system s are as follows.

1. In  th e  c o n c e n tra tio n  ran g e  w here th e  tw o com ponen ts form  a su b ­
s titu tio n  alloy (0 — 4 a to m  % fo r I r /P d  an d  0 — 10 a to m  % fo r A u /P t), th e  su r­
face excess free en erg y  is c o n s ta n t w ith in  th e  ex p e rim en ta l error. A ccordingly ,
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in  su ch  cases th e  role o f “ chem ical d efec ts”  is negligible. (The in tro d u c tio n  of 
in c rea s in g  am oun ts of irid iu m , leads p ro b a b ly  to  its  in co rp o ra tio n  p rim arily  
in to  th e  b u lk  phase an d  A u m ay  be en rich ed  on th e  surface.)

2. I n  th e  range  w here th e  alloy  becom es heterogeneous u p o n  increasing  
th e  a m o u n t of one of th e  com ponen ts (10 — 15 a to m  % for A u /P t) , th e  surface 
excess free energy of th e  c a ta ly s t, to g e th e r  w ith  th e  o th e r ch a rac te ris tic s  
in v e s tig a te d , undergoes su b s ta n tia l changes. Since in  th is  case th e  surface area 
also  increases, th e  change in  A F  can  also b e  a ttr ib u te d  to  an  increase  in  dis- 
p e r s i ty  and  th e  fo rm a tio n  of a new  phase .
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The preparation and characterization of the complex of b iuret w ith P d (II), 
P t( II) , P t(IV ) and R h (III) is described. Probable structures for the complexes are 
proposed on the basis of chemical analyses, m agnetic susceptibility, electronic and 
infrared spectral data. The mode of co-ordination and force constants for M—О and M-Cl 
bonds are discussed. In  every complex the ligand behaves as an oxygen donor. The order 
for K M_ 0 and K M_ CI is P t( II)  >  P d (II) and  P t(IY ) >  R h (III) for square p lanar and 
octahedral complexes respectively.

In tro d u c tio n

T he in d u s tr ia l ap p lica tion  of p la tin u m  an d  P t  group m e ta l c a ta ly s ts  is 
w ell k n o w n  [1 —6]. T hey  p lay  an  im p o r ta n t role n o t  only in  th e  fe rtilize r in d u s try  
b u t  also in  m an y  chem ical m an u fac tu rin g  processes. T he sa lien t fea tu re s  o f 
th e  m o d ern  tre n d  of research  on th e  afo resa id  problem s are  th e  q u ick  an d  
precise analysis  o f th e  m e ta l w ith  som e new  organic ligands an d  th e ir  a c tiv ity  
in  re la tio n  to  th e ir  electronic s tru c tu re .

T h e  v e rsa tility  of b iu re t (ВТ) as a co -o rd in a tin g  ligand  is well recognized  
[7 — 11]. A n  ex tensive  in fra red  s tu d y  h as  b een  m ade on th e  m ost com m on 
n itro g en  an d  oxygen bonded  com plexes. R ecen tly , num erous papers dealing  w ith  
th e  sq u a re  p la n a r  an d  o c tah ed ra l com plexes o f p la tin u m  m eta ls  h av e  been  
p u b lished . T h e  electronic energy levels o f th e  com plexes v a ry  accord ing  to  th e  
o x id a tio n  s ta te  and  n a tu re  of th e  ligand  [12 — 17].

M oss [18] discussed th e  a c tiv ity  of heterogeneous p la tin u m  m e ta l c a ta ­
ly s ts  in  te rm s of electronic con fig u ra tio n  (d n con figu ra tion ). To c ircu m v en t 
th e  d ifficu lty  o f describ ing th e  electron ic  s tru c tu re  of th e  surface itse lf, th e  
e lectron ic  p ro p ertie s  of th e  b u lk  have  been  assum ed  to  be a fa ir ap p ro x im a tio n  
in  an  a t te m p t  to  estab lish  a co rre la tion  w ith  th e  ca ta ly tic  ac tiv ity .

K eep in g  th is  in  view  we have m ade an  effo rt to  de term ine  th e  s te re o ­
chem ical p ro p ertie s  an d  crysta llochem ical ch a rac te ris tic s  of these  m e ta l b iu re t 
com plexes. I n  th e  p resen t s tu d y  we re p o rt th e  p re p a ra tio n  and  p ro p ertie s  of 
th e  P d ( I I ) ,  P t ( I I ) ,  P t(IY ) and  R h (I I I )  com plexes of b iu re t. P ro b ab le  s tru c ­
tu re s  h av e  been  proposed w hich are  co n sis ten t w ith  spectra l an d  m ag n e tic  
su sc e p tib ility  d a ta  and  resu lts  of chem ical analysis.

* Address all correspondence to th is author.
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Table I

Com pound Colour
m .p .
(°C)

M eta l (% ) C arb o n  (% )

ealed . obsd. ealed .

Pt(C 2H 6N30 2)Cl2 Orange 135 52.84 52.60 6.05
Pt(C 2H 5N30 2)2Cl4 Yellow 155 35.92 35.60 8.83
Pd(C2H 5N30 2)2Cl2 Yellow 164 27.75 27.62 12.52
Pd(C2H 6N30 2)Cl2 Orange red 160 37.85 37.68 8.57
[Rh(C2H 5N30 2)Cl3]2 Yellow 150 32.96 32.80 7.68

E xp erim en ta l

(i) P d( B T )  f - l 2. Palladium (II) chloride and b iu re t in  a 1 : 2 mole ratio  were stirred  
toge ther in  a m ixture of ethanol and w ater and concentrated  on a  w ater ha th . A yellow p roduct 
w as obtained and recrystallized from alcohol and acetone and dried in  vacuum ; yield 60 %.

(ii) P d (В Т )Cl2. An aqueous solution of pallad ium (II) chloride and biuret in  a 1 : 1 
m ole ra tio  was concentrated  on a w ater ba th . The reaction  m ixture yielded an orange-red 
com pound. The complex was washed w ith acetone and dried in  vacuum ; yield 70 %.

(iii) P l(B T )C l2 was obtained from  sodium te trach lo rop latinate(II) and biuret in w a te r-  
e th an o l m ixture after concentrating. R ecrystallization from  ethanol yielded a crystalline orange 
com plex in  50 % yield.

Table II

Magnetic susceptibility and electronic spectra o f the complexes

Com plexes
Xjf X10®

(C .G .S . u n its  
a t  297 K )

P o sitio n  o f  th e  b a n d s A ssignm ent
L ig an d  fie ld  

p a ra m e te rs

Pt(BT)Cl2 -1 3 0 .2 19600 cm -1
23000 cm -1
29120 c m -1 4  -  4

Pd(B T )2CI2 -8 5 .6 21000 cm -1 Ч - Ч
24000 cm -1 1 B t u  -  4

Pd(BT)Cl2 -1 0 3 .5 20160 cm -1 4 ~ 4
24200 cm “ 1 4  -  ’Alg
31800 cm “ 1 Цст*) -  M

Pt(B T )2Cl4 -8 8 .3 2 25000 cm “ 1
20500 cm “ 1 ч - ч 10 Dq =  22650 c m "1
16200 cm -1 * 4  -  4 F4 =  65 cm -1

В =  755 cm -1
[Rh(BT)Cl3]2 -  96.34 24380 cm “ 1 Ч - Ч 10 Dq =  20880 cm “ 1

19050 cm -1 ч  -  4 F4 =  550 cm -1
В =  700 c m '1

15400 cm “ 1*
ч - ч

* Calculated band position

Acta Chim. Acad. Sei. Hung. 96,1978



SRIVASTAVA, BENERJEE: STEREOCHEMISTRY OF PLATINUM METAL COMPLEXES 261

Nitrogen (%) Hydrogen (%) Chlorine (%)

obsd. ealed. obsd. ealed. obsd. ealed. obsd.

6.32 11.38 11.40 1.35 1.51 18.97 18.72
8.72 15.46 15.20 1.84 1.90 26.14 25.96

12.38 21.90 22.00 2.60 2.58 18.50 18.62
8.62 15.00 14.78 1.78 1.30 25.35 24.96
7.72 13.43 13.21 1.60 1.71 34.08 33.82

(iv) P t( B T J 2CZ4. An aqueous solution of chloroplatinic acid and biuret in  a mole 
ratio  of 1 : 2 was refluxed on a w ater b a th ; on concentration the  reaction m ixture gave a 
yellow mass. The complex was washed w ith  ethanol and finally  w ith  acetone; yield 60 %.

(v) [ R h ( В Т ) Cl3] 2 was prepared from  RhCl3 .3H 20  and b iu re t in  a mole ratio  of 1 : 1, 
in an ethano l-w ater m ixture and recrystallized from ethanol; yield 70 %.

The elem ental analyses are given in Table I.

Physical m easurem ents

M agnetic susceptibility measurem ents, TJV, visible and IR  spectral studies on solid 
complexes were m ade as described earlier [30]. The experim ental results are given in  Tables I I  
and I I I .

Table III
Infrared spectra o f biuret and its complexes

A ssignm ent Biuret Pt(BT)Cla P t(B T )aCl4 Pd(BT)Cl2 Pd(BT),Cl, [Rh(BT)Cl„],

Asym(NH2)-bonded 3410 (vs) 3410 (bs) 3405 (bs) 3405 (bs) 3410 (bs) 3405 (bs)
Sym (NlI2)-bonded 3260 (bs) 3280 (bw) 3375(m) 3255 (w)

3015 (w) 3200 (bw) 3200 (bw) 3200 (bw) 3170 (w)
Asym(C= O) 1720 (ms) 1690 (sh) 1680 (bw) 1725 (sh)
Sym(C= 0 ) 1670 (vs) 1670 (w) 1680 (ms) 1680 (bs) 1680 (bs)

1650 (sh) 1650 (sh) 1650 (m) 1650 (sh)
(JNH2)sym deformation 1615(m) 1615 (m) 1615(m) 1615 (w) 1600 (bw) 1600 (bw)
(NH2)asym deformation 1676 (s) 1575 (ms) 1575 (w) 1575 (m)

1555 (w) 1555 (sh) 1540 (sh) 1555(sh)
Amide 11 band 1490 (w) 1540 (w) 1495 (m) 1500 (m)
(C -N ) 1420 (s) 1410 (s) 1410 (s) 1420 (sh) 1420 (w) 1410 (ms)

1410 (s) 1350 (ms) 1350 (ms)
Amide 111 band 1325 (vs) 1320 (s) 1325 (s) 1325 (s) 

1250 (m)
1325 (sh)

(1NH2) rocking 1130 (ms) 1130 (s) 1130 (ms) 1130 (s) 1125(m) 
1090 (m)

1130 (ms)

(C— N) stretching 1075 (s) 1080 (s) 1075 (s) 1075 (s) 1080 (m) 1080 (m)
975 (vw) 
945 (w) 950 (w) 940 (w) 950 (w) 950 (w)

out-of-plane C = 0 775 (ms) 800 (sh)
deformation 
Skeletal out-of-plane 756 (ms)

760 (bw) 765 (bs) 760 (bs) 755 (w) 765 (s)

out-of-plane (N H 2) 713 (ms) 710 (s) 710 (s) 710 (s) 725 (m) 710 (s)
wagging 675 (w) 670 (w) 670 (w) 705 (s)

Skeletal vibration 612 (ms) 605 (sh) 610 (s) 610 (sh) 610 (m)
596 (ms) 580 (w) 590 (s) 595 (s)

s: strong, bs: broad strong, m: medium, m s: medium strong, vs: very  strong, w: weak, 
vw: very weak, sh: shoulder, bw: broad weak

Acta Chim. Acad. Sei. Hung. 96,1978



262 SRIVASTAVA, BENERJEE: STEREOCHEMISTRY OF PLATINUM METAL COMPLEXES

Results and discussion

T h e  synthesis of all m e ta l com plexes w as essentially  th e  sam e, involv ing  
th e  h e a tin g  and  s tirring  of sto ich iom etric  am o u n ts  of th e  a p p ro p ria te  ligand  
a n d  m e ta l sa lt in  a su itab le  so lven t such  as e th an o l-w a te r. A ll th e  m eta l che­
la te s  o f  th is  s tu d y  are  soluble in  e th an o l a n d  w ater. The m o la r conductance  
( A M  a t  25 °C l X l O ~ 3 M  co n ce tra tio n ) show s th a t  these com plexes are n o n ­
e le c tro ly te s  except th e  R h ( I I I )  com plex , w h ich  behaves as a 1 : 1 e lectro ly te .

A ll th e  com plexes are  d iam agnetic . T h is  suggests th a t  th e  m e ta l ions are 
in  th e  sing le t g round s ta te  xA lg, w hich  in d ica tes  a square  p la n a r  geom etry  
o f th e  fie ld  a round  P t( I I )  and  P d ( I I ) ,  a n d  an  o ctahed ra l g eo m etry  a round  
P t( IY )  an d  R h (III) . T hese geom etries are  in  accordance w ith  th e  know n p re f­
e ren ces of P d , P t  and  R h  in  th e ir  v a rio u s  ox ida tio n  s ta te s  [19].

Electronic spectra

T h e  b an d  assignm en ts o f sq u are  p la n a r  com plexes a re  b ased  on th e  
d -m o lecu la r o rb ita l level o rdering  of blg ( X 2 — Y 2) ==- b 2g(xy) =» eg(xy, yz) >  
>- a-, „(z2). T he g round  s ta te  fo r low  sp in  d 8 system  is xA lg (a lg2 e„4 b 2g4). 
T h e  lig an d  fie ld  excited  s ta te s  are 3A 2g, 1A 2g(b lg — b2g); 3E g, 1E g(b lg ->-eg) and  
3b ig, 2h lg(hl g ^  a lg). T herefo re , one shou ld  expect th ree  sp in-allow ed and  
th r e e  sp in -fo rb idden  b an d s . T he th re e  b a n d s  are observed  a t  29120, 23000 
a n d  19600 c m -1 in  th e  e lectron ic  sp ec tra  o f th e  P t( I I )  com plex . T he f irs t spin- 
a llo w ed  d-d  tra n s itio n  ’A ^  *- ХА 1? in  th e  am ine com plexes h a s  been  rep o rted  
to  b e  a b o u t 18000 c m -1  h igher in  energy  th a n  in  th e  h alide  com plex  [13, 20]. 
T h e  correspond ing  tra n s it io n  in  th e  p re se n t P t( I I )  com plex h as  been observed  
a t  19600 c m -1 . A ccord ing  to  th e  J ö r g e n s e n  [21], the  b a n d  a t  23000 c m -1 
m a y  be  te n ta tiv e ly  assigned to  th e  1R , g ■*- 1A lCT tra n s itio n . T h e  o th e r b a n d  
o b se rv ed  a t  29120 c m -1  is due to  th e  tra n s it io n  1E g 1A lg. T h e  a b so rp tio n  
s p e c tra  of P d  BT2 Cl2 an d  P d  ВТ Cl2 show  a spin-allow ed d -d  tra n s itio n  
(1A 2{; -<- xA lg) b an d  a t  21000 an d  20160 c m -1 in  ag reem en t w ith  re p o rte d  
s p e c tra  of P d (II)  com plexes [22]. T h e  w eak  bands a t 24000 an d  24200 c m -1 
a re  due  to  1B lu <- 1A lg. T he h an d  a t  31800 c m -1 in  P d  В Т  Cl2 is p ro b a b ly  
d u e  to  a m e ta l—lig an d  tra n s itio n . T h e  sp ec tra l p ro p erties  a n d  d iam agnetic  
c h a ra c te r  of th e  p a llad iu m  com plexes con firm  th e  square  p la n a r  stereochem ­
is t r y  a round  th e  P d ( I I )  ions. T he g ro u n d  s ta te  of th e  d 6 P t( IY )  and  R h (I I I )  
is  xA lg. T he ligand  fie ld  tra n s itio n  egt  lg — tig gives 3T lg, 3T 2g an d  ]T ,g and  xT 2g 
as ex c ited  s ta te s  in  increasing  o rder o f energy . The electron ic  sp ec tra  of P t(IV ) 
a n d  R h (I I I )  com plexes show  ab so rp tio n  b an d s a t 25000 a n d  20500, an d  24380 
a n d  19050 c m -1 , respective ly . T he b a n d s  a t  20500 c m -1  in  P t(IV ) and  19050 
c m -1  in  R h (II I )  com plexes are  due to  d -d  tran sitio n s assigned  to  th e  sing le t
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tr ip le t t r a n s i t io n  [21, 23, 24] 3T2g 1A lg. T h e  assig n m en t of th e  24380 c m -1 
b and  in  th e  R h ( I I I )  com plex is u n c e rta in . H ow ever, th e  th eo ry  of T a n a b e  

and  S u g a n o  [25] im plies th a t  i t  is th e  b a n d  w ith  th e  low est w av en u m b er 
w hich shou ld  be  assigned to  th e  1T lg *Alg tra n s itio n . T he f irs t  tra n s it io n  
b and  of sT lg ■*- aA lg is ca lcu la ted  an d  fo u n d  to  be ap p ea r a t  16200 c m -1  in  
P t(IV ) an d  a t  15400 c m -1 in  R h ( I I I )  com plexes. T he re lev an t ligand  fie ld  
p a ram ete rs  10 D q  an d  ß are  ca lcu la ted  an d  fo u n d  to  be  22650 and  755 c m -1  
in  th e  P t(IV ) com plex , and  22880 an d  700 c m -1  in  th e  R h (III)  com plex , 
respective ly . T h ese  values are  in  good ag reem en t w ith  o th e r rep o rted  v a lu es  
for o c tah ed ra l P t(IY ) and R h (I I I )  com plexes.

Infrared spectra

B iu re t co -o rd in a tes  e ith er th ro u g h  tw o or one oxygen  a tom  of th e  — С =  О 
group or th ro u g h  tw o  or one n itro g en  a to m  o f th e  — N H 2 group, d ep en d in g  
on the  a c id ity  [7, 9]. T he in fra red  a b so rp tio n  frequencies of th e  ligand  an d  
com plexes w ith  th e ir  te n ta tiv e  assig n m en t are  g iven  in  T ab le  I I I .  T he r(N H ) 
bands of b iu re t  ap p earin g  in  th e  3500 — 3200 c m -1  reg ion  [7, 8 ] are n o t sign if­
ican tly  sh if te d  o r deform ed b y  co -o rd in a tio n . C o-ord ination  to  th e  m e ta l 
th ro u g h  n itro g e n  should  cause sp littin g  o f th e se  b an d s  and  decrease th e ir  
in tensities. S ince th is  is n o t th e  case, b o n d in g  th ro u g h  th e  oxygen o f  th e  
— C =  0  g roup  can  be in ferred . T he c a rb o n y l g roup  gives rise to  tw o b a n d s  
for th e  a sy m m e tric  an d  sym m etric  s tre tc h in g  frequencies [26, 27] a t  1720 
c m -1 and  1670 c m -1 . The asym m etric  s tre tc h in g  freq u en cy  of free b iu re t is 
sh ifted  in  th e  com plexes and  th e  change o b served  fo r th e  i’(C =  0 )  b an d  suggests 
co -o rd ination  th ro u g h  th e  oxygen. T he C—N  s tre tc h in g  frequency  a t  1420 c m -1 
in  b iu re t also sh ifts  to  h igher frequencies in  th e  com plexes, co rrespond ing  
to  an increase in  th e  double bo n d  c h a ra c te r  due to  oxygen  co-ord ination  to  th e  
m etal.

T he fa r  in f ra re d  sp ec tra  of th e  com plexes (T able  IY ) show th e  p resence  
of add itiona l b a n d s  due to  M—0  and  M—Cl s tre tc h in g  frequencies. These assign ­
m ents are m ad e  accord ing  to  N a k a m o t o . I n  th e  R h ( I I I )  com plexes a s tro n g  
h an d  a t  325 c m -1  an d  a w eek b an d  a t  290 c m -1  ap p ea red , w hich m ay be due  
to  a dim eric co m plex . W a l t o n  [29] observed  a sim ilar p a t te rn  for th e  d im eric  
com plex of R h ( I I I )  w ith  2 ,5 -d ith iohexane  w ith  a ch loride-bridged  s tru c tu re .

A m ore q u a n ti ta t iv e  com parison  m ay  be  m ad e  be tw een  th e  force co n ­
s ta n t and  s ta b il i ty  o rd er (the  s ta b ility  c o n s ta n t increases w ith  increasing a to m ic  
num ber). I f  w e a rran g e  th e  m eta ls  in  th e  o rd e r o f r(M —0 )  and  r(M -Cl), an d  
K M_o and K M_cu we h av e  P t( I I )  =» P d ( I I )  an d  P t(IV ) =»• R h (II I )  in  th e  case 
of square p la n a r  an d  o c tah ed ra l com plexes, re sp ec tiv e ly . T hus th e  force co n ­
s tan ts  of th e  M —0  an d  М-C l bonds obey th e  s ta b ili ty  order.
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Square p lanar complexes Octahedral complexes

p t( i i ) P d (ii) Pt(IV) R h (III)

i’M -0  (cm  1) 460 440 450 425

K M-0 (105{1Уne/cm ) 1.85 1.67 1.81 1.53
rM -Cl ( c m - 1) 350 315 340 305

K M-C1 (105 dyne/em ) 2.102 1.597 2.0 1.58

T he essen tia l fea tu re s  of th e  b rid g ed  s tru c tu re  of th e  R h ( I I I )  com plex 
ca n  be derived  from  (a) th e  chem ical ev idence g iven above (b) th e  m a in ten an ce  
o f  co -o rd ina tion  n u m b e r 6 for R h (I I I ) ,  (c) th e  know n b id e n ta te  c h a ra c te r  of 
b iu re t  in  re la tiv e ly  s tro n g  acid and  (d) th e  m o lar co n d u c tiv ity  co rrespond ing  
to  1 : 1 e lec tro ly tes. T h e  presence of a R h -C l b a n d  in  th e  I R  sp ec tra  su p p o rt 
th e  b is s tru c tu re . O n th e  basis of th is  ev idence , s tru c tu re  (I) is p ro p o sed  for 
th e  R h (I I I )  com plex.

H2N N ib
\ Cl Cl /

c  -----0  Cl о  — — c
/ \ / \ / \

HN Rh Rh NR
\ / | \ / | \ /

C — ----О 1 Cl 1 о ---- — c
/

Cl Cl
\

h 2n

Fig. 1
n h 2

Table TV

Far infrared spectra o f the complexes

Biuret Pt(BT)Cl2 Pt(BT)2Cl Pd(B T)C l2 Pd(BT)2Cl2 [Rh(BT)Cl,],

525 (sh) 540 (w) 525 (w) 525 (ms) 520 (w) 580 (w)
520 (w) 540 (w)

478 (ms) 485 (w) 520 (vw)
460 (w) 450 (w) 475 (s) 480 (w) 490 (w)

445 (ms) 430 (w) 440 (w) 445 (w) 450 (w)
428 (sh) 410 (sh) 410 (sh) 410 (sh) 425 (w)

395 (sh) 355 (sh) 360 (w)
365 (w) 360 (sh) 325 (s)

305 (sh) 350 (w) 340 (w) 315 (w) 310 (w) 305 (w)
298 (w) 315 (w) 280 (w) 270 (w) 290 (w)
288 (s) 275 (w)
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Conclusions

1. I n  ail cases co -o rd ination  occurs th ro u g h  th e  oxygen o f th e  carbony l

2. T h e  P d (II)  and  P t( I I )  com plexes h av e  square  p la n a r geom etries 
a ro u n d  th e  cen tra l m e ta l ions, w hile th e  R h ( I I I )  an d  P t(IV ) com plexes show  
an  o c ta h e d ra l a rran g em en t.

W e w ish  to  th a n k  D r. B. J .  An sa r i for reco rd in g  th e  in fra red  sp ec tra  o f th e  co m pounds.
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Boc-Ala-Val-Ser-Gli^C^BuJ-Ile-Gln-Phe-OMe, the protected  N -term inal hepta- 
peptide fragm ent of bovine para thyro id  horm one has been synthesized by the conven­
tional solution technique. This pep tide serves as interm ediate in  the  synthesis of larger 
N -term inal fragm ents containing m ethionine residues, whose oxidation is supposed 
to  be responsible for the cessation of th e  biological activity.

In  th e  course of th e  iso lation , s tru c tu re  e lucidation  an d  in v es tig a tio n  of 
s tru c tu re —activ ity  re la tionsh ips of p o ly p e p tid e  horm ones i t  could  he observed  
th a t  som e o f th em  are  sensitive to  o x id a tio n . In  m ost cases th is  chem ical 
change is accom panied  b y  a m arked  decrease, or even b y  a to ta l  loss, of biolog­
ical a c tiv ity . A drenocortico trop ic  h o rm o n e , for in stan ce , is p rac tica lly  in a c ti­
v a te d  by  tre a tm e n t -with hydrogen p e ro x id e  [1, 2 ], and  th e  o x id a tio n  p ro d u c t 
of a -m elan o tro p in  also exhibits a m e lan o cy te -s tim u la tin g  p o ten cy  w hich  is 
s ig n ifican tly  decreased com pared w ith  t h a t  o f th e  p a re n t ho rm one [3, 4, 5]. 
M oreover, i t  could be estab lished  th a t  in  b o th  cases a single m eth ion ine  residue  
w as responsib le  fo r th is  sensitiv ity ; m ild  o x id a tio n  co n v erted  th e  th io e th e r 
group  in to  th e  S-oxide derivative , w h ich , in  tu rn , could be reduced  again  to  
th e  m eth io n in e  residue  b y  in cu b a tio n  w ith  m ercap to  com pounds, w ith  regene­
ra tio n  of th e  biological ac tiv ity .

L ike th e  h y p o p h y sea l horm ones m en tio n ed  above, p a ra th y ro id  horm on 
(p a ra th o rm o n , P T H ), th e  p ro teo h o rm o n e  o f th e  p a ra th y ro id  g lan d  is also sen ­
sitive  to  ox ida tion . R a s m u s s e n  [6], as w ell as R a s m u s s e n  an d  Cr a ig  [7] w ere 
th e  f ir s t  w ho observed  th e  biological in a c tiv a tio n  of th e  ho rm one  on tre a tm e n t 
w ith  h y d ro g en  perox ide , and  re a c tiv a tio n  a fte r  in c u b a tio n  w ith  cysteine. 
R a s m u s s e n  an d  Cr a ig  [8], and  so m ew h a t la te r  T a s h j i a n  et al. [9] could  
estab lish  th a t  in  th e  case o f th e  p a ra th y ro id  horm one again  th e  reversib le  ox i­
d a tio n  o f th e  m eth io n in e  residues w as resp o n sib le  for th e  d isap p earan ce  o f th e  
bio logical a c tiv ity . As th e  bovine h o rm o n e  used  in  these  ex p erim en ts  co n ta in s 
tw o m eth io n in e  residues, i t  could n o t b e  decided  w ith  c e r ta in ty  w h e th e r b o th  
o f th em  p lay ed  a role in  th e  in a c tiv a tio n  process. Since, how ever, th e re  is on ly

* To whom correspondence should be addressed.
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one m eth ion ine  residue  in  porcine p a ra th y ro id  horm one in  position  8 from  th e  
N -term :inus, and  th is  com pound  also loses its  biological a c tiv ity  on ox id a tio n , 
i t  is v e ry  likely t h a t  in  th e  bovine an d  h u m a n  horm one, b o th  con ta in in g  tw o 
m eth io n in e  residues in  positions 8 an d  18, th e  o x id a tio n  of th e  f irs t  one co n tr i­
b u te s  to  th e  in a c tiv a tio n  to  a g rea te r e x te n t.

L ike in  th e  cases o f th e  ad ren o co rtico tro p ic  and  m elano trop ic  horm ones, 
th e  m eth ion ine  residues of th e  p a ra th y ro id  horm one can  be su b s titu te d  b y  
am in o  acids possessing side chains of s im ila r p ro p erties , w ith o u t a lte rin g  signif­
ic a n tly  th e  bio logical p o ten cy  [10]. I t  is there fo re  obvious th a t  th e  th io e th e r 
g ro u p in g  of m eth io n in e  does n o t p la y  an y  fu n c tio n a l role in  elic iting  th e  
h o rm o n a l ac tiv ity . T h e  fa c t th a t  its  o x id a tio n  g rea tly  in fluences th e  biological 
a c t iv i ty  can be ex p la in ed  b y  th e  effects ex e rted  by  th e  sulfoxide group on th e  
co n fo rm atio n  of th e  ho rm one m olecule, o r its  b ind ing  to  th e  recep to r.

F o r  elic iting  th e  biological a c tiv ity  of th e  p a ra th y ro id  horm one, th e  
N -te rm in a l 1 — 34 or 1 — 29 frag m en ts  o f th e  w hole m olecule, consisting  of 84 
am in o  acids, are su ffic ien t [11]. As th e  m eth io n in e  residues are  lo ca ted  in  th is  
p a r t  o f th e  sequence, th e  in a c tiv a tin g  effect of th e ir  o x id a tio n  can  be s tu d ied  
in  th e se  N -te rm in a l frag m en ts  (F ig. 1). A lth o u g h  sm aller p ep tides are  b io logi­
ca lly  inac tiv e , co n fo rm atio n a l changes in  consequence o f ox id a tiv e  m o d ifica ­
tio n s  can  be ex p ec ted  in  even sh o rte r  N -te rm in a l sequences. F o r th is  p u rpose  
th e  N -te rm in a l d o d ecap ep tid e  of b o v in e  p a ra th y ro id  ho rm one  has been  se lec t­
ed , w hich co n ta in s  th e  m eth ion ine  residue  in  position  8 , whose o x id a tio n  
p la y s  a key  role in  th e  in a c tiv a tio n  o f th e  horm one. P re p a ra tio n  of th e  S-oxide 
d e r iv a tiv e  and  co m p ariso n  of its  p ro p e rtie s  w ith  th o se  of th e  p a re n t p ep tid e  
a llow s th e  in v e s tig a tio n  of th e  possib le effect of o x id a tio n  on th e  con fo rm ation  
o f  th is  horm one fra g m e n t. As th e  f ir s t  p a r t  of th is  p ro g ram m e, in th is  p a p e r 
d e ta ils  of th e  sy n th es is  of th e  p ro te c te d  N -te rm in a l h e p ta p e p tid e  are described .

268 VARGHA, MEDZIHRADSZKY: SYNTHESIS OF THE PROTECTED N-TERMINAL НЕРТАРЕРТШЕ

1 8 
H um an  H 2N-Ser-V al-Ser-Glu-Ile-Gln-Phe-Met-His-
Bovine H 2N-Ala-Val-Ser-Glu-Ile-Gln-Phe-Met-His-
Porcine H 2N-Ser-V al-Ser-Glu-Ile-Gln-Leu-Met-His-

18
H um an  -Asn-Leu-Gly-Lys-His-Leu-Asn-Ser-Met-Glu-
Bovine -Asn-Leu-Gly-Lys-His-Leu-Ser-Ser-Met-Glu-
Porcine -Asn-Leu-Gly-Lys-His-Leu-Ser-Ser-Leu-Glu-

H um an  -Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-Gln-
Bovine -Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-Gln-
Porcine -Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-Gln-

34
H um an -Asp-Val-His-Asn-Phe-COOH
Bovine -Asp-Val-His-Asn-Phe-COOH
Porcine -Asp-Val-His-Asn-Phe-COOH

Fig. 1. Prim ary s truc tu re  of the biologically active V-Uyminai te tra triacontapep tide of the
parathyro id  hormones

Acta Chim. Acad. Sei. Hung. 96, 1978



VARGHA, MEDZIHRADSZKY: SYNTHESIS OF THE PROTECTED N-TERMINAL HEPTAPEPTIDE 269

T h e  sy n th e tic  s tep s  leading to  th e  h e p ta p e p tid e  deriv a tiv e  are  show n in  
Fig. 2. T h e  co n v en tio n a l solution te c h n iq u e  an d  a com bination  of th e  s tepw ise  
and  fra g m e n t co n d en sa tio n  m ethods h a v e  b een  used.*

B en zy lo x y carb o n y l-g lu tam in y l-p h en y la lan in e  m eth y l ester (I), p re p a re d  
from  benzy lo x y carb o n y l-g lu tam in e  p -n itro p h e n y l e s te r and  p h en y la lan in e  
m e th y l este r, w as hydrogenolyzed  in  m e th a n o l in  th e  presence of p a llad iu m - 
charcoal c a ta ly s t an d  an  equim olar a m o u n t o f hyd roch lo ric  acid. T he d ip e p ­
tide  e s te r (II) w as a c y la te d  w ith  b enzy loxycarbony l-iso leuc ine  2 ,4 ,5 -trich lo ro - 
pheny l e s te r [12] to  give th e  Z -Ilc-G ln-Phe-O M e tr ip e p tid e  ester (III), w hich  
could be  c ry sta llized  from  acetic acid. O n  c a ta ly tic  hydrogenolysis in  th e  p re s ­
ence o f h yd roch lo ric  ac id  th e  c rysta lline  H -Ile-G ln-P he-O M e tr ip e p tid e  e s te r  
hyd roch lo ride  (IV) w as ob ta in ed , w hich, in  tu rn ,  w as coupled  w ith  benzy lo x y - 
carb o n y l-g lu tam ic  acid  y -f-b u ty l-a -p en tach lo ro p h en y l es te r [13]. T he re su ltin g  
p ro te c te d  te tra p e p tid e  e s te r  (Y) was also c ry s ta llin e ; i t  gave on ca ta ly tic  h y d ro ­
genolysis th e  p u re  Н -& 1и(04Ви)-11е-С1п-РЬе-0М е te tra p e p tid e  (VI) in  q u a n ­
ti ta t iv e  y ield .

T o  syn thesize  th e  N -term inal t r ip e p tid e , f ir s t  Z-Val-Ser-OM e d ip e p tid e  
ester (VII) w as p rep a red  b y  th e  d icyclohexy lcarbod iim ide  p rocedure. T he p ro ­
te c te d  e s te r  w as h y d rogeno lysed  in  m e th an o lic  hyd ro ch lo ric  acid to  th e  c ry s ta l­
line v a ly l-se rine  m e th y l e s te r hyd roch lo ride  (VIII), an d  th is  com pound  w as 
coupled  w ith  t-b u ty lo x y carb o n y l-a lan in e  w ith  th e  a id  o f d icyc lohexy lcarbod i­
im ide. As n e ith e r  e x tra c tio n  procedures, n o r  c ry s ta lliz a tio n  experim en ts w ere 
effective in  p u rif ic a tio n  o f th is  m ateria l, co lu m n  ch ro m a to g rap h y  on silica gel

Aia Va I Ser Glu Ile Gin Phe

z---- -OH H-----OMe

V I I

V I I I

I X

BOC-------------

X

X I

Z ------ОТСР

z -----------
Z —:---- OPCP H ----------------

L0'Bu

Z L0'Bu
H—:— ;--------------------------------

LO'Bu

L0 ‘Bu

Z ---ONP H---------- OMe

Z --------- 1-----------------OMe

H---------------------------OMeи
------------------------------ OMeni
------------------------------ OMe

I V

--------------------------O  M û
V

------------------- OMe
V I

------------------- OMe

Fig. 2. Scheme for the synthesis of the protected N -term inal heptapep tide of bovine p a ra
thyroid horm one

* A bbreviations are used according to the recom m endations of the IUPAC-IUB Come 
mission on Biochemical N om enclature, Symbols fo r Amino Acid D erivatives and Peptides 
J .  Biol. Chem., 247, 977 (1972).
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w as app lied  to  o b ta in  a hom ogeneous p ro d u c t. F in a lly , th e  re su ltin g  p ro te c te d  
tr ip e p tid e  m e th y l e s te r (IX) was co n v e rted  in to  th e  c rysta lline  h y d ra z id e  (X).

C oupling o f th e se  tw o com pounds to  th e  BO C -A la-V al-Ser-G lt^C FB u)- 
Ile-G ln-Phe-O M e h e p ta p e p tid e  (XI) w as e ffec ted  b y  th e  azide m e th o d , w ith o u t 
iso la tin g  th e  in te rm e d ia ry  azide. T he re su ltin g  p ro tec ted  h e p ta p e p tid e  e s te r  
p ro v e d  to  be h ig h ly  inso luble  in  a n u m b e r o f organic so lv en ts ; th is  could  b e  
e x p e c te d  on th e  basis  o f th e  am ino acid  co m position . A m ino acid  an a ly sis  a f te r  
to ta l  hydro lysis o f th e  p u re  substance  g av e  co rrec t values.
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Experim ental

M.p.’s were determ ined on a Biichi ap p ara tu s  (Switzerland) and are uncorrected.
R f  values refer to  thin-layer chrom atography on Kieselgel G, Merck, p lates; detection  

w ith  n inhydrin and chlorine-tolidine reagents. The following solvent system s were used  
(volum es):

1. E thy l ace ta te—pyridine-acetic acid—w ater 30 : 20 : 6 : 11
2. E thy l ace tate-pyrid ine-acetic  ac id -w ater 60 : 20 : 6 : 11
3. E thy l ace ta te-pyrid ine-acetic  ac id -w ater 120 : 20 : 6 : 11
4. E thy l ace ta te—pyridine-acetic acid—w ater 240 : 20 : 6 : 11
5. Chloroform—m ethanol 9 : 1
6. E thy l acetate-cyclohexane 1 : 1

Benzyloxycarbonyl-glutam inyl-phenylalanine methyl ester (I )

To a chilled solution of 2.15 g (10 mmoles) phenylalanine m ethyl ester hydrochloride 
in  30 ml dim ethylform am ide 1.45 ml (10 mm oles) triethylam ine was added, followed b y  th e  
addition  of 4.01 g (10 mmoles) benzyloxycarbonyl-glutam ine p-nitrophenyl ester to  th e  s tirred  
solution. The reaction m ixture was kep t a t room  tem peratu re  for 3 days, evaporated in  vacuum , 
th e  residue dissolved in ethyl acetate and washed successively w ith dilute hydrochloric acid 
and  w ater, then  several times w ith aqueous trie thy lam ine solution to  rem ove p-nitrophenol. 
A fter a final washing w ith water, the ethyl ace ta te  solution was dried over sodium sulfate, 
evaporated  and trea ted  w ith  anhydrous ether to  give a solid substance. R ecrystallization from  
60%  aqueous ethanol yielded 2.94 g (67%) of dipeptide ester, m .p. 179—181 °C (lit. [14] 
m .p. 1 9 4 -1 9 6  °C).

C23H270 6N3 (441.47). Calcd. C 62.57, H  6.16, N  9.52. Found C 62.56, H  6.80, N  9.55 %

Glutam inyl-phenylalanine m ethyl ester hydrochloride (П )

A suspension of benzyloxycarbonyl-glutam inyl-phenylalanine m ethyl ester (I) (2.20 g; 
5 mmoles) in 50 ml m ethanol containing 0.84 m l (5 mmoles) of 6 N  HC1 was hydrogenated  
in  th e  presence of 0.40 g Pd-charcoal ca ta ly st for 1 hr. The catalyst was rem oved b y  f iltra tio n  
and  th e  solution was evaporated to dryness.

The substance was homogeneous (Rj? 0.28), and did not contain any starting  m ateria l. 
I t  was used for th e  n ex t coupling w ithout purification .

Benzyloxycarbonyl-isoleucyl-glutaminyl-phenylalanine methyl ester (III)

The solution of glutam inyl-phenylalanine m ethyl ester hydrochloride ( ~ 5  m m oles, 
as described above) in  20 ml dim ethylform am ide was chilled to  0 °C, and under stirring  1.45 ml 
(10 mmoles) triethy lam ine, then, after 5 m in 2.20 g (5 mmoles) benzyloxycarbonyl-isoleucine
2,4,5-trichlorophenyl ester were added. S tirring  w as continued for 2 hrs a t 0 °C, and th e  reac­
tion  m ixture was k e p t a t  room tem perature overnight. The precipitated substance was filte red  
off and washed w ith  w ater; i t  weighed after drying 1.66 g.

From  the evaporated  filtra te  an add itional 0.90 g of substance could be ob ta ined ; 
th e  combined m aterials were crystallized from  acetic acid to give 2.07 g (75 %) of th e  pure 
tripep tide ester, m .p. 234— 236 °C.

C29H 380 ,N 4 (554.63). Calcd. C 62.80; H  6.91; N  10.10. Found C 62.68; H  7.21; N 10.10 %.
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Isoleucyl-glutam inyl-phenylalanine methyl ester hydrochloride (IV)

The pro tec ted  tripeptide ester (III) (1.10 g; 2 mmoles) was suspended in  a m ix ture  of 
10 ml acetic acid and 10 ml anhydrous m ethanol containing 73 mg (2 mmoles) hydrochloric 
acid, and hydrogenated  in the presence of 200 mg Pd-charcoal cata lyst for 2 hrs. A fter rem oval 
of the cata lyst, th e  solution was evapora ted  to  dryness, giving the tripep tide ester in  q u an ti­
ta tiv e  yield.

R}? 0.28. Analysis after crystallization  from  m ethanol-w ater (1 : 1) m ixture gave 
N 12.15 %, calculated for C21H330 5N4C1 (457.02), N 12.26 %.

Benzyloxy сагЬопл l-(y-i -butyl) glut amyl-isoleucyl-glutam inyl-phenylalanine
m ethyl ester (V)

To a chilled and stirred solution of isoleucyl-glutam inyl-phenylalanine m ethyl ester 
hydrochloride (0.92 g; 2 mmoles) in 6 m l dim ethylform am ide 0.29 m l (2 mmoles) triethylam ine 
was added, followed after 5 min by  th e  addition  of 1.06 g (2 mmoles) of benzyloxyrbonyl- 
glutam ic-acid-y-t-butyl-a-pentachlorophenyl ester. The reaction m ixture was kep t for 1 day 
a t room  tem perature , evaporated under reduced pressure, the residue powdered under an h y ­
drous ether and collected on a funnel. T he p roduct was crystallized from  ethanol-w ater (3 : 1) 
m ixture, yielding 0.90 g (61%) p ro tec ted  te trapep tide  ester, m .p. 228—232 °C. R)? 0.84.

QjsHssOjoNj  (739.84). Calcd. C 61.69, H  7.22, N 9.46. Found C 61.85, H  7.68, N 9.32 %.

y-f-Butyl-glutam yl-isoleucyl-glutam inyl-phenylalanine methyl ester (VI)

The protected  te trapeptide m ethyl ester (V) (800 mg) was suspended in  20 ml anhydrous 
m ethanol and hydrogenated in the presence of 120 mg Pd-charcoal ca ta ly st for 3 hrs. D issolu­
tion  of the  peptide indicated the com pletion of th e  reaction. The ca ta lyst was filtered o f  and 
the solvent evaporated . The residue was homogeneous to thin-layer chrom atography, Rj? 0.60. 
This substance was used for the synthesis of th e  heptatpep tide w ithout purification.

Benzyloxycarbonyl-valyl-serine methyl ester (V II)

To a stirred  solution of 15.5 g (0.1 mole) serine m ethyl ester hydrochloride in  200 ml 
dim ethylform am ide, chilled to 0 °C, slowly 14.5 ml (0.1 mole) triethylam ine was added. A fter 
the addition  of benzyloxycarbonyl-valine (25.1 g; 0.1 mole) and dicyclohexylcarbodiimide 
(20.6 g; 0.1 mole) th e  stirring was continued for 2 hrs a t 0 °C, then  the reaction m ixture was 
k ep t in  a refrigerator overnight. D icyclohexylurea was removed by  suction, washed on the 
filte r w ith  a few ml of dim ethylform am ide, and  the  combined filtra tes were evaporated  in  
vacuum  (bath  tem peratu re  40 °C). The residue was taken  up in  a m ixture of ethyl ace ta te  
and w ater, the organic layer was washed w ith  d ilu te hydrochloric acid, w ater, sa turated  sodium  
bicarbonate solution and again w ith w ater, dried over sodium sulfate and evaporated. The 
crystalline residue was dissolved in h o t e thy l acetate , and to  this solution petroleum  e th e r was 
added un til tu rb id ity  appeared. After stand ing  a t  room tem perature for a few hours c ry s ta l­
lization was com pleted by  keeping th e  m ix tu re  in  a refrigerator overnight. The crystals were 
filtered off and dried to  yield 26.0 g (76 %) of the  dipeptide ester, m .p. 164 — 166 °C (lit. m .p. 
1 6 5 -1 6 6  °C [15]).

C17H 240 6N2 (352.38). Calcd. C 57.94, H  6.87, N  7.95. Found C 58.05, H  7.01, N  7.78 %.

Valyl-serine m ethyl ester hydrochloride (V III)

Benzyloxycarbonyl-valyl-serine m ethy l ester (VII) (1.76 g; 5 mmoles) was suspended in 
40 ml m ethanol, and to  this suspension 0.84 m l (5 mmoles) of 6N  HC1 solution was added. 
H ydrogenation was perform ed in the presence of 0.22 g Pd-charcoal ca ta lyst; the substance  
w ent into solution in  about 4 hrs. A fter rem oval of th e  catalyst the solvent was evapora ted  
in  vacuum  to ob tain  a crystalline substance (1.21 g; 95 %), m.p. 178—180 °C. The m .p. d id  
no t change on recrystallization from ethano l—ether.

C9H 190 4N2C1 (254.71). Calcd. C 42.43, H  7.52, N  11.00. Found C 42.40, H  7.71, N  10.89 %.
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i-Butyloxycarbonyl-alanyl-valyl-serine methyl ester (IX )

Valyl-serine m ethyl ester hydrochloride (VIII) (1.52 g; 6 mmoles) was dissolved in  16 ml 
dichlorom ethane, chilled to  0 °C, and to the stirred  solution triethylam ine (0.88 ml; 6 mmoles) 
was added. A fter 10 m in t-butyloxycarbonylalanine (1.14 g; 6 mmoles) and dicyclohexyl- 
carbodiim ide (1.26 g; 6 mmoles) were added and  th e  m ixture was k ep t in  a refrigerator for 
2 days. D icyclohexylurea was filtered off, washed w ith  a few m l of dichlorom ethane, and the 
com bined solutions were evaporated. The residue was dissolved in  5 ml dim ethylform am ide 
and  applied onto a colum n (15 X  1000 mm) filled w ith  silica gel. E lu tion  was performed w ith 
a 1 : 1 m ixture of ethy l ace tate  and cyclohexane. The fractions containing the pure m aterial 
w ere collected and evaporated  to  obtain 1.9 g (82 %) of the tripep tide ester, m .p. 171 — 173 °C; 
R6F =  0.21.

Cx,H310 ,N 3 (389.44). Calcd. C 52.43, H  8.02, N  10.79. Found C 52.42, H  8.27, N 10.67 %.

í-Butyloxycarbonyl-alanyl-valyl-serine hydrazide (X )

To a solution of the protected  tripeptide ester (IX) (1.17 g; 3 mmoles) in  12 ml anhydrous 
m ethanol 0.75 ml (15 mmoles) of hydrazine hyd ra te  was added, and the solution was allowed 
to  s tan d  a t room tem peratu re  overnight. The separated  hydrazide was filtered off, washed on 
the  filte r w ith m ethanol several times, and dried in  desiccator over sulfuric acid. R ecrystalli­
za tion  from  ethanol-w ater (1 : 1) m ixture gave 0.97 g (82 %) of th e  pure hydrazide, m.p. 
2 2 8 -2 2 9  °C.

On thin-layer chrom atography (Solvent 6) th e  substance rem ained in  the s ta rt, and no 
spo t w ith  lip  0.21 (ester) was observed.

C16H 310 6N5 (389.45). Calcd. N 17.99; hydrazide-N  7.19. Found N 17.73; hydrazide-N  
[16] 7.27% .

f-Butyloxycarbony-alanyl-valyl-seryl-(y-t-butyl)glutamyl-isoleucyl-glutaminyl- 
phenylalanine m ethyl ester (X I)

t-Butyloxycarbonyl-alanyl-valyl-serine hydrazide (390 mg; 1 mmole) was suspended in  
4  m l dim ethylform am ide, and  the suspension was chilled to — 20 °C. U nder vigorous stirring 
a  pre-cooled solution of 110 mg (3 mmoles) hydrogen chloride in 1.3 ml anhydrous te trahydro- 
fu ran  was added dropwise. In  about 10 min a clear solution was obtained, to which 0.16 ml 
(1.2 mmoles) isoam ylnitrite  was added, m aintain ing the tem perature a t  —10 °C for 10 min. 
T he resulting azide solution was poured, w ith  stirring, in to  a m ixture of 605 mg (1 mmole) 
of y-t-butyl-glutam yl-isoleucyl-glutam inyl-phenylalanine m ethyl ester (VI) and 0.44 ml 
(3 mm oles) of triethylam ine in  3 ml dim ethylform am ide a t — Í0 °C. Stirring was continued 
a t  th e  same tem perature for 1 hr, then the reaction  m ixture was k ep t in  a refrigerator over­
n igh t. Solvents were rem oved in vacuum , the  residue tr itu ra ted  w ith  w ater, filtered and 
w ashed w ith w ater to yield 920 mg of the crude heptapeptide ester.

For purification th is substance was boiled w ith 3 ml anhydrous m ethanol, chilled and 
filte red , to obtain 710 mg (73 %) of the protected  heptapeptide ester, R'F 0.28. The substance 
h ad  m .p. above 240 °C.

C46H 740 14N8 (963.12).
Amino acid analysis after to ta l hydrolysis in  6N  HC1 in an evacuated tube a t 105 °C 

for 24 hrs gave the following results: Ala 0.96, Val 1.02, Ser 1.00, Glu 2.00, Ile 0.96, Phe 1.05.
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CHEMISTRY OF SULFUR DIIMIDES, 7*

E LE C T R O N  IMPACT IN DU CED  FRAGM ENTATION 
OF SU LFU R D IIM ID E S

I . L e n g y e l ,* G. K r e s z e , M. B e r g e r , W . K o s b a h n  und H . S c h ä f e r

( Organisch-chemisches Laboratorium der Technischen Universität,
München, Federal Republic o f  Germany)

Received April 14, 1977

The mass spectra of ten sulfur diimides are reported and discussed. The molec­
ular ions of d iary l sulfur diimides undergo cyclization and, by  loss of the ortho sub­
stituen t from the  phenyl ring, yield benzothiadiazole type even-electron ions. D iphenyl 
sulfur diimide also ejects sulfur, presum ably from  the diazathiirane valence-isomer of 
the molecular ion. Large skeletal rearrangem ent fragm ents are p revalent in  the spectra, 
as substan tia ted  by  m etastable peak analysis, high resolution mass m easurem ent and 
substituen t labeling. Cyclic sulfur diimides IX  and  X fragm ent by loss of CH2N and 
(CH2)2N. A strong tendency of arom atization by  dehydrogenation is noticed for X.

I n  view  of o u r general in te re s t in  su lfu r-n itro g en  com pounds [2], an d  in  
p a r tic u la r  in  su lfu r d iim ides [1], we in v e s tig a te d  th e  fra g m e n ta tio n  o f te n  
rep resen ta tiv es  o f th is  class un d er e lec tron  im p a c t. E ig h t o f th e  com pounds 
b ea r a ro m atic  su b s ti tu e n ts , tw o are cyclic.

ГУнЛ
R

Compound Ü
I H

и 2-Me
h i 2-„Et
IV ,4-Me
V Y-OMe

VI 4-OMe
VII 4—NO2

VIII 4 - 0

R

X

C um ula ted  do u b le  bonds involving su lfu r differ m ark ed ly  from  th e  co r­
respond ing  carb o n  an a logs [3]. I t  was of in te re s t  to  de term ine  how  th is  is r e ­
flec ted  in  e lectron  im p a c t processes. T here is no p rev ious p u b lished  re p o rt on 
th e  m ass sp ec tra  o f su lfu r  diim ides. G enerally , few  rep o rts  are  availab le  on

* A lexander von H um bold t Senior Awardee, 1973 — 74, on leave from  St. John ’s 
U niversity, New York.
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th iocum ulenes. B r o w n  et al. u n co v ered  [4] in te res tin g  re a rra n g em e n ts  in 
a ry lsu lph iny lam ines (Ar —N  =  S =  0 ) ,  w hich frag m en t b y  loss of CO a n d  SO.

T he m ass sp ec tru m  o f d ip h en y l su lfu r diim ide (R  =  H ) is rep ro d u ced  in 
F ig . 1. M ost in te re s tin g ly  an d  q u ite  unex p ec ted ly , ion  m /e2 1 3 (M  —1) is th e  
base  peak . The a p p ro p ria te  m e ta s ta b le  ion  for th e  loss o f a hyd rogen  a to m  from  
th e  m olecular ion  is observed. T h e  uncom m on s ta b ility  of th e  (M —1)+ species 
can  be accoun ted  fo r by  a resonance-stab ilized  cyclic s tru c tu re . T h is process 
occurs in  all o th e r su lfur d iim ides w ith  a rom atic  su b s titu e n ts  ( I —V III), lead ing  
to  (M —1)+ ions of v a ry in g  ab u n d an ce .

C yclization  reac tions of th is  ty p e  lead ing  to  five  an d /o r six m em b ered  
rings, invo lv ing  loss of an  a ro m atic  ori/io-hydrogen or th e  o rt/io -substituen t, 
h av e  b een  observed  fo r o th e r classes of organic com pounds [5 — 6]. A  close 
an a lo g y  is described  b y  G r ü t z m a c h e r  [7] in  th e  a ry lam id ine  series.

F u r th e r  b reak -d o w n  of th e  M —1 ion in  th e  a ro m atic  su lfur d iim ides, 
su p p o rte d  b y  th e  ap p ro p ria te  m e ta s ta b le  peak  for I , IV an d  V III, occurs b y  
th ree  p a th s , tw o of w hich invo lve  skele ta l rea rran g em en t: e jec tion  o f  1. 
(CH )4(CN)2, 2. B enzo th iad iazo le, an d  3. SH  (S.p. 278). T he elem enta l com posi­
tio n  o f ion  a has been  verified  b y  a c cu ra te  m ass d e te rm in a tio n  for I  as CeH 5S. 
A rea rra n g em e n t analogous to  1 h as  been  observed [4] in  ary lsu lfiny lan ilines.

A n in te restin g  a lte rn a tiv e  decom position  p a th  of th e  m olecuar io n  o f 
d ip h en y l su lfu r diim ide (I) invo lves th e  loss of su lfur (S .p. 279). T he analogous 
process — loss of ca rb o n  — is, o f course, ab sen t in  th e  m ass sp ec tra  of ca rbod iim - 
ides [8 ]. T he N —S —N  bond  angle  in  su lfu r diim ides has been  m easu red  b y  
X -ra y  d iffrac tio n  [9] as 120°, an d  ca lcu la ted  b y  SCF M O -calculation  [10] as
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135 — 140°. I t  is c o n v e n ie n t, therefore, to  d e p ic t th e  loss of su lfu r to  occur via 
a valence-isom erized  cyclic m olecular ion  (M ’) and  to  v isualize th e  p ro d u c t 
io n  as azobenzene. F o r  com parison, th e  sp e c tru m  of azobenzene was recorded  
u n d e r  iden tical c o n d itio n s  and th e  co inc iden ta l sequence 182 — 105 77 51
w as found.

S u b stitu en ts  on  th e  arom atic  rings h a v e  a m arked  influence on th e  fra g ­
m e n ta tio n . E sp ec ia lly  s tro n g  “ ortfto-effects’4 are  observed, as illu s tra ted  by  
th e  spectrum  of th e  bis-ortho-tolyl d e riv a tiv e  II . (F ig. 2.). Besides th e  M -H  
species, w hich is overshadow ed  by  th e  M—C H 3 ion a t  m /e 227 (loss of th e  m ore 
s ta b le  m ethy l ra d ic a l p re fe rred ), the  m ain  process is cyclization  of th e  m olecular 
io n  w ith  p a r tic ip a tio n  o f  one of the  ortho m e th y l groups, w ith  su b seq u en t frag m en ­
ta t io n  leading e ith e r  to  m /e 135 or m/e 107. F u r th e r  b reakdow n  of ion  m /e 135, 
d ep ic ted  as b enzo iso th iazo le , involves e jec tio n  of CS to  m /e 91 or of H CN  
to  m /e 108. B enzo iso th iazo le  was sy n th esized  for com parison  and  its  m ass
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I, M -, m/e 214

m/e 182

—O« H-,.

m/e 105

X2

С«Н5"
—0,,H2

* C 4 H 3

m/e 77 m/e 51

spectrum , reco rd ed  u n d e r  iden tica l cond itions, show ed th e  sam e frag m en ts  
and  th e  sam e m e s ta s ta b le  ions for th e  loss of CS an d  H C N . Io n  m /e 107 
(o-toluidine) f ra g m e n ts  b y  th e  sequence 107 106— 79.  (S .p . 280) In  o rd er
to  in v estig a te  th is  p o in t closer, su b s titu e n t labeling  was em ployed  and  bis-ortho- 
d ie thy l d e riv a tiv e  III w as synthesized . A t 12 eV, th e  ex p ec ted  shifts w ere 
indeed  observed  (107 to  121, 135 to  149). H ow ever, a t  70 eV, ion  m/e 149 is 
su p p lan ted  b y  m /e 150, w hich is accom panied  b y  an  a b u n d a n t p eak  a t m /e 136. 
T he sp ec tru m  is d o m in a te d  by  th e  fam ilia r b en zo th iad iazo lium  ion m /e 241, 
derived b y  loss o f an  e th y l rad ica l from  th e  m olecular ion. (S .p . 281)

I t  w as now  in te re s tin g  to  exam ine, w h a t effect w ill be b ro u g h t a b o u t 
by  sh ifting  th e  m e th y l g roup  from  th e  ortho to  th e  para  position . As show n in  
Fig. 3, (S .p. 2 8 5 )io n  m /e 135 is absent in  th e  m ass sp ec tru m  o f th e  6is-para-to ly l 
deriv a tiv e  IV, a c lear in d ica tio n  th a t  th e  o-Me group is essen tia l fo r the  process 
lead ing  to  benzo iso th iazo le . S trong  M -H  an d  M -C H 3 peaks are ap p a ren t in  
th e  sp ec tru m  o f IV (F ig . 3), and  an  in ten se  m e tas tab le  ion  is p resen t for th e
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III, m/e 270 m /e 136

CH3 (.'H;,
m ,n ^  270 m/e 150

M-

CH3
m/e 149

n h 2

Et

m/e 121

—CH,'
NH,

OH2

m/e 106
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Table I

Normalized 70 eV  mass spectra o f compounds III, VII, IX, X 
and model compound XP

Bis [o-ethylphenyl] sulfur diimide (1П)

28(17), 29(4), 30(1), 31(1), 32(10), 33(1), 34(1), 37(1), 38(2), 39(12), 40(2), 41(7), 42(3), 43(3), 
44(3), 45(4), 50(4), 51(10), 52(6), 53(5), 54(1), 55(2), 59(2), 61(2), 62(3), 63(10), 64(5), 65(12), 
66(3), 67(2), 69(2), 70(1), 75(2), 76(4), 77(22), 78(8), 79(8), 80(3), 81(2), 89(13), 90(12), 91(50), 
92(10), 93(5), 94(3), 102(5), 103(8), 104(12), 105(7), 106(60), 107(5), 108(2), 109(11), 116(6), 
117(30), 118(59), 119(20), 120(8), 121(56), 122(6), 123(2), 130(2), 134(3), 135(9), 136(51), 137(5), 
138(3), 148(10), 149(18), 150(80), 151(11), 152(7), 167(2), 205(2), 237(2), 240(5), 241(100), 
242(20), 243(6), 255(5), 256(2), 269(10), 270(26), 271(9), 272(7), 273(1).

Bis[p-nitrophenyl] su lfur diimide (VII)

28(1), 29(1), 30(12), 32(8), 37(2), 38(4), 39(17), 40(2), 41(2), 42(2), 44(3), 45(41), 46(3), 47(2), 
48(1), 50(10), 51(9), 52(9), 53(2), 57(1), 58(2), 59(2), 60(1), 61(2), 62(5), 63(21), 64(12), 65(9), 
66(4), 69(6), 70(2), 71(1), 73(3), 74(2), 75(5). 76(9), 77(3), 78(16), 79(2), 80(6), 82(2), 83(9), 
84(2), 85(1), 88(2), 89(2), 90(12), 91(2), 92(8), 94(2), 95(4). 96(3), 103(4), 108(4), 109(8), 110(12), 
111(2), 112(2), 120(2), 121(2), 122(10), 123(2), 134(2), 135(2), 136(2), 137(1), 138(16), 139(2), 
140(2), 149(3), 150(2), 152(1), 153(1), 154(1), 166(1), 167(2), 168(11), 169(2), 179(2), 180(2), 
184(3), 210(4), 211(19), 212(20), 213(4), 214(1), 229(2), 257(2), 258(100), 259(21), 260(8), 261(1), 
276(2), 288(79), 289(15), 290(6), 291(1), 303(10), 304(24), 305(5), 306(2).

3,4-Dihydro-5H-1,2,6-thiadiazine (IX)

28(37), 29(3), 30(9), 32(9), 33(2), 34(1), 38(1), 40(2), 41(9), 42(35), 43(14), 44(6), 45(3), 46(22), 
47(9), 48(3), 52(1), 54(1), 56(2), 57(1), 58(1), 59(4), 60(16), 61(4), 62(1), 73(8), 74(32), 75(3), 
76(2), 86(2), 101(1), 102(100), 103(6), 104(6), 105(1).

3,4-Dihydro-l,2,5-thiadiazole (X)

28(68), 29(2), 30(2), 31(4), 32(57), 33(11), 34(4), 38(5), 39(6), 40(4), 42(3), 44(5), 46(22), 50(7), 
51(9), 52(12), 53(3), 58(12), 59(81), 60(65), 61(16), 62(3), 70(4), 86(100), 87(10), 88(24), 89(2), 
90(3).

Benzo [c] isothiazole (XI)

28(2). 37(1), 38(1), 39(2), 44(1), 45(9), 50(2), 51(2), 52(1), 54(2), 58(1), 62(1), 63(3), 64(2), 69(3), 
75(1), 76(1), 77(2), 78(1), 81(1), 82(2), 84(1), 90(2), 91(7), 92(1), 93(1), 105(3), 107(1), 108(9), 
109(1), 134(6), 135(100), 136(8), 137(4).

a D ata p resen ted  as m/e-values followed by  ion abundances in  parentheses

227 -*■ 91 tra n s itio n  S.p. (283). T he l a t te r  suggests th a t  th e  M -C H 3 ion (m /e 227) 
lia s th e b e n z o th ia d iaz o liu m  s tru c tu re  fo r th e  para  d e riv a tiv e  IV too . T h is m eans 
t h a t  ejection  of th e  m eth y l g roup  from  th e  para  position  is accom pan ied  b y  loss 
o f  id e n tity  of th e  carbon  a tom s. S uch  a ran d o m iza tio n  o f ca rb o n  a to m s in  
su b s ti tu te d  a ro m atics  was f irs t  p ro v ed  b y  R i n e h a r t  et al. [11] in  1968.

The p re d o m in a n t p rim ary  fra g m e n ta tio n  process in  o -an isy l d e riv a tiv e  
V  is th e  ejection  o fan O M e group , lead in g  to  ion  m/e 243 (S .p . 286). T he la t te r  u n ­
dergoes an in te re s tin g  even-to -odd  e lec tro n  ion  tran s itio n  b y  loss of th e  rem ain ing  
m e th y l group to  give ion  m /e 228, th e  e lem en ta l com position  o f w hich h as  been  
v e rified  as C12H 8N 2OS. T hrough  — co n ju g a tio n  in  th e  p ro d u c t ion  m ay  be th e  
d riv in g  force.
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m/e 65 m/e 91

A lte rn a tiv e ly , th e  loss of b o th  m e th y l g roups fro m  th e  m olecular io n  in  
consecutive steps lead s to  ion m /e 244. T he u n u su a l second loss of Me is r e n ­
dered energetically  favorab le  by  th e  stab le  ortho-q u in o id  s tru c tu re  fo rm ed . 
F ission of th e  N  —S b o n d  yields ions m /e 106 an d  138, e lim ination  of CO fro m  
e ith e r lead ing  to  m /e 78 and  110, respective ly . T h e  process m /e 121 -*• 120 -*• 93 
is sim ilar to  th e  one described b y  B r o w n  et al. [4] in  th e  frag m en ta tio n  o f
o -an isy lsu lfiny lam ine.

The feis-para-anisyl d eriva tive  VI ex h ib its  a b a s ica lly  sim ilar sp ec tru m

' ^ - О - С Н з

VI, M^m/e 274 

* —CHf 

Y

m/e 259 

* - C H 3.

m/e 244
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b u t th e  re la tiv e  abundances of ions are  su b stan tia lly  d iffe ren t (F ig . 5). T here  are 
very  in ten se  M — H  an d  M — C H 3 ions w hile the  M — O C H 3 p eak  is w eaker an d  th e  
m /e 244 (M —2C H 3) ion  has only  a b o u t 8 % rel. in te n s ity . A m ain  p a r t  o f th e  
ion  current, is ca rried  by  th e  follow ing sequences: 153 138 -► 110 an d
123 -  108 -  80.

T h e  orig in  of m /e 123 is n o t clear, th ere  is no m e ta s ta b le  evidence fo r 
its  fo rm atio n .

m/e 110 m/e 138

m/e 123 m/e 108 m/e 80

B is-p a ra -n itro p h en y l su lfu r d iim ide V II show s a com plex  an d  in  som e 
aspects u n iq u e  sp ec tru m . Besides th e  expected  M —H  an d  M —N O a ions, th e re  
is an  a b u n d a n t m /e 212 peak . A  priori, th is  could o rig in a te  from  th e  m olecu lar 
ion  b y  loss o f th e  tw o N 0 2 groups or b y  loss of N 0 2 an d  N S. E x a c t m ass 
m easu rem en t revealed  th a t  m /e 212 is hom ogeneous, C12H gN 2S, th u s  (M — 2 N 0 2). 
F o r b o th  s tep s , th e  ap p ro p ria te  m e ta s ta b le  peak is p re sen t (S .p . 288).

9)
< 'Ha =N = S  

m/e 110

N
m/e 42 

(C,H,N)

IX ,, m/e JQ2 m/e 56
(C3HeN)

-43IQN-

Y

CH2— С'Нг

m/e 74 
(C2H4NS)

-CH-r=CH2
NS®

m/e 46
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A ccording to  m e ta s ta b le  evidence, a second stepw ise p a th  also opera tes 
in  th e  genesis of th e  M —N 0 2 (m /e 258) io n : loss of o x y g en  follow ed b y  loss 
o f  N O .

T he spectrum  o f 4 ,4 ’-d ich lo rod ipheny l su lfur d iim ide  (VIII) shows th e  
sam e  frag m en ta tio n  p a t te rn  as th e  o th e r com pounds d iscussed  previously . 
A ll m a jo r processes ex cep t M -*■ (M —H ) are  su p p o rted  b y  th e  ap p ro p ria te  
m e ta s ta b le  tra n s itio n  (F ig . 6 ).

3 ,4 -D ih y d ro -5 H -l,2 ,6 -th iad iaz in e , cyclic su lfur d iim ide  IX  [1], fragm en ts 
b y  en tire ly  d ifferen t p a th s . E x a c t m ass m easu rem en t w as a necessity  in  th is  
case , as m ultip le  e lem en ta l com positions are possible for a ll m a jo r  ions. (S .p. 287)

T he h ighligh t o f  th e  m ass sp ec tru m  o f 3 ,4 -d ih y d ro -l,2 ,5 -th iad iazo le  (X) 
is th e  strong  ten d e n c y  to  arom atize : th e  m olecular io n  e jec ts  2 H  a to m s to  
g ive ion  m /e 86, w hich  in  tu rn  loses H C N  yield ing  ion m /e 59. T he o ther p a th s  
o b serv ed  are sim ilar to  six-ring  com pound IX .

m /e 46

,____ ,~ lt
I I ~ гн -л'->

N4 s ^ N
X, m/e 88

c h 2= n = s

m/e 60

— 2H

и

н с  —  
1

OH
— CH •

1
— HC’X 

— Ï — ► / \
■N4 4

X-------s

m/e 86 m/ e  59

E xperim en ta l

A. Synthesis of compounds

The arom atic sulfur diimides have been prepared by trea ting  the  corresponding N-sul- 
f iny l anilines w ith th e  appropriate base [12]. The liquid products were purified by  column 
chrom atography (Silica Merck 0.063 — 0.20), elution w ith benzene/hexane 1 : 1 and distillation 
(c ./„  Table II).

3,4-D ihydro-5H-l,2,6-thiadiazine (IX) and 3,4-dihydro-l,2,5-thiadiazole (X) have been 
synthesized by reaction  of 1,3-diamino-propane and ethylene diam ine, respectively, w ith  bis-p- 
toluene sulfonyl sulfur diimide [13];

IX, b.p. 28°/6— 8, X, b .p . 18 °C /6 - 8.
Benzo-l,2,5-thiadiazole, m.p. 44 °C (H 20 /E t0 H ) , was prepared  by  treating o-phenylene 

diam ine w ith S0C12 [14]. F or the preparation of 4,5-benzoisothiazole the method of D a v is  
and  W h it e  [15] was used, starting  w ith o-toluidine and SoCl2. The product was purified by  
hydrolysis of the by -product, N-sulfinyl o-toluidine, w ith dilute HC1, steam  distillation, ex trac­
tion  of the distillate w ith  dilute H2S04, w ater and N aH C 03 solution, drying w ith N a2S 04 and 
distillation, b.p. 60 °C/0.4. The product contains some (-= 10 %) chloro-benzisothiazole.
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Table II

Compound R Base/solvent
b.p. (°C) observed/ 
(b.p. reported[12])

m.p. (°C) obeerved/(m.p. 
reported[12])

I H KOtBu/benzene 98/0.1(126/0.5)
h 2-CH3 KOtBu/benzene 100/0.01(141/0. l)a)
h i 2-C2H5 KOtBu/benzene
IV 4-CH3 KOtBu/benzene 48.5 (hexane) (48)
V 2-OCH3 KOtBu/benzene 89 (hexane) (89)
VI 4-OCH3 NaOEt/isopropyl

ether 47 (hexane) (47)
VII 4-NO, KOtBu/DMF 186 (benzene (P. E .)

(1 8 7 -1 8 9 )
VIII 4-C1 KOtBu/THF 60 (hexane) (61)

8 Decomposed on distillation,
DMF dim ethylform amide, PE  petro leum  ether b.p. 60 — 90 °C, 
T H F  tetrahydrofuran.

B. Mass spectra

The conventional (low resolution) m ass spectra were recorded on an  A .E .I. MS9 mass 
spectrom eter a t 70 eV and  50— 100 /iA, ion source tem perature  between 40 and 100°. Samples 
IX  and X were in troduced via the reservoir a t room  tem perature, the others using th e  solid 
probe. H igh resolution measurements w ere perform ed on a CEC 21 — 110 В mass spectrom eter. 
The photoplate was processed autom atically  in  conjunction w ith an IBM  1800 com puter. 
The bar graph spectra were plotted on a Benson X Y -plotter using a F o rtran  program  w ritten  
for th e  T R  440 com puter.
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BENZAZOLES, IX*
REACTION OF 2-MERCAPTO- A N D  2-M ERCAPTOALKYLBENZIM IDAZOLES 

W IT H  E PIH A LO H Y D R IN S OR D IH A LOG EN O PRO PAN OLS A FFO R D IN G  
SU LFU R  HETEROATOM -CONTAINING TRICYCLES

K . H i d e g , O . H .  H a n k o v s z k y , M. G a j d á c s  and F . A r a d i

( Central Laboratory o f Chemistry, University o f Pécs, H ungary)

Received March 1, 1976; in  revised form June 28, 1977

Benzimidazole-2-thiol, 2-m ercaptom ethyl-, 2(a-mercaptoethyl)-, 2-(/?-mercapto- 
ethyl)benzimidazole can be converted  w ith  epichlorohydrin or w ith dihalogenopropa- 
nols (2,3-dihalogeno-l-propanols or l,3-dihalogeno-2-propanols), in  alkaline medium, 
in to  tricycles: 3,4-dihydro-3-hydroxy-277-[1, 3]thiazino[3,2-a]benzimidazole (1); 4,5-di- 
hydro-4-hydroxy-lLf,3I/-[l,4]thiazepino[4,3-a]benzim idazoles (3 a—h) and 1,2,5,6- tet- 
rahydro-5-hydroxy-4H -[l,5]thiazocino[5,4-a]benzim idazole (3c). The 0-sulfonyl deriv­
atives of 1 m ay en te r elimination or substitu tion  reactions w ith nucleophilic reagents.

The reactions of 3,4-dihydro-3-azido-2H -[l,3]thiazino[3,2-a]benzim idazole ( lO d )  
w ith  asym m etric acetylenes in to  1,2,3-triazole derivatives have been investigated.

B enzim idazole-2-th io l was c o n v e r te d  w ith  ep ib rom ohydrin  in  a m ix tu re  
o f N ,N -d im eth y lace tam id e  and 2 -b u ta n o n e  in to  a th iaz ine  d e riv a tiv e  (1) [1].

W e effected th is  reaction  in  a sim p ler w ay, in  an  a lka line  m ed ium  in 
e th an o l, w ith  ep ich lo rohydrin  a t  ro o m  te m p e ra tu re . W hen  c a rry in g  o u t th e  
re a c tio n  in s tead  of h a lo h y d rin  w ith  2 ,3 -d ih a logeno-l-p ropano ls or 1 ,3-dihalo- 
geno-2-p ropanols, s im ila rly  the fo rm a tio n  o f p ro d u c ts  hav ing  cyclic th iaz ine  
s tru c tu re , b u t  n o t cyclic th iazo lid in e  s tru c tu re , was experienced . F ro m  th is  
we concluded  th a t  in  a ll reactions a  non-iso lab le  epoxide h ad  fo rm ed .

* P a r t V III: 0 . H . H ankovszky , K . H id e g : A cta Chim. Acad. Sei. H ung., 63, 447
( 1970).
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О-Acyl compounds o f  1 and З а —c

Table I

Analysis, %

No. R M .p.,°c
Formula 

(Mol. w t.) C H N Cl s IR , cm -1 
(Nujol) NMR (ppm, <5TMS=0 ppm)

ealed./found

4a c h 3 137 138 c 12h 12n 2o 2s 58.05 4.87 11.28 12.91 1725 (CO) 2.04 ( s , 3H, CH3); 3.30 (d, 2H,
(248.30) 58.28 4.97 11.39 12.85 SCH2); 4.11 (d, 2H, NCH2);

176-178 C,,H,„1N,0,S .HC1 50.62 4.60 9.83 12.45 11.26 2800-2400  (NH) 5.52 (q, 1H, CH); 7 .1 -7 .8
(284.76) 50.60 4.40 10.08 12.21 10.95 1700 (CO) (compl. 4H, A r=  CH) (CDC13)

4b CHjCHj 1 23 -124 c 13h 14n 2o 2s 59.52 5.38 10.68 __ 12.22 1725 (CO) 1.06 (t, 3H, CH3); 2.3 (m, 2H,
(262.33) 59.51 5.30 10.91 — 12.17 COCH2); 3.29 (d, 2H, SCH2); 

4.21 (d, 2H, NCH2);5 .5 (m .lH ,
CH); 7 .0 -7 .8  (compl. 4H, 
A r= C H ) (CDC13)

4c CH2CH2CH3 118-119 60.85 5.84 10.14 _ 11.60 1725 (CO) 0.9 (t, 3H, CH2); 1.6 (m, 2H,
(276.36) 60.93 6.09 10.24 11.78 CH2); 2.3 (t, 2H, CH2); 3.32 

(d, 2H, SCH2); 4.15 (d, 2H, 
NCH2); 5.54 (m, 1H, CH); 7 .1 -
—7.8 (compl. 4H, A r= C H ) 
(CDCI3)

Id CH(CH3)2 152-153 c 14h 16n 2o 2s 60.85 5.84 10.14 — 11.60 1725 (CO) 1.06 (d, 3H, CH3); 1.17 (d, 3H,
(276.36) 60.60 6.04 10.02 — 11.93 CH3); 2.52 (m, 1H, COCH); 

3.32 (d, 2H, SCH2); 4.15 (d,
2H, NCH2); 5.52 (m, 1H, CH); 
7.1 —7.8 (compl. 4H, A r= C H ) 
(CDCI3)
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4e C (C H 3)3 1 9 7 - 1 9 8 C iäH 18N 20 2S 6 2 .0 4 6 .2 5 9 .6 5
(2 9 0 .3 9 ) 6 2 .0 2 6 .3 4 1 0 .0 3

4f (C H 2)2C O O C H 3 1 4 7 - 1 4 8 c 1sh 16n 2o 4s 5 6 .2 4 5 .0 3 8 .7 4
(3 2 0 .3 7 ) 5 6 .3 4 5 .12 8 .8 2

4g c 6H5 1 6 5 - 1 6 6 c „ h 14n 2o 2s 6 5 .7 9 4 .5 7 9 .0 3
(3 1 0 .3 8 ) 6 5 .9 3 4 .4 9 8 .9 3

4h 2 -C 1 -  C6H 4 1 6 8 - 1 6 9 C17H 13C1N20 2S 5 9 .2 2 3 .8 0 8 .1 2
(3 4 4 .8 2 ) 6 0 .0 8 4 .01 7 .9 9

4i 2 -C F 3— C6H 4 1 7 3 - 1 7 5 CjgH i3F 3N 20 2S 5 7 .1 4 3 .4 6 7 .41
(3 7 8 .3 8 ) 5 7 .0 2 3 .7 7 7 .6 6

4j 3 ,4 ,5 -(O C H 3)3 - 1 8 6 - 1 8 8 C20H 20N 2O6S 5 9 .9 9 5 .0 3 6 .9 9
- C eH 2 (4 0 0 .4 5 ) 6 0 .1 7 5 .05 6 .6 8

4k - C H = C H  - 1 6 2 - 1 6 4 C i9H ,eN 20 2S 6 7 .8 4 4 .8 0 8 .3 3
- c 6H 6 (3 3 6 .4 2 ) 67 .51 5 .0 2 8 .2 5

6a C H 3 1 6 1 - 1 6 2 ^lsHuNjOjS 5 9 .5 2 5 .3 8 10 .68
(2 6 2 .3 3 ) 59 .61 6 .01 10 .48

— 11.04 1715 (CO)
11.00

1 0 .0 1 1710 (CO)
10.19

10.33 1730 (CO)
— 10.45

10.29 9.29 1730 (CO)
10.47 9.39

8.48 1725 (CO)
8.61

8 .0 1 1720 (CO)
8.26

9.52 1720 (CO)
9.30 1630 (C= C conj.)

1 2 .2 2 1740 (CO)
12.43

1.14 (s, 9H,3CH3); 3.36 (d, 2H, 
SCH2); 4.24 (d, 2H, NCH2);
5.56 (m, 1H, CH); 7 .1 -7 .8  
(compl. 4H, Ar=CH) (CDC13)

2.62 (s, 4H, CH2CH2); 3.38 (d,
2H, SCH2); 3.62 (s, 3H, CH3); 
4.22 (d, 2H, NCH2); 5.62 (m,
1H, CH); 7 .2 -7 .8  (compl. 4H, 
A r= CH) (CDC13)

3.42 (d, 2H, SCH2); 4.27 (d, 2H, 
NCH2); 5.8 (m, 1H, C H );7 .0 -  
8.1 (compl. 9H, Ar= CH) (CDC13)

3.50 (d, 2H, SCH2); 4.35 (d, 2H, 
NCH2); 5.85 (m, 1H, CH); 7 .2 -
— 8.0 (compl. 8 H, Ar =  CH) 
(CDClj)

3.52 (d, 2H, SCH2); 4.38 (d, 2H, 
NCH2); 5.85 (m, 1H, CH); 7 .1 -
— 7.9 (compl. 8 H, Ar =  CH) 
(CDCI3)

3.48 (d, 2H, SCH2); 3.8 (s, 3H, 
OCH3); 3.88 (9 , 6H, 20CH3);
4.35 (d, 2H, NCH2); 5.85 (m,
1H, CH); 7 .2 -7 .8  (compl. 6 H, 
Ar=CH ) (CDClg)

3.45 (d, 2H, SCH2); 4.3 (d, 2H, 
NCH2); 5.75 (m, 1H, CH); 6.44 
(d, 1H, CH=CH, J 16.8 Hz); 
7 .2 -7 .5 5  (compl. 9H, A r= CH); 
7.79 (d, 1H, CH= CH, J  16.8 
Hz) (CDCI3)

1.95 (s, 3H, CH3); 3.0 (m, 2H, 
SCH2); 4.0 (s, 2H, CCH2S);
4.35 (d, 2H, NCH2); 4 .8 -  5.3 
(m, 1H, CH); 7.2 —7.8 (compl. 
4H, Ar=CH) (CDClj)
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Table I cont.

A nalysis, /о

N o. R M .p., °C
F o rm u la  

(Mol. w t.) C H N Cl s I R ,  c m -1 
(N ujol) N M R  (p p m , <5TMS= 0  ppm )

e a le d ./fo u n d

217-219 Ci3H 14N20 2S . 
HC1 (298.79)

52.26
52.41

5.06
5.01

9.37
9.63

11.87
11.65

10.73
10.43

1.08 (s, 3H, CH3); 3 .2 -  3.6 (m, 
2H, SCH2); 4.4 (d, 2H, CH2S); 

4 .8 -5 .1  (d, 2H, NCH2); 5 .2 -  
— 5.5 (m, 1H, CH); 7.68 (s, 4H, 
Ar=CH ) (D20 )

6Ь CH3 133-135 cI4h I6n 2o2s
(276.35)

60.85
61.16

5.83
5.49

10.14
10.03 -

11.60
11.94

1745 (CO) 1.85 (dd, 3H, CH3); 2.1 (в, 3H, 
COCH3); 3.06 (m, 2H, SCH2); 
4.2 -  5.1 (m, 4H, NCH2CH, 
CHCH3); 7.1 -  8.0 (compl. 4H, 
Ar=CH ) (CDC13)

6c CH3 136-140 C14HleN20 2S
(276.35)

60.85
60.97

5.83
5.69

10.14
10.45

11.60
11.41

1740 (CO) 2 .1 (9 , 3H, CH3); 2 .3 -2 .8  (m, 
2H, SCH2); 2.8 -  3.1 (m, 2H, 
CH2-  CH2S); 3 .2 -  3.6 (m, 2H, 
CH2CH2S); 4.66 (d, 2H, NCH2); 
5.1 -  5.6 (m, 1H, CH); 7.2 -  7.9 
(compl. 4H, A r= CH) (CDC13)
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T he epox ide  ring  undergoes cleavage u n d e r th e  effect o f th e  im idazole  
N H  a t  th e  le a s t su b s titu te d  carb o n  a tom .

T he re a c tio n  of 2-m ercap toalky lbenzim idazo les [2, 3] w ith  l,2 -epoxy-3 - 
h a lo g en o p ro p an e , 2 ,3 -d ihalogeno-l-p ropano ls or l,3 -d ihalogeno-2 -p ropano ls 
to o k  p lace also on th e  te rm in a l ca rb o n  atom s. T his is p roved  b y  th e  N M R  
sp e c tra : th e  p ro to n  of th e  h y d ro x y l g roup  appears as a doub le t (an d  n o t as 
a tr ip le t)  in  th e  N M R  spectrum  o f th e  so lu tion  of th e  p ro d u c t (3a —c) in  
D M SO -dG.

T h e  h y d ro x y l group of th e  tricy c lic  com pounds can  be a c y la ted  to  4» 
6a c an d  su lfo n a te d  to  5, 7a c (T ables I an d  II).

T h e su lfon ic  esters o f ty p e  5 a re  co n v erted  b y  an  e lim ination  re a c tio n  
in  aqueous e th an o lic  m edium  co n ta in in g  an  alkali h y d ro x id e , or w ith  alkoxide." 
(N a O E t, K O R u () in  anhydrous m edia, in to  p ro d u c ts  o f th e  ty p e  8a an d  8b.

C om pound  8a w as form ed in  a fa ir  y ie ld  (75 %) w hen  th e  sulfonic e s te r 
(e.g. 5d) w as h e a te d  in  pyrid ine  w hile th e  fo rm atio n  o f 8b w as d e tec ted  in  less

th a n  5 —8 % on ly . T h is  reac tio n  tak es  p lace  th ro u g h  an  isolable in te rm e d ia te : 
th e  p y rid in iu m  s a lt  (9). O n th e  effect o f th e  h igh ly  nucleophilic  sod ium  b e n ­
zo a te  in  d im e th y lfo rm am id e , th e  sulfonic e s te r undergoes e lim in a tio n  an d
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Table I I

O-Sulfonyl compounds o f I  and За —c

F o rm u la  
(Mol. w t.)

A nalysis , %
N o. R M .p., °c c H N S N M R  (ppm , <5TM S=0 ppm )

calcd ./found

5a CH3 1 7 3 -174 ^llHi2N20 3S2
(284.36)

46.46
46.48

4.25
4.19

9.85
9.92

22.55
22.31

3.3 (s, 3H, CH3); 3.95 (m, 2H, SCH2); 4 .7 5 -5 .0  
(m, 2H, NCH2); 6.0 (m, 1H, CH); 7.72 (s, 4H, 
Ar= CH) (TFA)

5b C6H6 148-150 ^16Hi4N20 3S2
(346.43)

55.47
55.28

4.07
4.25

8.09
7.84

18.51
18.69

3.30 (d, 2H, SCH2); 4.19 (d, 2H, NCH2); 5.36 
(m, 1H, CH); 7 .1 -  8.1 (compl. 9H, A r= CH) 
(CDClg)

5c 4-BrC6Ha 166-167 c i6H 13BrN20 3S2
(425.33)

45.18
44.96

3.08
3.23

6.59
6.29

15.08
15.28

3.38 (d, 2H, SCH2); 4.28 (d, 2H, NCH2); 5.4 (m, 
1H, CH); 7.3 (s, 4H, A r= CH); 7.72 (s, 4H, 
A r= CH) (CDC13)

5d 4-CH3C6Ha 189-191 ^17^16^203^2
(360.45)

56.65
56.68

4.47
4.57

7.77
7.76

17.79
17.88

2.5 (s, 3H, CH3); 3.35 (d, 2H, SCH2); 4.25 (d, 2H 
NCH2); 5 .2 -5 .4 5  (m, 1H, CH); 7 .1 5 -7 .9  
(compl. 8 H, A r= CH) (CDC13)

7a CH3 175— 195J C42H 14N2O3S2
(298.38)

48.31
48.21

4.73
4.54

9.38
9.42

21.49
21.67

3.0 (s, 3H, S 0 2CH3); 3.1 (d, 2H, SCH2); 4.08 (s, 
2H, =  CCH2S); 4.55 (d, 2H, NCH2); 4 .9 -  5.3 
(m, 1H, CH); 7 .2 -7 .9  (compl. 4H, A r= CH) 
(CDC13)

Tl» CH3 202— 204d Ci3Hi6N20 3S2
(312.41)

49.98
50.02

5.16
4.93

8.97
9.12

20.53
20.50

1.99 (dd, 3H, CH3); 2.9 (s ,3H ,S 0 2CH3) ;2 .7 -3 .2 ,  
(m, 2H, SCH2); 4 .0 -  5.5 (m, 4H, NCH2CH, 
СЯСН3); 7 .2 -8 .0  (compl. 4H, Ar=CH) 
(CDClg)

7c CH3 230— 233d Ci3H i6N20 3S2
(312.41)

49.98
50.15

5.16
5.25

8.97
8.73

20.53
20.39

3.1 (s, 3H, S 0 2CH3); 2 .3 -  3.6 (m, 6 H, 
CH2CH2SCH2); 4.8 (d, 2H); 5 .0 -  5.4 (m, 1H, 
CH); 7 .2 -  7.9 (compl. 4H, A r= CH) (CDC13)

d л„___
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su b s titu tio n . I n  th e  course of e lim in a tio n  8b is fo rm ed  h ig h ly  reg ioselectively  
(on ly  10 % of 8a is ob ta ined ).

T he esters 5 re a c t read ily  w ith  o th e r nucleophilic  reag en ts  affo rd ing  th e  
corresponding  su b s titu te d  p ro d u c ts  (10).

Gc
Xu

T he azido group o f lO d is reduced  b y  sodium  b o ro h y d rid e  in  2 -p ropano l to  
p rim ary  am ine (11a). T his p r im a ry  am in e  can  be c o n v e rte d  w ith  a ldehydes, 
th ro u g h  th e  fo rm a tio n  o f Schiff bases  in to  secondary  am in es, w ith  acid  ch lo ­
rides or acid a n h y d rid es  in to  acid  am id es, w hereas w ith  2 -m e th y l-2-th iopseudo- 
u rea  su lfate  in to  a g uan id ine  d e r iv a tiv e .

R
Па H

b 4-C!CeH4CH2 

e CH3CO 
d C«H5CH=CHCO 

R e C(=NH)NH 2

Ли
10 a SH

b SPh
c SC'N 
d N3

W e in v estig a ted  also th e  p ro d u c ts  12, 13 ob tained  in  d ip o la r cyc loadd ition  
reac tions of com pound  lOd w ith  v a rio u s  asy m m etrica lly  s u b s ti tu te d  acety lenes 
(T able I I I ) .

12 (4-R)
13 (5-R)

I t  w as found  th a t ,  in  accordance  w ith  experiences o f  HtriSGEN et al. [4, 5], 
in  th e  exam ples chosen  on ly  th e  ace ty len e  su b s titu te d  w ith  th e  s trong ly  elec­
tro n -a ttra c tin g  ace ty l g roup  ex h ib ited  reg iospecific ity . W ith  acety lenes su b s ti­
tu te d  b y  o th e r groups, even  b y  b u lk y  su b s titu e n ts , b o th  isom ers w ere fo rm ed , 
sim ilarly  to  th e  fo rm a tio n  of 14a a n d  14b in  th e  reac tio n  b e tw een  pheny lace- 
ty len e  an d  benzy lazide [6].

8 Acta Chim. Acad. Sei. Hung. 96, 1978
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Table I I I
2,3-Dihydro-3-(1,2,3-triazin-l-yl)-[l,3]thiazino-4H-[3,2-a]benzimidazoles (12 —13)

Yield,
%

Formula 
(Mol. wt.)

Analysis. %
NMR (ppm, <5TMS=0 ppm) 

in DMSO-deNo. R M.p., °c C H N s
ealed./found

12a c6H6 240-241 27 64.84 4.54 21.00 9.62 3.98 (d, 2H, SCH2); 4 .8 -  5.1 (m, 2H, NCH2);
(333.42) 64.89 4.25 20.87 9.73 5 .5 -5 .9  (m, 1H, CH); 7 .1 -8 .0  (compl.9H, 

A r= C H ); 8.84 (s, 1H, N(CH =  ))
13a 178-180 43 64.84 4.54 21.00 9.62 3 .0 -5 .5  (m, 5H, CH2CHCH2); 7 .2 -7 .8  (compl.

64.79 4.34 21.32 9.42 9H, A r=  CH); 7.84 (s, 1H, N(CH =  ))
12b CH2N(CH3)2 163-165 49 Ci6H i8N6S 57.30 5.77 26.73 10.20 2.14 (s, 6H, 2CH3); 3.9 (d, 2H, SCH2); 4.85 (m,

(314.42) 57.37 5.30 26.77 10.26 2H, NCH2); 5.7 (m, 1H, CH);7.1 -  7.8 (compl. 
4H, A r=  CH); 8.18 (s, 1H, N(CH =  ))

13b 2 37 -238 33 57.30 5.77 26.73 10.20 2.16 (s, 6H, 2CH3); 3.62 (d, 2H, SCH2); 4.73 (d,
57.28 5.96 26.85 10.32 2H, NCH2); 5.4 -  5.8 (m, 1H, CH); 7.1 -  7.7 

(compl. 4H, A r=  CH); 7.74 (s, 1H, N (C H = ))
12c C(OH)(CH3)2 2 26 -227 81 C15H 17N6OS 57.12 5.43 22.20 10.16 1.46 (s, 6H, 2CH3); 3.95 (d, 2H, SCH2); 4.8

(315.40) 57.00 5.09 22.15 10.32 (d, 2H, NCH2); 5.7 (m, 1H, CH); 7.1 -  7.7 
(compl. 4H, A r= C H ); 8.13 (s, 1H, N(CH =  ))

13c 185-186 14 57.12 5.43 22.20 10.16 1.60 (s, 6H, 2CH3); 3.9 (d, 2H, SCH2); 4.8
57.09 5.40 22.48 10.26 (d, 2H, NCH2); 5.65 (m, 1H, CH); 7 .1 -7 .7  

(compl. 4H, A r= C H ); 7.7 (s, 1H, N (C H =))
12d C(NH2)(C H 3)2 193-195 47 C16H 18N6S 57.30 5.77 26.73 10.20 1.4 (s, 6H, 2CH3); 3.85 (d, 2H, SCH2); 4.8

(314.42) 57.44 5.49 26.56 10.36 (d, 2H, NCH2); 5.62 (m, 1H, CH); 7.1 -  7.7 
(compl. 4H, A r=  CH); 8.36 (s, 1H, N(CH =  ))

13d 163-167 11 57.30 5.77 26.73 10.20 1.4 (s, 6H, 2CH3); 3.87 (d, 2H, SCH2); 4.85
57.40 5.95 26.96 10.26 (d, 2H,NCH2); 5.62 (m, 1H, CH); 7 .1 -7 .7  

(compl. 4H, A r=  CH); 8.15 (s , 1H, N(CH =  ))
12e C(NH2)(C 2H6)2 184-185 33 c 17h 22n „s 59.62 6.48 24.54 9.36 0.69 (t, 6H, 2CH3); 1.6 (q, 4H, C(CH2)2); 3.82

(342.47) 59.15 6.46 24.66 9.49 (d, 2H, SCH2); 4.8 (dd, 2H, NCH2); 5.65 (m, 
1H, CH); 7.1 -  7.7 (compl. 4H , A r=  CH); 
8.12 (s, 1H, N (C H =))

13e 155-158 27 59.62 6.48 24.54 9.36 0.70 (t, 6H, 2CH3); 1.62 (q, 4H , C(CH2)2); 3.9
59.24 6.29 24.31 9.43 (d, 2H, SCH2); 4.85 (m, 2H, NCH2); 5.65 (m,

— 1H, CH); 7.1 -  7.7 (compl. 4H, A r=  CH); 
7.62 (s, 1H, N(CH =  ))

12f COCH3 2 19-220 95 C14H 13N5OS 56.17 4.38 23.39 10.71 2.45 (s, 3H, CH3); 3.98 (d, 2H, SCH2); 4 .7 -  5.1
(299.35) 56.06 4.48 23.29 10.95 (m, 2H, NCH2); 5 .6 -6 .0  (m, 1H, CH); 7 .1 -  

7.7 (compl. 4H , A r=  CH); 9.0 (s, 1H, N (C H = ))
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Ph

14 a (4-Ph) 
b (5-Ph)

In  th e  N M R  sp e c tra  of 14a an d  14b (in  D M SO -d6) th e  sign  o f th e  triazo le  p ro to n  
is a t  M C H  =  8.0 an d  <55CH =  8.7 p p m , respective ly .

A n in v es tig a tio n  of th e  N M R  sp ec tra  of co m pounds 12 — 13 has show n 
th a t  th e  re g u la r ity  M CH  <  Ô5CH is v a lid  also in  th is  case.

E x p erim en ta l

M.p.’s were determ ined w ith a B iichi in strum en t of type  SM P — 20 and are uncorrected. 
IR  spectra were recorded in a Specord 71 (Zeiss) spectrophotom eter. NMR spectra were ob­
tained w ith a Perkin — Elm er R — 12 in s trum en t, using TMS as in te rna l standard.

4,5-Dihydro-4-hydroxy-lfI,3H-[1,4] thiazepino[4,3-a] benzimidazole (3a)
Method A

Sodium hydroxide (0.4 mole; 16.0 g) dissolved in w ater (ab o u t 40 ml) was added, w ith  
stirring, to  a suspension of 2-m ercaptom ethylbenzim idazole (0.4 mole; 65.6 g) in  e thanol 
(400 ml); the solid dissolved in the alkaline m edium . Epichlorohydrin (0.4 mole; 37.0 g) was 
dropwise added w ith stirring, to  the solu tion  w hich was k ep t below 40 °C. Precpitation of à 
white crystalline solid s ta rted  shortly. A fter allowing the m ixture to  stand for 3 hrs, i t  was 
filtered, and the crystals were washed w ith  w ater to  rem ove the inorganic salt, then w ith  e th a ­
nol and ether, and dried to  obtain 61.7 g (70 %) of the product, m .p. 231 — 233 °C (recrystallized 
from pyridine).

Cu H 12N2OS (220.29). Calcd. C 59.97; H  5.49; N  12.72; S 14.55. Found C 60.34; H  5.47; 
N 12.76; S 14.20 %.

IR  (Nujol) r max =  3120 -  3070 (O H ) cm 4 .
Ш -NMR (DMSO-d6): <5= 3.03 (m , 2H , SCH2); 3 .6 -4 .1  (m , 1H, CH); 4.37 (m, 2H, 

NCH2); 4.58 (d, 2H, SCH2C =  ); 5.5 (d, 1H, OH, J  =  4 Hz); 7 .1 -7 .8  (compl., 4H, Ar =  CH)
ppm.

The following compounds were also prepared in the w ay specified above.

3,4-Dihydro-3-hydroxy-2if-[l,3]thiaziuo[3,2-a]benzimidazole (1)

3,4-D ihydro-3-hydroxy-2H -[l,3]thiazino[3,2-a]benzim idazole (1): Yield 70 %, m .p. 
2 1 4 -2 1 5  °C (ht. m.p. [1] 2 14 -215  °C).

Cl0H 10N2OS (206.26). Calcd. C 58.23; H  4.89; N  13.58; S 15.54. Found C 58.33; H  5.21; 
N 1 3  42- 4 1 5 22 %

' IR  (Nujol) rmax =  3200 -  2800 (O H ) cm 4 .
HI-NM R (DMSO-d6): Ô =  3.3 (m , 2H , SCH2); 4.20 (m, 2H, NCH2); 4 .3 -4 .8  (m , 1H, 

CH); 5.77 (d, 1H, OH, J  =  4 Hz); 7 .1 -  7.6 (com pl., 4H , Ar =  CH) ppm .

4.5- Dihydro-l-methyl-4-hydroxy-llT,3H-[1,4]thiazepino[4,3-a] benzimidazole (3b)*:

4.5- D ihydro-l-m ethyl-4-hydroxy-lH ,3H -[1, 4]thiazepino[4,3-a]benzimidazole (3b):* 
Yield 55 %, m.p. 235 — 238 °C (from pyridine).

C12H 14N2OS (234.32). Calcd. C 61.51; H  6.02; N  11.96; S 13.68. Found  C 61.72; H  5.68; 
N  11.84; S 13.45 %.

* Isomers are possible because of ch ira lity  of the  1- and 4-carbon atoms. Existence of 
diastereomers are supported  by two dublets for the hydroxyl p ro ton  a t  <5 4.98 and 5.68 ppm  
(for bo th  isomers J  =  4 Hz).
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IR  (Nujol) r max =  3400 — 2800 (OH) cm *.
1H-NMR (DMSO-d6): <3 =  1.68 (d, 3H, CH3); 2 .4 -  2.7 (m, 2H, SCH2); 3 .3 -4 .7  (m, 2H, 

CH, CH); 4.4 (m, 2H, NCH2); 4.98 d, 5.68 d (Ш , O H ); 7 .1 -7 .8  (compl., 4H , Ar =  CH) ppm.

1.2.5.6- Tetrahydro-5-hydroxy-4H-[l,5]thiazocino[5,4-a] benzimidazole (3c):

1.2.5.6- Tctrahydro-5-hydroxy-4W -[l,5] thiazocino [5,4-a J benzimidazole (3c): Yield 57 %, 
m .p . 276— 277 °C (from pyridine).

C12H 14N2OS (234.32). Calcd. C 61.51; H  6.02; N 11.96; S 13.68. Found  C 61.88; H  5.78; 
N  11.77; S 13.48 %.

IR  (Nujol) vmax =  3120 -  3070 (OH) c m " 1.
Ш -NMR (DMSO-d6): 0 = 2 . 2 - 2 . 5  (m , 2H , SCH2); 2 .8 -3 .4  (m , 4H , SCH2CH2);

3 .9 - 4 .4  (m, 1H, CH); 4.5 (d, 2H, NCH2); 5.4 (d, 1H , OH); 7 .1 -7 .8  (com pl., 4H  Ar =  CH) 
ppm .

Method B
Under the same reaction  conditions as those applied in m ethod A, tw o equivalents of 

potassium  hydroxide were used instead of one equivalent, and dihalogenopropanol instead of 
epichlorohydrine. The reaction  products obtained were identical in  every respect w ith the cor­
responding products afforded by  method A.

The yields were as follows: 1 72 % from  l,3-dibrom o-2-propanol; 3a 62 % from 1,2-di- 
brom o-3-propanol; 3b 50 % from l-chloro-3-brom o-2-propanol, 3c 68 % from  2,3-dibrom o-l- 
propanol.

The O-acyl and O-sulfonyl derivatives of 1 and  3a — c were prepared by  the usual routes 
an d  are listed in Tables I — II.

Reaction of sulfonates of type 5 with some nucleophilic agents*
(a) With ethanolic sodium hydroxide

A solution of 2,3-dihydro-3-(p-toluenesulfonyloxy-2//-[ 1,3]thiazino[3,2-a]benzim idazole 
(5d) (0.04 mole; 14.4 g) in  ethanol (150 ml) w as refluxed for 3 hrs, w ith  stirring, w ith  an 
aqueous solution (of abou t 5 ml) of sodium hydroxide (0.1 mole; 4 g). The solution was then 
evaporated , the residue diluted w ith w ater (100 ml) and extracted w ith  chloroform (3X 30 ml). 
T he chloroform phase was washed w ith w ater (2 x 3 0  ml), dried over sodium  sulfate and evap­
o ra ted  in vacuum. The solid residue was crystallized from ethanol. The p roduct was a m ix­
tu re  of the isomers 2 /lr-|T,3]thiazino[3,2-a]beiizimidazole (8a) and 4//-fl,3Jth iazino|3,2-a] 
benzimidazole (8b)**. Y ield 6.7 g (89 %), m .p. 136— 137 °C.

Mass spectrum : m/e =  188 ( M ' ).

Ci „H8N2S (188.25). Calcd. C 63.80; H  4.28; N  14.88; S 17.03. Found  C 63.75; H  4.10; 
N  15.14; S 16.41 %.

IR  (KBr) rmax =  1660 (C = C  isolated) cm -1 .
‘H-NMR (CDC13): ô =  3.65 (q, 2H , SCH2), 7.10 (d, NCH =  ); 4.80 (q, 2H , NCH2); 6.20 

(d , SCH =  ); 7 .2—7.8 (compl., 4H, A r= C H ) ppm .

(b) With sodium ethoxide
Sodium ethoxide (0.02 mole; 1.36 g) was added to a solution of 5d (0.01 mole; 3.6 g) 

in  anhydrous ethanol and the m ixture was boiled for 6 hrs, then  processed as under (a). 
T he product was a 1 : 1 m ixture of the isomers 8a and 8b. Yield 1.5 g (80 %), m .p. 135— 139 °C.

(c) With potassium  t-butoxide
On boiling 5d (0.01 mole; 3.6 g) w ith  potassium  i-butoxide (0.02 mole; 2.06 g) in  t-buta- 

nol for 6 hrs, and processing the system  as u nder (a), a 1 : 1 m ix ture  of isomers 8a and 8b 
w as obtained. Yield 1.6 g (85 %), m.p. 136— 139 °C.

* Reaction of th e  sulfonates 6a — c will be published in subsequent papers of this series.
** In  gas chrom atography the two isom ers appear in a ratio  of ab o u t 1 : 1. (GLC con­

ditions were: 3 % S E — 30 column on Q 100 — 200 mesh; column tem pera tu re  200 °C; detected 
by  flame ionization; N2 carrier gas, 80 m l/m in 29psi; Packard 7300 Gas Chrom atograph.)
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(dj) With pyrid ine (5  hours)

The tosylate (5d) (0.01 mole; 3.6 g) was boiled in  pyridine (15 ml) for 5 hrs, then  the 
excess of pyridine was evaporated  in vacuum  and the residue crystallized from ethanol. The 
product was 3,4-dihydro-3-(l-pyridyl-)2H-[l,3]thiazino[3,2-a]benzimidazolium tosylate (9).
The yield was alm ost qu an tita tiv e , m.p. 187 — 188 °C.

C22H 21N30 3S2 (439.56). Calcd. C 60.12; H  4.81; N. 9.56; S 14.59. Found C 60.51; H . 4.77; 
N 9.59; S 13.94 %.

XH-NMR (D20 ): 0 =  2.02 (s, 3H, CH3); 4 .0 - 4 .3  (m, 2H, SCH2); 4 .5 -5 .2  (m, 3H , 
NCHjCH); 6.8 — 8.9 (com pl., 13H, A r=  CH) ppm .

On treating the ethanolic solution of 9 w ith ethanol sa tu ra ted  w ith  hydrochloric acid,
3,4-dihydro-3-(l-pyridyl)-2//-[l,3]thiazino[3,2-a]benzim idazolium chloride, m.p. 218—220 °C 
precip itated  from the solution on cooling.

C15H 15C12N3S (340.28). Calcd. N 12.35; Cl 20.84; S 9.42. Found N 11.95; Cl 20.54; 
S 9.17 %.

XH-NM R (D20 ): Ô =  4.45 (d, 2H, SCH2); 5 .2 -  5.6 (m , 3H, NCH2CH); 7 .5 -7 .9  (com pl., 
4H, A r= C H ); 8.0 —9.2 (com pl., 5H, P y = C H ) ppm .

(d2) With pyrid ine ( 50 hours)
The tosylate (5d) (0.01 mole) was boiled for 50 hrs in  pyridine (15 ml). The solvent was 

evaporated and the residue extracted  w ith chloroform ; th e  chloroform phase was dried over 
sodium sulphate and th e  solvent evaporated. The residual oil was crystallized from ethanol 
to  yield 1.4 g (75 %) of th e  product: 2H -[l,3]thiazino[3,2-a] benzimidazole (8a), m.p. 143 — 
145 °C. According to  gas chrom atographic analysis and  th e  NMR spectrum , the product was 
homogeneous consisting of th e  pure enamine isom er 8a.

In  repeated experim ents, analysis of the crude p roduct by GLC or NMR sometimes 
showed th e  presence of 8b in  less than  5 — 8 %.

The reaction was also carried with o ther sulfonates (5a, b, c) leading to 8a which also 
contained a little  (<  12 %) 8b (detected by NMR).

C10H 8N2S (188.25). Calcd. C 63.80; H  4.28; N 14.88; S 17.03. Found C 63.76; H  4.12; 
N 14.93; S 17.26 %.

IR  (Nujol) rmax 1660 (s) (N C H =C H ) c m '1.
XH-NM R (CDC13): <5 =  3.65 (q, 2H, SCH2); 5.6 (q, 1H, СН2С Я = , J CH,CH 6 Hz); 7.1 

(d, 1H, NCH =  , J ch- ch 9 H z); 7.2 —7.8 (compl., 4H , A r=  CH) ppm.

(e) With sodium benzoate
The mesylate (5a) (0.01 mole; 2.84 g) was heated  in  dim ethylform am ide (20 ml) w ith  

sodium benzoate (0.11 mole; 1.6 g) for 4 hrs a t  100 °C, and  the  solvent was then  evaporated. 
The residue was diluted w ith  w ater (30 ml), ex tracted  w ith  chloroform (3X 10 ml), the chloro­
form phase dried and evapora ted  in  vacuum. The residual pale yellow oil was dissolved in  
some ether (about 10 ml) and  k ep t in a refrigerator. The precip itated  w hite crystalline p roduct 
was 4H -[1,3]thiazino[3,2-a]benzimidazole (8b) (0.75 g; 40% ), m.p. 129—131 °C. A fter th e  
elapse of a few hours fu rth er am ounts separated from the m other liquor (0.20 g; 10 %). On the 
basis of the NMR spectrum  th is  material was a 1 : 4 m ix ture  of 8a and 8b.

Analysis of pure 8b: C10H 8N2S (188.25). Calcd. C 63.80; H  4.28; N 14.88; S 17.03. Found 
C 63.76; H  4.32; N 14.82; S 17.17 %.

XH-NM R (CDC13): Ô =  4.72 (q, 2H, NCH2); 6.04 (q, 1H, СН2С Я = , J Ch2ch-  4 Hz); 
6.14 (d, 1H, SCH =  , JcH-CH Hz); 7.1 — 7.8 (compl., 4H , A r=  CH) ppm.

The m other liquor was evaporated to half of its  original volume, and the residue allowed 
to stand  for 2 days in a refrigerator. The resulting w hite crystalline substance was filtered off. 
On the basis of the IR  and N M R  spectra i t  proved to  be 3-benzoyloxy-2,3-dihydro-2ff-[l,3]- 
thiuzino |3 ,2-a]benzimidazole (4g ) (1.0 g; 34%), m.p. 165—167 °C.

The reaction carried o u t from  5d gave essentially th e  same results in  respect of bo th  the 
ratios and yiels of the products.

No 8a s x 8b isom erisation was observed when th e  pure isomer (8a or 8b) was heated 
in  several solvents (pyridine, E tO H , aqueous E tO H , or CHC13) for 24 hrs.

(f) With sodium hydrogen sulfide
A suspension of the m esylate (5a) (0.01 mole; 2.84 g) in  m ethanol (50 ml) was boiled 

for a day w ith sodium hydrogen sulfide hydrate (9H 20 )  (0.02 mole; 4.36 g). The yellow solution 
was evaporated in  vacuum  and  the residue was crystallized from  ethanol. The product was
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3-m ercapto-2,3-dihydro-2//-[1,3] thiazino[3,2-a] benzimidazole (10a). Yield 1.5 g (68 %), m.p.
1 9 6 -1 9 8  °C (d.).

C10H 10N2S2 (222.33). Calcd. N 12.60; S 28.85. Found N 12.32; S 28.35 %.

(g) W ith thiophenol
To a suspension of th e  henzenesulfonate (5Ь) (0.01 mole; 3.46 g) in  anhydrous ethanol 

(50 ml), sodium ethoxide (0.015 mole; 1.02 g) and  thiophenol (0.015 mole; 1.65 g) were added. 
A fter boiling for 34 hrs, th e  reaction m ixture was evaporated  to  dryness and the residue e x trac t­
ed w ith  chloroform (3X 30  ml). The oily residue of the chloroform solution was dissolved in  
e thano l saturated  w ith  hydrochloric acid, and  dilu ted  w ith ether. On cooling the m ix tu re , the 
m onohydrochloride of th e  product: 3,4-dihydro-3-(phenylthio)-2//-[l,3]thiazino[3,2-a]henz- 
imidazole (10b) crystallized in  a few days. Y ield 2.26 g (76 %), m.p. 105— 107 °C.

C16H 14N2S2 .HC1 (334.89). Calcd. C 57.38; H  4.67; N  8.36; S 19.14; Cl 10.58. Found 
C 57.25; H  4.67; N  8.21; S 19.04; Cl 10.62 %.

1H-NMR (CD3OD): <5 =  3 .0 4 -4 .2  (m , 5H , CH2CHCH2); 6 .8 -7 .6  (Compl., 9H , A r= C H )
ppm .

(h) W ith sodium thiocyanate
To a suspension of th e  tosylate (5d) (0.05 mole; 18.2 g) in ethanol (150 ml), an aqueous 

solu tion  (30 ml) of sodium  th iocyanate (0.075 mole; 6.07 g) was added, and th e  m ix ture  was 
boiled for 60 hrs, th en  evaporated  to  dryness in  vacuum  and the residue ex tracted  w ith  chloro­
form  (3X 60 ml). The chloroform  phase was dried, evaporated to  dryness in  vacuum  and the 
residue crystallized from  ethanol. The p ro d u c t was 3,4-dihydro-3-thiocyanato-2H-[l,3]thia- 
zino[3,2-a]benzimidazole (10c), a white crystalline substance. Yield 9.9 g (80 %), m .p. 132 — 
138 °C

'c„H ,N ,S . (247.35). Calcd. C 53.41; H  3.67; N  16.99; S 25.93 %. Found C 53.67; H  3.92; 
N  16.95; S 25.88 %.

IR  (Nujol) r max =  2175 (SCN) cm -1 .
1H-NMR [(CD3)2CO : CD3OD, 1 : 1 ] :  0 =  3.66 (d, 2H, SCH2); 4.62 (d, 2H , NCH2); 

4.7 — 5.2 (m, 1H, CH); 7.0 — 7.8 (compl., 4H , Ar =  CH) ppm.
On acidifying th e  ethanolic solution of th e  base to pH  3 w ith ethanol sa tu ra ted  w ith 

hydrochloric acid and diluting i t  w ith  e ther un til crystallization started , the hydrochloride of 
th e  product p recip itated , m .p. 173 — 176 °C (d.).

Cn H9N3S2 .HC1 (283.81). Calcd. C 46.55; H  3.55; N 14.81; S 22.60; Cl 12.49. Found 
C 46.58; H 3.48; N  15.05; S 22.25; Cl 12.20 %.

(i) W ith sodium azide
A suspension of the  tosylate (5d) (0.05 mole; 18.2 g) in dim ethylform am ide (50 ml) was 

boiled for 70 hrs w ith  an  aqueous solution (8 ml) of sodium azide (0.1 mole; 6.5 g) under a 
s tream  of nitrogen gas. The solution was evaporated , the residue dissolved in  some ethanol 
(10 ml), diluted w ith  e ther and allowed to  crystallize in a refrigerator. The p recip ita ted  p roduct 
w as 3,4-dihyd ro-3-azido-2/f-[1,3]thiazino[3,2-a] benzimidazole (lOd) (7.0 g; 60 %), m .p. 
123 —127 °C.

C,„h ’n 6S (231.28). Calcd. C 51.93; H  3.92; N 30.28; S 13.86. Found C 52.12; H  4.13; 
N  29.92; S 14.15 %.

IR  (Nujol) vmax =  2110 (N3) c m " 1.
Hf-NMR (CDC13): <5 =  3.2 — 4.6 (m , 5H , CH2CHCH2); 7 .1 -7 .9  (compl., 4H , A r=  CH)

ppm .
The acetone solution of base lOd was acidified to  pH  3 w ith ethanol sa tu ra ted  w ith  

hydrochloric acid and  i t  was diluted w ith  e ther un til crystallization started . The precip ita ted  
w hite crystals were filtered  off, washed w ith  acetone and dried to afford the hydrochloride of 
th e  product, m.p. 207 —208 °C (d.).

C10H9N5S.HC1 (267.74). Calcd. C 44.86; H  3.76; N 26.16; S 11.98; Cl 13.24. Found 
C 44.66; H  3.64; N 25.92; S 12.08; Cl 13.40 %.

IR  (Nujol) r max*= 2090 (N3) c m - 1.

Reduction of the azido compound lOdj

The azido com pound (lOd) (0.1 mole; 23.13 g) was suspended in  isopropanol (200 ml), 
sodium  borohydride (12 g) was added, and  th e  m ixture boiled for 30 hrs. A fte r evaporating 
th e  solvent in  vacuum , th e  residue was d ilu ted  w ith w ater to decompose th e  complex, then
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ex tracted  with chloroform  (3X10 ml). T he ex trac t was dried over anhydrous sodium sulfate 
and evaporated. The residue was crystallized from  a m ixture of e thanol and ether. The p re ­
cip itated  white crystalline product was 3,4-dihydro-3-aiuino-2/f-| 1,3]thiazino[3,2-a] benzimida­
zole (11a) (15.4 g; 75 %), m.p. 1 1 5 -1 1 8  °C.

C10H UN3S (205.28). Calcd. C 58.51; H  5.40; N 20.47; S 15.62. Found C 58.32; H  5.13; 
N 20 42- 4 1 5 33 %

’ IR  (Nujol) vmax =  3360, 3320 (W H,) c m "1.
4H-NMR (CDC13): <3 =  1.8 (s, 2H, N H 2); 3.07 (d, 2H, SCH2); 3.5 -  4.3 (m, 3H, NCH2CH); 

7.0 —7.8 (compl., 4H , A r= C H ) ppm.
The base (11a) w as dissolved in m ethanol sa tu ra ted  w ith  hydrochloric acid and dilu ted  

w ith ether until crystallization  started. T he white crystalline p roduct was filtered off, washed 
w ith ether and dried to  obtain  the dihydrochloride of 11a, m.p. 235 — 238 °C (d.).

C10H n N3S .2HC1 (278.21). Calcd. C 43.17; H  4.71; N 15.10; S 11.53; Cl 25.49. Found  
C 43.15; H 4.00; N 15.09; S 11.43; Cl 25.54 %.

IR  (Nujol) j»max =  3400-2600 (N H 3) cm ’ 1.

Reactions of the amino compound 11a

(a) p-Chlorobenzaldehyde

A solution of th e  amino compound (11a) (0.02 mole; 4.1 g) and o f p-chlorobenzaldehyde 
(0.02 mole; 2.81 g) in  to luene (100 ml) was boiled for 3 hrs in the presence of catalytic am ounts 
(2 drops) of boron trifluoride etherate, in  an  apparatus equipped w ith  a D ean—Stark  trap . 
D uring this period th e  theoretical am ount o f w ater (0.36 ml; 0.02 mole) accum ulated in  the  
w ater separator. The solu tion  was concentrated to one quarter of its  in itia l volume, and cooled. 
The precipitated crystals were filtered off, washed w ith ether un til free of toluene, and dried. 
The product was 3,4-dihydro-3-[(4’-chIorobenzylidene)-amino]-21/—[l,3]thiazino[3,2-a]benz- 
imidaziole (5.2 g; 80 %), m .p. 174— 176 °C.

C17H 14C1N3S (327.84). Calcd. C 68.28; H 4.30; N  12.82; Cl 10.82 %. Found C 61.98; 
H  4.02; N  12.66; Cl 10.51 %.

IR  (Nujol) r max =  1625, 1575 (N = C H  conj.).
» H -N M R  (DMSO-d„): ô =  3.45 (m , 2H, SCH2); 4 .1 -4 .6  (m, 3H , NCH2CH); 7 .1 -8 .0  

(compl., 8H, A r=  CH); 8.74 (s, 1H, N = C H ) ppm.
The Schiff base ob tained  as described above (0.02 mole; 6.6 g) was dissolved in  ethanol 

(30 ml) and boiled for 3 hrs. w ith sodium borohydride (1 g). A fter decomposing the complex 
w ith w ater (15 ml), th e  m ixture was ex trac ted  w ith chloroform, dried and evaporated. The 
residue was crystallized from  a mixture of e thanol and ether. The p roduct was 3,4-dihydro-3- 
[(4’-chIorobenzyl)amino]-2//-[l,3]thiazino[3,2-a]benzimidazole ( l ib )  in  alm ost theoretical 
yield, m .p. 150—152 °C.

C17H 16C1N3S (329.86). Calcd. C 61.90; H  4.89; N 12.74; S 9.72; Cl 10.75. Found C 62.13; 
H  4.88; N 12.78; S 9.60; Cl 10.61 %.

IR  (Nujol) vmax =  3300 (NH) cm “ 1.
41-NM R (CDC13): <5 =  3 .0 -3 .7  (m , 3H , SCH2CH); 3.84 (s, 2H , NCH2); 4.02 (d, 2H , 

NCH2); 7 .1 -7 .4  (compl., 8H , A r=  CH); 7 .4 5 -7 .8  (m, 1H, N H) ppm .
The acetone solution of the base ( l ib )  w as acidified w ith m ethanol sa turated  w ith hydro­

chloric acid, i t  was then  d ilu ted  with some e ther, the precip itated  w hite crystalline salt filtered  
off, washed w ith ether and  dried. The dihydrochloride thus obtained had  m.p. 218 — 220 °C (d.).

C17H 16C1N3S .2HC1 (402.77). Calcd. C 50.70; H  4.50; N  10.43; S 7.96; Cl 26.41. Found  
C 51.06; H  4.60; N 10.07; S 7.60; Cl 26.50 %.

+
IR  (Nujol) r max =  3100—2200 (N H 2) cm -1 .

(b) With acetic anhydride

The amino com pound (11a) (0.05 m ole; 10.25 g) was dissolved in  ho t pyridine (40 m l), 
acetic anhydride (7 ml) was added and the m ix tu re  was allowed to  stand  for 3 hrs. The solution 
was poured into ice (ab o u t 300 g). The prec ip ita ted  w hite crystals were filtered off, washed 
w ith ethanol and ether, th en  dried. The p roduct was 3,4-dihydro-3-acetami<lo-2f/-[l,3] - 
thiazino[3,2-a]benzimidazole (11c) (11.2 g; 90% ), m .p. 179—181 °C. On recrystallizing th e  
crude product from ethanol its  m.p. did n o t change.

CI2H 13N3OS (247.32). Calcd. C 58.28; H  5.30; N 16.99; S 12.96. F ound  C 58.11; H  5.60; 
N 16.80; S 13.06 %.
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IR  (Nujol) r max =  3 4 3 0 -3 0 8 0  (N H), 1665, 1560 (CONH) c m -1.
41-NM R (DMSO-de): <5 =  1.98 (s, 3H , CH3); 3 .3 -4 .8  (m, 5H, CH2CHCH2); 7 .1 -7 .7  

(com pl., A r= C H ); 8.5 (d, 1H, N H ) ppm.
The acetone solution of th e  base was acidified to  pH  3 w ith ethanol sa tu ra ted  w ith hydro­

chloric acid and diluted w ith  e ther un til crystallization  started. The w hite crystals were fil­
te red  off, washed w ith e ther and dried to ob ta in  the monohydrochloride of 11c, m.p. above 
245 °C.

C12H 13N3OS .HC1 (283.78). Calcd. C 50.79; H  4.97; N 14.81; S 11.30; Cl 12.49. Found 
C 51.13; H  4.21; N 14.44; S 11.09; Cl 12.23 %.

IR  (Nujol) r max =  3 2 2 0 -3 0 2 0  (NH), 1605, 1540 (CONH) c m '1.

(c) With cinnam oyl chloride
The amino com pound (11a) (0.01 mole; 2.05 g) was dissolved in  pyridine (20 ml) and 

allowed to  stand w ith cinnam oyl chloride (0.011 mole; 1.83 g) for 3 hrs a t  room  tem perature, 
th e n  poured into crushed ice (abou t 100 g). The resulting w hite crystalline substance was 
filte red  off, washed w ith w ater, ethanol and e ther, then  recrystallized from  ethanol. The prod­
u c t was 3,4-dihydro-3-(cinnam oylam ino)-2/f-[l,3]thiazino[3,2-a]benzim idazole ( l id )  (2.7 g; 
80 %), m .p. 21 4 -2 1 6  °C.

ClaH „N 3OS (335.43). Calcd. C 68.03; H  5.11; N 12.53; S 9.56. Found C 67.87; H  5.06; 
N  12.78; S 9.17 %.

1H-NM R (DMSO-d6): Ô =  3.5 (m , 2H, SCH2); 4 .2 -4 .4  (m , 2H, NCH2); 4 .5 -5 .0  
(m , 1H, CH); 6.76 (d, 1H, C H = C H , J  16 H z); 7 .1 -7 .8  (compl., 10H, C H =  CH, A r=  CH); 
8.6 —8.8 (m, 1H, NH) ppm .

(d) With 2-methyl-2-thiopseudourea sulfate
The amino com pound (11a) (0.02 mole; 4.1 g) and S-m ethyl-isothiocarbam ide sulfate 

(0.01 mole; 2.78 g) were heated  in  aqueous ethanol (30 ml, 70 %) in a flask equipped w ith a 
reflux  condenser and gas o u tle t tube  for 10 hrs. W hen the evolution of m ethyl m ercaptan 
ceased, the solution was evaporated  in  vacuum , th en  the residue was d ilu ted  w ith ethanol and 
crystallized. The white crystalline substance was filtered off and washed w ith  ether. The product 
w as 3,4-dihydro-3-guanyl-2//-[l,3]thiazino[3,2-a]benzim idazole ( l ie )  (4.3 g; 72 %), m.p. 
230—231 °C. On recrystallizing the crude p roduct from aqueous ethanol its  m.p. did not 
change.

C iiH 13N6S .l/2 H 2SO„ (296.36). Calcd. C 44.58; H  4.76; N 23.63; S 16.23. Found C 44.30; 
H  4.35; N  23.24; S 16.15 %.

+
IR  (Nujol) r max =  3300—3000 (N H 2), 1690, 1630 (guanidine).
Ш -NMR (D20 ) :  ô =  3.62 (d, 2H, SCH2); 4.25 (d, 2H, NCH2); 5 .1 -5 .4  (m, 1H, CH); 

7 .2 —7.7 (compl., 4H, A r=  CH) ppm.

Reaction of the azido compound (10d) with acetylene derivatives

Genera] procedure for th e  preparation  of triazole derivatives:
A solution of the azido compound (lOd) (0.01 mole) and of th e  acetylene derivative 

(0.02 mole) in toluene (30 ml) was refluxed for 36 hrs. After evaporating th e  toluene in  vacuum , 
th e  residue was subjected to  fractional crystallization from ethanol.

The compounds prepared by this m ethod are listed in Table I I I .

*

The authors express the ir thanks to  Miss T. H uszáb for her valuable partic ipation  in 
th e  preparative work, to  Mrs. M. Ot t , A. H a lá sz  and L. L ovas for the ir valuable partic ipa­
tion  in  the microanalyses, and  to  Dr. L. K e c s k é s  (Gas Chromatographic L aboratory) for the gas 
chrom atographic investigations. Thanks are due to  the Chemical W orks of Gedeon R ichter 
L td . for the financial support of these researches.
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ONE-STEP SYNTHESIS OF 2, 3, 4-TRIACETYL- 
LEYOGLUCOSAN FROM 1, 2, 3, 4-TETRAACETYL-6- 

TRITYL-/?-D-GLU COPYR AN OSE BY MEANS TITANIUM
TETRACHLORIDE*

( P R E L I M I N A R Y  C O M M U N IC A T IO N )

E . Z á r a - K a c z a n  and Gy. D e á k

(Research Institu te o f  Experim ental M edicine, Hungarian Academy o f Sciences Budapest)

Recevied December 8, 1977

I t  is well k n o w n  [1] th a t  rem o v al of th e  t r i ty l  g roup , u sed  in  c a rb o h y d ra te  
ch em is try  for th e  selec tive  p ro te c tio n  of p rim a ry  h y d ro x y l groups, can  be  
ach ieved  in  ace tic  ac id  so lu tion  w ith  hyd rogen  b rom ide.

In  an  a t te m p t  o f effecting  cleavage of th e  e th e r  linkage  of 1,2,3,4- 
te tra a c e ty l-6-trityl-jd-D -glucose (1) w ith  ti ta n iu m  te tra c h lo r id e , we expected  
to  o b ta in  l,2 ,3 ,4 -te traacety l-/?-D -g lucose, or its  tita n iu m  com plex  (2); cycliza- 
tio n  o f th e  la t te r  to  2 ,3 ,4 -triace ty llevog lucosan  (6) seem ed im probab le , as 
ea rlie r in v es tig a tio n s  [2] have  show n th a t  ti ta n iu m  te tra c h lo r id e , in  c o n tra s t 
w ith  t in  te tra c h lo r id e  effecting  cycliza tion , ra th e r  causes cleavage of th e  
an h y d ro  ring .

W hen  c a rry in g  o u t th e  reac tio n  u n d e r p re p a ra tiv e  cond itions, i t  h as  
been  fo u n d  th a t  re flu x in g  o f 1 in  chloroform  so lu tion  w ith  th e  sto ich iom etric  
am o u n ts  of t i ta n iu m  te tra c h lo rid e  an d  e th an o l (m olar ra tio  1 :1 :1) for 1 h r , 
gives p u re  triace ty llev o g lu co san e  (6) in  a y ield  of 50 —7 0 % . W hen  th e  reac ­
tio n  is carried  o u t w ith  ti ta n iu m  te tra c h lo rid e  in  th e  absence o f e thano l, th e  
q u a n ti ty  o f 2 ,3 ,4 -triace ty lg lu co sy l chloride (4), alw ays p re se n t as a b y -p ro d u c t, 
increases. The q u a n t i ty  of th e  b y -p ro d u c t is considerab ly  increased , w hen  
p u re  te tra a c e ty lg lu c o se  is used  as th e  s ta r tin g  com pound fo r th e  cyclization . 
In  th is  case 6 an d  4 w ere p resen t a f te r  300 m in in  n ea rly  id en tica l q u a n titie s  
in  th e  so lu tion ; th e  ch lorine c o n te n t o f th e  la t te r  p ro d u c t w as 10%  (calcd. 
for tr iace ty lg lu co sy l ch lo ride : 10 .91% ). In  v iew  of th e  y ie lds, i t  is b y  all m eans 
m ore ad v an tag eo u s  to  s ta r t  from  th e  6- tr i ty l  d eriv a tiv e .

I n  co n sid e ra tio n  o f th e  fa c t th a t  b y  th e  co m bina tion  o f th e  hyd rogen  
b rom ide  an d  t in  te tra c h lo r id e  m eth o d s triace ty llev o g lu co san  can  only b e  
p rep a red  in  a y ie ld  as low  as 3 3 % , th e  p rocedure  used  in  our experim en ts is 
o f p re p a ra tiv e  im p o rta n c e . M oreover, i t  has been  found  th a t  th e  reac tion  is 
also su itab le  fo r th e  syn th esis  o f tribenzoy llevog lucosan .

‘ Presented a t th e  173rd N ational Meeting (Friedel-Crafts Centennial Symposium) of 
the A m erican Chemical Society, New Orleans, Louisiana, March 23 (1977).
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B y low ering th e  te m p e ra tu re  to  25 °C and  th e  c o n c e n tra tio n  of th e  reac ­
ta n t s  to  1/10, th e  re a c tio n  could be slow ed down. I t  h as  b een  estab lished  th a t  
u n d e r  these co n d itio n s too , d c tr i ty la tio n  proceeds v e ry  rap id ly , an d  a fte r 
2 m in  2 is th e  sole p ro d u c t th a t  c an  be  de tec ted  in  th e  so lu tion . T he cycliza- 
t io n  was th en  fo llow ed b y  TLC, b y  m easu rem en t o f th e  change in  op tica l 
ro ta t io n  and on th e  b as is  o f th e  I R  sp ec tra  of th e  re a c tio n  m ix tu re  an d  th e  
com plexes p re c ip ita te d  b y  th e  a d d itio n  of p e tro leu m  e th e r  to  th e  chloroform  
so lu tio n . On th e  b as is  o f th e  com position  and  IR  sp e c tra , th e  so-called in itia l 
com plex  is th e  a lk o x y tita n iu m  trich lo rid e  d e riv a tiv e  o f th e  d e tr i ty la te d  
te traace ty lg lu co se  (2 ), th e  aqueous decom position  of w hich  y ields 1,2,3,4- 
te traacety l-jS -D -glucopyranose. N o te w o rth y  in  th e  sp ec tru m  is th e  b a n d  a t 
1580 cm -1 , w hose in te n s i ty  g rad u a lly  increases in  th e  sp e c tra  of th e  com plexes 
iso la ted  w ith  th e  p ro g ress  of th e  re a c tio n . On th e  basis  of d a ta  re p o rte d  in  th e  
l i te ra tu re  for o th e r  Lew is acids [3] an d  accord ing  to  our own ex p erim en ts , 
th is  h an d  can be assig n ed  to  th e  t r i ty l  ca tion  form ed in  an  equ ilib rium  reac tio n  
fro m  tr i ty l  ch loride a n d  2 .

In  the  course o f  th e  rin g  closure a c e to x y tita n iu m  trich lo rid e  is lib e ra ted , 
w hich , being also a Lew is acid , m a y  fo rm  a co o rd in a tiv e  bo n d  w ith  one of th e  
ca rb o n y l oxygens (7), b u t  can  also re a c t w ith  t r i ty l  ch lo ride (8 ). As acetoxy-
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t i ta n iu m  tr ic h lo rid e  is a stronger Lew is acid th a n  th e  s ta r tin g  co m p o u n d  2 
of a lk o x y tita n iu m  trich lo ride  ty p e , th e  reac tio n  o f th e  fo rm er w ith  t r i ty l  
ch lo ride is th e  p re fe rred  one, an d  th is  is in d ica ted  b y  th e  increase  in  in te n s ity  
o f th e  b a n d  a t  1580 cm -1 .

course o f  th e  re a c tio n . W e suggest t h a t  th e  b y -p ro d u c t resu lts  from  th e  re a c ­
tio n  o f a c e to x y tita n iu m  trich lo rid e , se t free d u rin g  ring  closure, w ith  th e  
s ta r t in g  m a te r ia l  2, s till p resen t. S ta r tin g  from  th e  t r i ty l  d e riv a tiv e , i.e. in  
th e  p resence  o f t r i ty l  chloride, th e  a m o u n t of th e  “ ac tiv e”  a c e to x y tita n iu m  
trich lo rid e  decreases (since one p a r t  o f i t  is p re se n t as th e  an ion  8 in  th e  so lu ­
tio n ) an d  th e re fo re  th e  occurrence o f th e  side reac tio n  is decreased . T h e  fa v o u r­
ab le effect o f  a lcohol ad d itio n  m a y  be  s im ila rly  in te rp re te d : in  th is  case, th e  
a c tu a l re a g e n t w ill be e th o x y tita n iu m  trich lo rid e ; a c e to x y e th o x y tita n iu m  
d ich lo ride  is l ib e ra te d  during  rin g  closure , an d  th is  has lesser ch lo rin a tin g

1. H e l f e b ic h , B .: Adv. Carbohydr. Chem., 3, 79 (1948)
2. F e n ic h e l , L., D e á k , Gy., B akó , P., H o l l y , S., Csíjbö s , Z.: A cta Chim. (B udapest) 85,

313 (1975)
3. Sh a b p , D. W. A., Sh e p p a b d , N .: J . Chem. Soc., 1957, 674

As i t  h as  b een  s ta te d  p rev io u sly , th e  fo rm atio n  o f 4 is in e v ita b le  in  th e

effect.

R E F E R E N C E S

Erzsébet Zá r a -K aczián 
G yula  D eák

K O K I 1083-B udapest
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RECENSIONES

I .  I n c z é d y : A nalytica l Application o f complex E quilibria  

A kadém iai K iadó, B udapest, 1976, 415 pp.

The rapid developm ent in  the  chem istry of coordination com pounds during the last 
few decades has brought abou t significant changes in  analytical chem istry . U nfortunately  
there is, however, a considerable lag betw een the appearance of fundam enta l relationships 
in th e  scientific literature and th e ir general use in the common analy tical praxis. The m ain 
aim  of the au thor of the p resent book has been “ to guide and aid the analy tica l chem ist work­
ing in industrial and research laboratories in  solving everyday problem s, and  by working 
th rough  typical problems to show how rap id  exploratory calculations m ay be perform ed w ith 
a slide rule. . .”

The book consists of four chapters. In  C hapter 1. after a short repetition  of the elements 
of com plex chem istry the au tho r deals in  details w ith the various equilibria (com plex-form a­
tion, acid-base, redox), w ith factors affecting and energy changes involved in  complex form a­
tion  reactions. A far too short subchapter gives some insight into the kinetics of the reactions 
of complexes.

C hapter 2. is an  excellent com pilation of the m ost widely used m ethods (potentiom etric, 
spectrophotom etric, polarographic, ex traction  and ion-exchange) for the determ ination  of 
p ro tonation  constants, the stab ility  constants of bo th  mononuclear and  polynuclear com­
plexes.

C hapter 3. discusses the analy tical applications of the various types of homogeneous 
and heterogeneous equilibria described in  the previous chapters. The analy tical applications 
include gravim etric analysis, acid-base, precipitation, complexometric and  redox titra tions, 
polarography, spectrophotom etry, liquid-liquid extraction, ion-exchange separations and 
electrophoresis.

A t the end of the chapters m entioned so fa r a large num ber w orked examples are given. 
These help to  comprehend th e  m ateria l described, and facilitate th e  solution of practical 
problems.

Tables of equilibrium constan ts (protonation , complex form ation, p rec ip ita te  form ation, 
redox, ex traction  and ion-exchange) are compiled in Chapter 4. F inally  880 references refer 
to the m ost im portan t publications.

The approach of the au th o r to  th e  various topics of analytical chem istry  (acid-base, 
com plexation, precipitation and  redox reactions) is uniform and is based on the au tho r’s 
sound knowledge in  coordination chem istry.

The book can be highly recom m ended to  everybody interested and  active in  analytical 
chem istry. B oth industrial and research  chemists will find it  a useful guide. F u rther it  is a 
valuable book both  to teach and to  com prehend analytical chem istry. F or th is reason univer­
sity  and  college teachers, underg raduate  and research students should have i t  on their shelves.

E .  KŐRÖS
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Topics in Current Chemistry (F o rts c h r it te  der chem ischen  F orschung). Vol. 64.
In o rg an ic  B iochem istry

Springer-Verlag, Berlin, Heidelberg, New Y ork, 1976. pp. 225

The 64. volume of Topics in  Current Chemistry includes th ree  monographies, each 
discusses some aspects of bioinorganic chem istry.

The first m onography (112 pages w ith 559 references) is en titled  “ Molecular Mechanisms 
on Carbonate, Phosphate and  Silica Deposition in the Living Cell”  and w ritten  by E . T. 
D e g e n s . The m onography s ta rts  w ith  the illustration  on three exam ples the interaction of 
m eta l ions with organic com pounds, which is im portan t to understand  how m etal ions influence 
th e  structural organization of biochemical molecules and the functional processes operating 
in  th e  genetic and m etabolic appara tus. Then th e  au thor shows how epitaxis can be related 
to  biocatalysis and points to  the fact th a t organic m atrices can ac t as morphological catalysts 
in  th e  deposition of m inerals. A short chapter is devoted to  m ineral equilibria (carbonate, 
phosphate  and silica), th en  tw o enzyme system s —  carbonic anhydrase and alkaline phospha­
tase  — which have im p o rtan t roles in  biom ineralizations are discussed. The following chapter 
is on calcium transport and  regulation. In  the consecutive chapters th e  mechanisms of the 
deposition of carbonate, phosphate  and silica are described in g reat details. Although the origin, 
n a tu re  and function of m ineralized tissues are only ten ta tive ly  know n the author tries to  co­
o rd inate  the often contrad ictory  results on m ineral deposition processes. Also the author deals 
ra th e r  minutely w ith the organic m atrices which serve as tem plates in  th e  nucléation and ori­
en ted  growth of biom inerals, and w ith the evolution of biocarbonates, biophosphates and silica, 
respectively. Ample num ber of references close the monography.

“ W ater in Biological System s”  is the title  of the second m onography (67 pages w ith 
303 references) and is w ritten  by  W. A. P . L u c k . The purpose of th e  au thor of this article 
has been “ to give a review  on the present sta tus of w ater research and  on the first a ttem pts 
to  apply  this to biological problem s” . The role of w ater in biological system s includes among 
o thers the stabilisation of higher s truc tu ra l organizations and the large free energy changes 
associated w ith the form ation  of w ater in  a varie ty  of chemical reactions. The first chapter 
deals w ith the structure  of w ater and w ith  its m ost im portan t physical properties (density, 
specific heat, heat of m elting, heat of vaporisation, surface tension and  association structure). 
T he nex t chapter is devoted to  the structu re  of aqueous solutions, and  th is includes electrolyte 
solutions, non-electrolyte solutions w ith hydrophilic and hydrophobic solutes, respectively, 
an d  mixed aqueous system s hydrophilic—hydrophobic. Also a short description on entropy 
d riven  processes is given. The th ird  chapter deals w ith the biological systems: lipids, poly­
saccharides, nucleic acids, peptides and protein, and the ion effects on the hydration of the 
th ree  latters, and also w ith  w ater in biological tissues. In  the las t chap te r the author gives a 
sh o rt review on the strong effects of D 20  on biological system s, and b o th  the most im portan t 
biochem ical and biological observations are summarized.

The th ird  m onography (36 pages w ith 192 references) w ritten  by  D. D. P e r r in  and 
en titled  “ Inorganic M edicinal Chem istry”  deals w ith “ the im pact of pharm aceuticals on the 
m ineral composition of cells and tissues, the use of m etal containing agents in therapeutics, 
and  th e  external control o f the concentrations of essential and toxic m etal ions in the living 
organism s” . After a b rief in troduction  and a short chapter on the topical applications of in ­
organic compounds the au th o r deals ra th er extensively w ith the up tak e  of inorganic species 
(N a+ , K +, Li+, Ca2+, halide ions, phosphate, trace m etal ions and con trast media). The metal- 
organic complexes (arsenicals, antim onials, m ercurials and the chelates, and organic com­
pounds of some other m etals) are described together w ith their mode of action in biosystems. 
A separate chapter is devoted  to  chelation therapy  and this includes th e  m ost im portant and 
m ore widely used ligands, dim ercaptopropanol, EDTA, D-penicillamine and desferrioxamine. 
The following chapters consider the antibacterial, antiviral, anticancer and antifungal action 
of th e  chelating agents. Also the antibacteria l and anticancer ac tiv ity  of some inert m etal 
complexes is described. In  the  last chapter the au thor deals briefly w ith  a large variety of topics 
w hich include: applications based on selective binding, examples where chelation and activ­
ity  m ay be unrelated, some un tow ard effect of chelating agents, macrocyclic ligands, and 
silicones.

The three monographies clearly show th a t there is an upsurge in  the in terest of the 
inorganic aspects of biochem istry, biology and medicine. This volum e can be highly recom mend­
ed to  chemists (active in  th e  field of inorganic chem istry and coordination chemistry) to bio­
chem ists and to biologists who are in terested on molecular level in  events occurring in  the 
living systems.

E . KŐRÖS

Acta Chim. Acad. Sei. 96, Hung. 1978



RECENSIONES 317

P . D e s l o n g c h a m p s : Stereoelectronic Control in  the Cleavage o f Tetrahedral 
Intermediates in the H ydrolysis o f Esters and Am ides, T e tra h e d ro n  R ep o rt No 3.

Pergam on Press Oxford, New Y ork  (1976) pp. 1—28

The au thor presents a new stereoelectronic theory  for the cleavage of the tetrahedral 
in term ediate in  the hydrolysis o f ester and am ides. In  this new theory  specific cleavage of 
a carbon—oxygen or a carbon-nitrogen bond in  an y  conformer is allowed only if the o ther 
two hetero atom s (oxygen or nitrogen) each have  an  o rb ita l oriented “ antiperip lanar” to the 
leaving O -alkyl or N -alkyl groups. In  other words, th e  precise conform ation of the interm ediate 
hem i-orthoester or hem i-orthoam ide controls th e  n a tu re  of the hydrolysis products. The ejec­
tion  of the leaving group is achieved with the assistance of a lone pair orb ita l properly aligned 
(antiperip lanar) on each of th e  two remaining heteroatom s.

The new theory orig inated  in  the au thor’s earlier (1971— 1974) studies on the oxidation 
of acetals to  esters w ith ozone. F irst, the reaction  is described, then  th e  principle of stereo­
electronic control, which provides and explanation for the form ation of products in the osono- 
lysis of acetales, is disclosed.

The m ain headings of th e  review are as follow s: Stereoelectronic control in the cleavage 
of hem i-orthoesters; H ydrolysis of cyclic o rthoesters; Concurrent istope oxygen exchange 
and hydrolysis of esters; Stereoelectronic control in  the cleavage of hem i-orthoam ides; H ydro­
lysis of N ,N -dialkylated im idate  salts; Stereoelectronic control and pH  of the reaction m edium ; 
Conclusion.

D eslo n g ch a m ps’s review  is interesting, concise and well arranged. However, it  would 
have been useful to  discuss briefly  the quantum chem ical basis of the principle of stereoelectron­
ic control. I t  is felt th a t the theory of stereoelectronic control — ju s t like other theories — 
is of value only if it  provides a possibility for generalization  and for m aking predictions. The 
au thor exercises true self criticism  when w riting: “ The results th a t we have described on the 
hydrolysis of orthoesters and  im idate salts co n stitu te  enough experim ental evidence to  take  
the stereoelectronic theory  seriously. However, we believe th a t more experim ents are still 
necessary to  establish i t  com pletely” . “This princip le  of conform ation change can become a 
crucial po in t when the stereoelectronic theory is applied to  the m echanism  of hydrolysis by 
enzymes. For instance, i t  could lead to the pred iction  th a t  conform ation changes are necessary 
for the stereoelectronic assistance of hydrolysis by  enzym es.”

I t  should he noted th a t  reviews of sim ilarly h igh standard  have recently  become avail­
able in the form  of “T etrahedron  Reports” .

A. M e s s m e r

M etal Ions in  Biological Systems, Yol. 6., Sigel, H . (ed.)

Marcel D ekker, Inc. New York an d  Basel, 1976. X I I I  -j- 453 pp.

Volume 6. of M etal ions in biological system s comprises six monographies.
The firs t m onography w ritten  by J . F . Ch l e b o u s k i and J .  E . Colem an  is on “ Zinc 

and its role in  enzymes” . A fter a brief survey on th e  physiological role of zinc, the zinc metallo- 
enzymes are characterized. This is followed by a chap te r in  which the m ost im portan t m ethods 
used for th e  investigation of the role of zinc in  catalysis are described. These include ligand 
and m etal substitu tions, respectively, absorption  spectra, circular dichroism and m agnetic 
circular dichroism , ESR  and  NMR spectroscopies. The nex t chapter is on the structure and 
function of well-characterized zinc m etalloenzymes (peptidases, alkaline phosphatases, ca r­
bonic anhydrase, superoxide disumtase, alcohol dehydrogenases, aldolases, aspartate trans- 
carbam ylase, transcarboxylase, DNA polym erase I).

This m onography clearly dem onstrated th a t  zinc m etalloenzymes are highly im portan t 
in living organism , since th ey  catalyze m etabolically im portan t reactions including hydrolysis, 
hydration , oxidation-reduction and group-transfer. Zinc m ay also function  by m aintaining 
th e  required  conform ation of a protein or by partic ip a tin g  in the binding of effector molecules 
to allosteric enzymes, and finally  zinc is required for the function of the nucleotidyl transferase 
enzymes basic to DNA replication  and transcrip tion .

385 references are listed.
The second review w ritten  by W. R. B ig g s  and  J . H. Sw in e h a r t  is on “V anadium  in 

selected biological system s” . This is a fascinating top ic  since there are organisms (mostly ascidi-
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aus) which are speculator accum ulators for vanadium  (the concentration  factor is over 106)- 
In  the in troductory  chapter the authors give inform ation on the levels of vanadium  in  non- 
biological and biological environm ents, and  on the equilibria of vanadium  (V) species in 
aqueous solution. T hen  they  list p lan ts and  anim als which concentrate  vanadium . These are 
some mushrooms, ascidians and holothurians. The final chapter is on the  chem istry of v a n a ­
dium  in selected p lan ts  and animals. A lthough  the uptake and  tran sp o rt m echanism s have 
n o t y e t been revealed in  details the m onography summarizes the  m ost im portan t and in  som e 
respects conflicting suppositions. The m onography is focussed on the vanadium -ascidian p ro b ­
lem  and the final conclusion is th a t “ nearly  seven decades of w ork on th e  problem of vanad ium  
in  biological system s has not resulted in  th e  elucidation of its  role” .

147 references are given.
The th ird  review  w ritten by P . W . S c h n e id e r  is on a highly im portan t biochem ical 

and  biological top ic  “ The chemistry of n itrogen  fixation” . The au th o r lim its his discussion 
to  the chemical aspects of the process, and  emphasizes on the characteristics of the enzym e 
system s responsible for the reduction of n itrogen, their interactions w ith  N 2 and o ther molecules 
w hich influence th e  ra te  of fixation. F irs t th e  ca ta lyst, nitrogenase, is characterized its pu rifica­
tio n  and properties are described and th e  resu lts  of physico-chemical investigations on th e  
F e—Mo- and Fe-proteins given. Then th e  reaction  itself (N 2 ->■ N H S) is dealt w ith  in  de ta il: 
th e  requirem ent for activ ity  (metals, pH  op tim a, reductants, ATP), th e  sub trates, v ersa tility  
an d  specificity of th e  cata lyst. The final chap te r is a survey of the suggestions on the m echanism  
o f nitrogen fixation . A t present not too m uch  is known about the actual chemical p a th w ay  
b y  which dinitrogen is activated and reduced by  nitrogenaze, and about the chemical n a tu re  
and  location of th e  active site. There is, how ever, some hope th a t  a biological approach  to  
nitrogen fixation  will cast further ligh t to  th e  mechanism of biological nitrogen fixa tion . 
A list of 286 references close the review.

The fo rth  review  w ritten by D. W . D a r n a ll  and E. R. B ir n b a u m  is en titled  “ The 
m etal ion acceleration of the activation of trypsinogen to  trypsin” . T rypsin  catalyses the a c tiv a ­
tio n  of a num ber of zymogens, however only th e  trypsinogen to trypsin  conversion is acceler­
a ted  by m etal ions. In  their review first th e  au thors characterize bo th  trypsinogen and try p sin , 
an d  then  deal w ith  th e  nature of the conversion of trypsinogen to  trypsin . They discuss th e  
products of conversion and the effects of calcium  ion binding: stabilization of trypsin , a c tiv a ­
tio n  of trypsinogen. The role of the m etal ion in  accelerating the activation  of trypsinogen is 
regarded as a com plex form ation betw een m etal ions and a t least two aspartate  carboxyl 
groups on the N -term inal hexapeptide of trypsinogen. The last chap ter deals w ith th e  use of 
lan than ide ions as probes in biological system s especially for probing the calcium ion b ind ing  
sites. L anthanide ion binding to trypsin  an d  trypsinogen is also discussed. 87 references are  
listed .

The fifth  review  w ritten  by K . S. R a ja n , R . \Y. Co lbu rn  and J .  M. D avis is en titled  
“ M etal chelates in  th e  storage and tran sp o rt of neurotransm itters” . In  the in troduction  th e  
au thors outline th e  role o f magnesium in m onoam ine uptake and th a t of calcium in m onoam ine 
release, and give inform ation on m etal ion levels of synaptic vesicles and several areas of 
b ra in . Then they  discuss the metal-amine coordination (the amines are those which function  
as neurotransm itters), chelate form ation, com plex stability. I t  is followed by the descrip tion  
of the so called coordination hypothesis, w hich serves as a model for the explanation of th e  
binding storage, and  tran spo rt of neuro transm itters . Finally they exam ine the published d a ta  
on the structu re-ac tiv ity  relationships of a num ber of biogenic amines from  the point o f view  
of m etal chelation.

A list of 45 references are given.
The final review  “ The role of d ivalen t m etals in the contraction  of muscle fibers”  is 

w ritten  by F . N. B r ig g s  and R. J . Go la ro . The firs t p a rt of the article deals w ith some bio- 
electrochem ical problem s connected to  m uscle contraction: e.g. effect of m etals on m em brane 
potentials, calcium curren t, voltage-calcium -tension relation. Then th e  authors discuss th e  
in teraction  betw een divalent cations and  th e  fundam ental com ponents of the con tractile  
m achine (myosin, ac tin , tropomyson, troponin) th e  sarcoplasmic concentrations of free calcium  
and  magnesium, and  th e  role of these ions in  th e  cross-bridge cycle. The last chapter inform s 
us how calcium is tak en  up by the sarcoplasm ic reticulum  (mechanism of the up take and  ca l­
cium  transport, ra te  o f uptake, calcium b inding site).

347 references are listed.
Volume 6 of th is excellent series of books on the role of m etal ions in biological system s 

provides the reader w ith  a wealth of in form ation  on the molecular basis of enzyme actions, 
m eta l accum ulation, biosynthesis, conduction of nerve impulses and muscle contraction.

E .  K ő r ö s
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Recent Results in Chemistry (A k é m ia  ú ja b b  eredm ényei). Vol. 29.

Akadém iai Kiadó, B u d ap est, 1976, 292 pp.

V olume 29 of the series comprises two m onographies. The firs t m onography is w ritten  
by L. Cs ä n y i and entitled: “ Induced reactions in  chemical analysis” . In  the first chap te r of 
the m onography, after a brief historical in troduction , the au thor discusses the types of induced 
reactions (com plex reactions, induced chain reactions, m utual induction etc.) and the relation­
ship betw een induced reactions and  catalysis. The second chapter deals w ith  the role of induced 
reactions in  volum etric analysis. Large num ber o f exam ples draw  the a tten tion  of th e  readers 
to the im portance of induced reaction in an a ly tica l chem istry. Separate sub-chapters give 
inform ation on induced reactions bring about w ith  SO7-, SO 5-, H 0 2-, As(IV)-radicals, w ith  
Cr(V), Cr(TV), T l(II) and w ith  th e  informediate o f th e  oxidation of SCN- , and those of the  
reduction of M nO y Induced oxidation w ith m olecular oxygen are also m entioned. This is 
followed by m aking known of analytical m ethods based  on chemical induction. These include 
the determ ination  of chlorate, perchlorate, ch rom ate , tellurium  (IV), manganese (II), cerium
(III), p lu ton ium  (IV), and peroxosulphuric acid. Som e examples are given how photochem ically 
induced reactions can be utilized in q u an tita tive  analysis. Briefly m entioned are the  te s t 
reaction based on chemical induction, and the ca ta ly tic  polarographic waves. 201 references 
close the m onography.

The second m onography is w ritten by I . K r a u sz  and entitled: “ Recent problems of 
titra tions in  non-aqueous m edia” .

The m ain  aim  of the au th o r has been to  give survey on the analytical chem istry in  non- 
aqueous solutions excluding such topics as reactions in  solid phases and in  melts, and ex trac­
tion.

A fter a  short induction th e  author deals w ith  some problems concerning non-aqueous 
solvent, laying emphasis on th e  classification an d  th e  composition of the solvents. This is 
followed by  th e  discussion of th e  activity of so lu tions, their characteristic function, and the 
extension o f th e  pH  concept to  non-aqueous m edia. A  separate chapter deals w ith th e  condi­
tions of non-aqueous titra tio n s, acid-base equilib ria , th e  method of B b u c k e n s t e in  and  
KoLTHOFF, and  th a t of I zm a ilo v . Acid-base titra tio n s  in  aprotic solvents, in  solvent m ixtures, 
and fu rth er redox titra tions in  various solvents (glacial acetic acid, acetonitril, d im ethyl form- 
amide, d im ethy l sulfoxid etc.) are discussed. T he la s t chapter deals w ith some problems of 
the solvation. 144 references are given.

B o th  m onographies can be recommended to  those  who intend to  widen their knowledge 
in analytical chem istry. B oth  analytical chemists in  industria l and research laboratories will 
find useful inform ations in  th is volume for the ir p rac tica l and scientific activity . In  addition  
both m onographies can be valuable supplem entary tex ts  for university undergraduates and 
research studen ts.

E . KŐRÖS

M. H a r g it t a i  a n d  I .  H a r g it t a i: The M olecular Geometries o f Coordination 
Compounds in the Vapour Phase

Akadémiai Kiadó, B udapest, 1977, 277 pages

There was a trem endeous developm ent in  th e  las t two decades in  field of s truc tu ra l 
investigations. Methods which provide structu ral d a ta  for molecules in  the gaseous phase are 
of particu lar im portance since no perturbation  b y  in term olecular forces occurs. This book is 
an excellent critical trea tm en t of molecular geom etric studies of compounds in the gas phase.

The m onograph consists o f eight main chap te rs. 1. C hapter “ General Concepts”  gives 
a brief and lucid outline of the experim ental m ethods, their lim itations are clearly pointed 
out and th e  problem s of concept of molecular geom etry  are trea ted . The considerations regard ­
ing the defin ition  of coordination compounds seem a little  b it awkward and superfluous.

The n ex t seven chapters (A ddition Com pounds; E lectron-deficient Molecules; Halogen 
Bridging Complexes; Salts of Oxycids; Polym eric Oxides; Hydrogen-bonded Complexes; 
Transition M etal Complexes) give a survey of th e  investigations. A pparently  the classification
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caused some problem s to the A uthors. The arrangem ent of the vast experim ental m ateria l is 
logical and advantageous, although sometimes th e  same compounds could have been tre a te d  
in different chapters.

The tex t is followed by a list of references (nearly 700 papers are cited, the lite ra tu re  is 
covered till 1974), by  au th o r and form ula indexes. D ate  are sum marized in  55 tables; th e  76 
figures are illustrative.

This book is an  up-dated  version of the m onograph published in 1974 in  H ungarian . 
The reviewer believes th a t  the publisher m ade a good service to  the chemists in terested  in  th e  
field  of structural chem istry making available i t  in  English.

M . T . B e c k

Aota Chim. Acad. Sei. Hung. 96,1978
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E R R A T U M

Acta Chim. A cad. Sei, Hung. 93, 43 (1977): in  General m ethod of syntheses a fter first 
line read: “ 10 ml of 2%  solution of hydroxylam ine hydrochloride was added and the m ixture 
w as heated on a w ater”



ACTA CHIMICA
ТОМ 9 6 - В Ы П .  3

Р Е З Ю М Е

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXIII

Поведение окислов металлов в дуге. Экспериментальная устрановка, 
метод и предварительные опыты
3 .  Л . САБО и X . Д О Б О Л И Н Е -Ф Е Й Е Р Д И

Д л я  исследован ий  бы ли разработаны  экспери м ен тальны й м етод и газовая  яч ей к а  
О сн овной  целью  и ссл ед о в а н и й  было и зу ч ен и е  р еак ц и й  см есей  разны х окислов м етал лов  с 
угольны м  порош ком  в д у г е  и влияние р еа к ц и й  на р езультаты  спектрального ан ал и за . Н а  
основе п р едвар ител ьны х исследований вы ясн и лось , что водян ой  пар, м атер иал  вспом ога­
тельны х электродов , со ст а в  порош ковой см еси  и сила тока и граю т роль в п р отек аю щ и х  
р еа к ц и я х .

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXIV

Проведение окислов металлов в дуге с неподвижной атмосферой 
аргона. Роль силы тока в случае вспомогательных электродов RW II

3 . Л . САБО и X . Д О Б О Л И Н Е -Ф Е Й Е Р Д И

Бы ло исследован о поведение см есей  п ор ош к а у гл я  с пятью  различны м и ок и сл ам и  
м еталлов (A g 20 ,  CuO, Р Ь О , СоО и ZnO). В  за в и си м о сти  от силы  тока было оп р едел ен о  к о л и ­
чество СО, о б р азую щ егося  п од  влиянием д у г и , а в сл у ч а е  CuO и РЬО и изм енение и н тен ­
сивности спектральны х ли ний . При н еб о л ь ш и х  с и л а х  тока р еак ц и я  начинается вбли зи  
пл ам ен и  д у ги , поэтом у б о л е е  сильную  р еа к ц и ю  п о л у ч а ется  пр и  в о зб у ж д ен и и , о б р а зц а  в 
качестве катода; в этом  с л у ч а е  и интенсивность сп ек траль н ы х линий т а к ж е оказы ваю тся  
более интенсивны м и. С повы ш ением силы  ток а  в ся  м асса эл ек тр ода-п оси тел я  н а к а л я ется . 
Т ем п ер атур а  эл ек тр ода-н оси тел я  R W II, п р и соеди н ен н ого  как  анод , повы ш ается зн ач и ­
тель н ее. П оэтом у п р и  повы ш енны х си л ах  ток а  им енно п р и  анодном  в о зб у ж д ен и и  о б р а зц а  
зн ачи тельн ее реак ц и и  и спектры  более ин тен си вны .

Количественный анализ содержания Pb и Си в галлии высокой 
чистоты с помощью масс-спекрографии с искровым источником, 

используя ртутный внутренний стандарт
Й . К Ю Р Т И

Ц ел ь  н астоящ ей  работы  зак лю ч алась  в р азр аботк е эк спери м ен тальной  т ех н и к и  
сравн ен и я  образцов  га л л и я  с различной вы сокой  чистотой и о б н а р у ж ен и я  относительны х  
изм ен ен ий  в с о дер ж а н и и  примесей. М етод  о п р ед ел ен и я  основан  на единственной эк сп о -  
зи и , а т а к ж е  на пр ави ль н о выбранном в н утр ен н ем  этал он е, обладаю щ им  таким  р а сп р ед е­
лением  изотопов, котор ы й позволяет к а л и бр ац и ю  ф отопластинок . В  качестве такого  в н ут­
ренн его  стандарта д л я  количественного о п р ед е л е н и я  P b  и  Си в 99 ,9996% -ом  G a н аи бол ее  
у д о б н ей  оказалась  к туть . П редлагаем ое к ол ич ество H g , изм еряем ое в образце в к ач ест­
ве разбавляю щ его с п л а в а , составляет о к о л о  0 ,1 — 0 ,3  атом ны х м. д.



П риним ая во вним ание погреш н ости  т есн и к и  с искровы м ионны м источником , а 
т а к ж е  то, что обл асть  изм еряем ы х к он ц ен тр а ц и й  н аходи тся  близко к  ур овн ю  д етек ти р ов а­
н и я , дости гн утая  точн ость  является  вп ол н е  удовлетвор и тел ьн ой . В  б у д у щ ем  м етод  будет  
расп р остр ан ен  и на д р у г и е  элементы .

УФ спектроскопическое исследование изоцианатных и 
изоцианатных производных силанов

Т. В Е С П РЕ М И , Й . Н А Д Ь  и И . В А РТА

Бы ли приготовлены  члены сер и и  (С Н 3)„ S i (N C O )4_„ и (С Н 3)„ S i (N C S )4_„, сняты  и х  
У Ф  спектры  и асси гни рованы  полосы  п о гл а щ ен и я . Б ы ли проведены  кван тово-хи м и ческ ие  
расч еты  с целью  ин тер п ретац и и  сильны х р а зл и ч и й  в сп ек тр ах  соеди н ен и й , со д ер ж а щ и х  
гр у п п ы  S i— N C S и S i— NCO.

Исследования в области твердофазной полимеризации, XXXV

Твердофазная полимеризация моноалкил итаконатов
К . Н И Т Р А И , Н . Л . Н Г У Е Н , Ф . Ч Е Р , Э. Т А К А Ч  и Д Ь . Х А Р Д И

Бы ла и ссл едован а прям ая и п о ст -п о л и м ер и за ц и я  четы рех ß  -м он оалки литакон атов  
(б у т и л , октил, л а у р и л  и цетил) в твер дой  ф азе . Б ы ли определены  диаграм м ы  состоян и й  
м он ом ер -поли м ер д л я  бу т и л - и окти литакон атов . Б ы ло устан овлен о, что пол им ери заци я  
п р о т ек а ет  с больш ой скоростью  в ж и дк оф азн ом  вы хокоэластичном  полим ере, пластиф ици­
ров ан н ом  м оном ером . Н а  основе сам ого бол ь ш ого  пери ода  идентичности, изм еряем ого на  
рентгенодиф ф рактограм м е моном ера, бы ло уста н о в л ен о , что элем ентарны е я ч ей к и  к р и с­
т а л л о в  изучаем ы х м он ом ер ов  подобны . Р еа к ц и о н н а я  способность гетероген н ой  твер доф аз­
н о й  п ол им ери заци и  м о л ек у л , н ах о д я щ и х ся  в р еш етк а х  одинакового тип а, ум ен ьш ается  с 
увел и ч ен и ем  р азм ер ов  м ол ек ул .

Исследования в области твердофазной полимеризации, XXXVI

Полимеризация N-гексадецилакриламида и N-гексадецилметакриламида 
в присутствии насыщенных аналогов

Ф . Ч Е Р , К . Н И Г Р А И , В. Д Е В Е Н И  и Д Ь . Х А Р Д И

Бы ло у стан ов л ен о , что N -гек садец и л ак р и л ам и д  (Г А А ) и N -гек садец и м етак ри лам и д  
(Г М А ) пол им ери зую тся  в твердой фазе со гл асн о  кинетической кр ивой  с уск ор ен и ем . Эти  
м он ом ер ы  обр азую т с  и х  насы щ енны ми ан ал огам и  (N -гек садец и лп роп и он ам и д и ам и д N -  
гек сад ец и л и зом асл я н ой  кислоты ) изм орф н ую  си стем у , которую  хар ак тер и зов ал и  ее  ф азо­
вы м и диаграм м ам и и структурны м и пар ам етр ам и , полученны м и и з н и х. Н а  основе р ен т-  
генодиф ф рак ци онн ы х исследоавний, в с л у ч а е  Г А А  было зак лю чено, что полим ер остается  в 
р еш ет к е  м оном ера п о сл е  того, как систем а п р етер п ев ает  фазовые пр евр ащ ени я  у ж е  п р и  
н еб о л ь ш и х  кон в ер си я х . В  х о д е  пол им ери заци и  полим ер сохр ан я ет  новую  о бр азую щ ую ся  
ф а зов ую  стр ук тур у , н есм отр я  на то, что она отлич ается  от его собствен ной  стр уктуры . Это  
я в л е н и е  п р едставл яет  собой  новое док азател ьство  п р и н у ж д ен н о й  изом орф ии. В  сл у ч а е  
Г М А  фазовые п р евр ащ ен и я , пр оисходящ ие п р и  небольш и х к он вер си ях, пр иводят  к  с тр у к ­
т у р е  системы , п о д о б н о й  стр уктуре п ол и м ера, так  что м ономер стан овится  изоморфны м с 
п ол и м ер ом  за  счет р аствор ен и я  в реш етке п ол и м ер а  с уп ак овк ой  в виде гек сагон аль н ы х  
бок ов ы х цепочек. П ол и м ери зац и я , по с у щ ест в у , протек ает  в этой  разры хлен н ой  систем е.



Влияние сплавления на избыточную поверхностную свободную 
энергию катализаторов из благородных металлов

Т. М А Л Л А Т, Е . П О Л Я Н С К И  и Й. П Е Т Р О

Н а основе бол ее ранних и ссл ед о в а н и й  было устан ов л ен о , что избы точная п о в ер х н о ст ­
н ая  свободн ая  эн ер ги я  к атали заторов  и з платины , п а л л а д и я , роди я , р у т ен и я  и и р и д и я , в 
п ер вую  оч ер едь , яв л я ется  ф ун к ц и ей  природы  вещ ества, но изм ен яется  и  в за в и си м о сти  от  
сп особа  п р и готовл ен и я  к атали затора.

В  н астоящ ей  работе было и ссл ед о в а н о , каким  образом  влияет сп л авл ен и е на избы ­
точн ую  пов ер хн остн ую  свободн ую  эн ер ги ю  к атали заторов  и з  п ал лади я  и платины . В л и я н и е  
сп л ав л ен и я  бы ло исследовано в си стем а х  P d — Ir и  P t — A u .

Д о п о л н я я  исследован ия и зм ер ен и я м и  с о д ер ж а н и я  водорода , пов ер хн ости  и а к ти в ­
ности , было устан овл ен о, что до т е х  пор пока ком поненты  даю т гом огенны й р аствор  в 
сп лаве и  и х  ф изико-хим ические свойства  (н а п р ., п остоян н ая  реш етки) подобны , т . е . атомы  
сп л ава м етал ла м о гу т  быть легк о  зам еним ы  атом ам и основного м еталла в у з г а х  р еш етк и , 
избы точная п ов ер хн остн ая  св ободн ая  эн ер ги я  не и зм ен яется  зам етно.

Л иш ь т огда  м о ж ет  быть о б н а р у ж е н о  изм енение свободн ой  энерги и  п о д  вли ян и ем  
сп л ав л ен и я , к огда  появляется  н о в а я  ф аза (в  платине с  10 — 15 атом .% -ы м  с о д е р ж а н и е м  A u ).

Исследование стереохимии комплексов платиновых металлов 
с карбамилмочевиной

П. С. С РИ В А С Т А В А  и  Б . К . Б А Н Е Р Й Е

О писы вается получение и  х а р а к тер и сти к а  ком плексов  карбам илм очевины  с P d (II ) ,  
P t(I I ) ,  P t(IV ) и  R h (III ) . Н а основе х и м и ч еск ого  ан ал и за , изм ерен ий м агнитной воспри м и- 
чивости и д ан н ы х электронны х и И К  сп ек тр ов  пр едлагаю тся  возм ож ны е стр ук тур ы  к ом п ­
л ексов . О б су ж д а ю тся  способ к о о р д и н и р ов ан и я  и силовы е постоянны е св я зей  М — О и 
М — С1. В  к а ж д о м  ком плексе л и га н д  в едет  себ я  как  кислородны й донор . П о р я д о к  величин  
К М- о  и K m - ci: P t ( I I )  >  P d (II )  и  P t(IV ) >  R h (III )  д л я  крадратно-п ланарны х и ок таэдр и ­
ч еск и х  к ом п л ек сов , соответственно.

Синтез защищенных iV-концевых гептапептидов паратироидного
гормона скота

X. Ш . В А РГ А  и К . М Е Д ЗИ Х Р А Д С К И

В о е — A la —V a l— Ser— O lu (O tB u )— I l e —G in— P h e — O M e— защ ищ енны й N -к он ц евой  
гептапептидн ы й фрагмент пар ати рои дн ого  горм она скота бы л синтезирован обы чной т ех н и ­
кой в растворе. Э тот пептид п р ед став л я ет  собой  пр ом еж уточ ны й п р одук т  в си н тезе  бол ее  
больш и х N -к он ц евы х фрагментов, со д е р ж а щ и х  м етиониновы е остатки, ок и сл ен и е  к отор ы х, 
как  пол агается , яв л я ется  причиной обры ва биол огич еской  активности.

Химия серных диимидов, VII

Фрагментация серных диимидов, инициированная електронной
бомбардировкой

И . Л Е Н Д Ь Е Л , Г. К Р Е С Е , М. Б Е Р Г Е Р , В. К О С Б А Н  и X . Ш А Ф ЕР

П р и в одя тся  и  обсуж даю тся  м асс-спектры  10 сер н ы х диим идов. М олек улярн ы е ионы  
диар ильны х сер н ы х дииминов подв ер гаю тся  ц и кли зац ии , т ер я я  орто-зам еститель в  ф ен иль- 
ном к ол ьце и  о б р а зу я  ионы бензотиаэольного  тип а с четным числом электрон ов. Д и ф ен и л -  
серны й ди и м и д т а к ж е  вы деляет с е р у , вероятно, и з диазоти иранового валентного изом ера  
м ол ек ул я р н ого  иона. В  спектрах  до м и н и р у ет  больш ие осколк и  скелетны х п ер егр у п п и р о ­



вок , к а к  это найдено и з ан ал и за  м етасабильны х пи ков, м асс-и зм ерени й  вы сокого разреш ени я  
и и ссл едов ан и й  с м ечены м и зам ести телям и . Ц и к л и ч еск и е  серны е диимиды  IX  и X  ф раг­
м ен ти р ую тся  с п отер ей  CH 2N  и (C H 2)2N . В  сл у ч а е  с о ед и н ен и я  X  была н ай ден а си л ьн ая  
т ен д ен ц и я  к аром ати зац и и  за  счет д еги др и р ован и я .

Бензазолы, IX

Получение серосодержаших трициклических соединений за счет реакции 
2-меркапто- или 2-меркапто-алкилбензидазолор с эпигаогидринами 

иси дигалогенпропанолами
К  Х И Д Е Г , О. X . Х А Н К О В С К И , М. Г А Й Д А Ч  и Ф . А РА Д И

Б ен зи м и дазол -2-ти ол , 2-м еркаптом етил-, 2 -(а -м ер к ап тоэти л )-, 20(/3-м еркаптоэтил)- 
бен зи м и дазол ы  с пом ощ ью  эп и хл ор ги др и н а или ди гал оген ов ы х пр оп ан олов  (2 ,3 -ди гал о-  
ген -1 -п р оп ан ол ы  или 1 ,3 -ди галоген -2-п р оп ан олы ) в щ елоч ной  среде пр евр ащ аю тся в 
три ц и к лы : 3 ,4 -д и ги д р о -3 -гм д р о к си -2 //-[1 ,3 |т и а зи н о [3 ,2 -а ]б ен зи м и д а зо л  ( / ) ,  4 ,5 -ди ги др о  
-4 -г и д р о к с и -1 Н,ЗН-[  1,4 ]т и а зеп и н о [4 ,3 -а ] бен зи м и дазол  (За—в) и 1 ,2 ,5 ,6 -тетр аги др о-5 -  
г и д р о к с и -4 Я -[1 ,5 ]  т и а зо ц и н о [5 ,4 -а ] бензим идазол  (Зс). O -Серны е производны е соедин ен ия  
1 м о г у т  претерпевать эл им инац ию  и/и ли  вступ ать в р еа к ц и и  зам ещ ения с нуклеоф ильны м и  
р еаген там и .

Б ы ли исследованы  реакц ии  3 ,4 -д и ги д р о -3 -а зи д о -2 Я -[1 ,3 ] тиази н о[3 ,2 -а  1-бензи­
м и дазол а  (70d) с асим м етричны м и ацетиленам и, п риводящ ие к образованию  пр ои звод­
н ы х 1 ,2 ,3 -триазола.
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PRODUCT FORMATION IN THE PHOTOLYSIS OF 
n-BUTYRALDEHYDE

S. F ö r g e t e g , T . B é r c e s  and S. D o b é

( Reaction Kinetics Research Group o f the Hungarian Academy o f Sciences, Szeged)

Received March 14, 1977

Experim ental technique and prelim inary results of a detailed study  of the 
photolysis of n-butyraldehyde a t  313 nm  w avelength are described. T w enty  photolysis 
products were identified in  the vapour phase and in isooctane. P roduct quan tum  yields 
a t 298 К  and 3 X lO -10 mol photon cm -2  s -1 light intensity  are given, and the m ajor 
routes of product form ation discussed. Seven photochem ical p rim ary  processes were 
established to occur b o th  in  the vapour phase and in solution.

S u b sequen t to  th e  ea rly  p a p e r b y  L e ig h t o n  et al. [1 ] , th e  w ork  carried  
o u t in  th e  la b o ra to ry  o f F . E . B l a c e t  e lu c id a ted  m ost o f th e  basic  m echan istic  
fea tu re s  of th e  v ap o u r p h ase  p h o to lysis  of n -b u ty ra ld eh y d e  [2, 3]. I t  w as show n 
th a t  p ro p an e , p ropy lene , n -h ex an e  an d  ca rb o n  m onoxide w ere fo rm ed  in  a chain  
reac tio n ; e thy lene  an d  ace ta ld eh y d e  w ere assum ed to  he p r im a ry  p ro d u c ts , 
an d  hydro g en  and  m e th a n e  w ere also d e tec ted . A  k ine tic  s tu d y  o f th e  fo rm atio n  
o f th e  m a jo r reaction  p ro d u c ts  supp lied  ra te  co n stan ts  an d  A rrh en iu s  p a ra m ­
e ters for som e of th e  im p o r ta n t  free ra d ic a l reac tions [4].

P ho to lysis  carried  o u t in  th e  presence  of iodine v ap o u r [5] h as  revealed  
th a t  four p rim ary  processes occur; ap p ro x im a te  values for th e  p r im a ry  q u a n ­
tu m  yields could be d e te rm in ed .

C om pared w ith  th e  v a p o u r  phase  re su lts , very  l i ttle  is know n  a b o u t th e  
p h o to ch em is try  of и -b u ty ra ld é h y d e  in  so lu tion . C yclobu tano l — a  p rim ary  
pho tochem ica l p ro d u c t — w as d e tec ted  b y  Co y l e  [6 ] and  m easu red  re la tiv e  
to  ace ta ld eh y d e  in  benzene so lu tion . L e m a ir e  an d  co-w orkers s tu d ie d  th e  p h o ­
to lysis  in  n -h ep tan e  b y  observ ing  th e  d isappearance  of th e  ca rb o n y l g roup  b y  
a spectro p h o to m etric  m e th o d  [7]. T he m a jo r reac tio n  was assum ed to  be tr ip le t 
p h o to red u c tio n . I t  has b een  concluded  th a t  pho to lysis is o f n o n -ch a in  ch a rac te r , 
an d  N orrish  ty p e  I I  decom position  is o f negligible im portance .

T he pho to lysis of severa l a ldehydes, am ong th em  th a t  o f n -b u ty ra ld e h y d e , 
w as s tu d ied  b y  B l a n k  et al. [8 ] in  so lven ts b y  C hem ically In d u c e d  D ynam ic  
N u clear P o la riza tio n  (C ID N P ). T rip le t p h o to red u c tio n  w as fo u n d  to  be an  
effic ien t w ay  o f p roduct fo rm a tio n  an d  energy  w astage for th e  system s stud ied .

T he in fo rm atio n  av a ilab le  on th e  p rim a ry  and  secondary  processes of 
th e  v ap o u r phase pho to ly sis  o f n -b u ty ra ld e h y d e  [9] is based  on th e  id e n tif i­
ca tio n  and  m easu rem en t o f sim ple h y d ro ca rb o n s  and  p e rm a n e n t gases fo rm ed
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in  th e  reaction . A p a r t  from  ace ta ld eh y d e , no o th e r oxygen-con ta in ing  organic 
re a c tio n  p ro d u c t h a s  b een  de tec ted .

R egarding p h o to ly s is  in  so lu tion , no d e ta iled  s tu d y  o f p ro d u c t fo rm atio n  
h as  been a tte m p te d  so fa r, th u s  n e ith e r  th e  p rim a ry  n o r th e  secondary  processes 
c a n  he regarded  as e s tab lished . I n  th is  p ap e r we re p o r t  th e  an a ly tica l resu lts  
o f  th e  stu d y  of p ro d u c t fo rm a tio n  in  th e  p h o to ly sis  o f n -b u ty ra ld eh y d e  a t  
313 nm  in th e  v a p o u r  phase  an d  in  isooctane a t  room  te m p e ra tu re , a t  one 
a ldehyde  c o n cen tra tio n  and lig h t in ten s ity . A sy s tem a tic  s tu d y  of th e  q u a n tu m  
y ie ld s of p ro d u c t fo rm a tio n  a t  vario u s aldehyde co n cen tra tio n s, lig h t in te n s i­
tie s  and  te m p e ra tu re s  is in  progress; th e  ex p erim en ta l re su lts  to g e th e r w ith  a 
d e ta iled  k inetic  an a ly s is  of th e  p rim a ry  and  secondary  processes will be re p o r t­
ed  in  fo rthcom ing  p ap e rs  [17, 18].

Experimental

Materials

n-B utyraldehyde was obtained from FLUK A  AG and was purified by precipitation 
w ith  sodium hydrogen sulfite. The recovered aldehyde was dried and further purified by 
5-fold distillation in  vacuum . The purified sample contained about 0.5 % isobutyraldéhyde.

The isooctane solvent, obtained from  FLUK A  AG and purified by distillation on a 
high performance colum n, contained only saturated  C8 and some C7 hydrocarbons as im purities.

Identification by  gas chrom atography and mass spectrom etry  was performed by 
comparison with re ten tion  times and mass spectra of au then tic  samples from the following 
sources. 1-Butanol was obtained from REANAL, cyclobutanol and 4-heptanol were prepared 
from  the appropriate ketones by reduction w ith lithium  alum inium  hydride. 4-H eptanone and 
5-hydroxy-4-octanone (butyroin) were synthesized by standard  m ethods [10]. D ibutyril was 
obtained as a byproduct of the bu tyro in  synthesis. 2-E thyl-1-pentanal was prepared by aldol 
condensation of n-valeraldehyde and acetaldehyde and subsequent hydrogenation [11J.

Preparation of the samples to be photolyzed

The vapour phase samples were prepared by direct expansion of the aldehyde vapour 
in to  the evacuated reaction  cell.

Isooctane solvent containing isopentane (an in ternal standard) of known concentration 
(about 0.005 mol d m -3) was thoroughly degassed via repeated  freeze-thaw  cycles. The solution 
of n-butyraldehyde was prepared in a vacuum  line. The concentration of n-butyraldehyde was 
determ ined by chrom atography.

Irradiation  and light intensity m easurem ents

Irradiation was carried out in cylindrical quartz cells equipped w ith greaseless Teflon 
valves and w ith plane-parallel U LTR A SIL windows on bo th  ends. The internal diam eters of the 
cells used in the vapour phase experim ents was 36 mm, while the optical pa th  length was 25 
and 50 mm. Irrad ia tion  of solution was carried ou t in a cuvette  of 22 mm i.d. and 10 mm 
length. The cell tem pera tu re  was kep t constant by means of a therm ostating jacket.

The irradiation  line, installed on an optical bench, is outlined in Fig. 1. The light source 
was an OSRAM 200 W super pressure m ercury lam p m ounted in  a m etal house. U LTRA SIL 
quartz  lenses Ll9 L2 and L 3 as well as diaphragm s and D2 served to obtain a nearly parallel 
b u t slightly convergent beam . A th ird  diaphragm  D3 cu t the cross-section of the beam to the 
size adequate to fill alm ost completely the irradiation cell C. Irrad iation  could be started  or 
in terrupted  by m oving sh u tte r S.
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A band  in  the 313 nm  region was isolated using a com bination of a 4 mm th ick  (SCHOTT 
UG 11) glass and  three solution filters: (i) a N iS04 — CoS04 filter of 25 mm optical dep th  (64 g 
N iS04 .6H 20  +  10 g CoS04 ,6H20  +  100 cm3 H 20 ); (ii) a potassium  chrom ate filte r of 25 mm 
optical dep th  (5 x  10~4 mol d m “ 3 K2Cr04); (iii) a potassium  b iph tha la te filte r of 10 mm optical 
depth  (0.0245 mol dm -3 KHCgH40 4). The filtered light had  a w idth  of 3 nm a t the half height 
of band.

L ight intensities were measured by  means of a P R E SSL E R  DGL 490a vacuum  photo­
cell (P 4). In  order to  reduce the light in tensity , a fluorescent screen (Q) was placed betw een 
C and P j. This was similar to P a r k e r ’s quantum  counter [12]. The whole quantum  counter 
system  was calibrated  against a ferrioxalate actinom eter [13]. The calibration was shown to 
be linear in  th e  ligh t in tensity  range used by us for irradia tion  (2X 10-11 — 3X 10-9 mol photon 
cm " 2 s“ 1).

Much a tten tio n  was paid to m aintain  constan t light in tensity  during irradiation . There­
fore, a power supply u n it was developed for the m ercury arc which regulated the lam p cu rren t 
to  m aintain  th e  filtered light in tensity  constan t a t a pre-set value. This was accom plished by  a 
feedback system , the sensing elem ent of which was photocell P2 (type DGL 490a) placed behind 
the beam  sp litte r PL. W ith this controlling system  the long range drift of the in tensity  of the 
exciting light was kep t w ithin + 2  %. The short range stab ility  was better than  the accuracy 
of the readings, corresponding to  about ±  0.2 % of the intensity .

Identification of the products and quantitative analyses of the irradiation samples

Taking in to  consideration the different character and large num ber of the products to  
be analyzed, a pre-separation of the irrad ia ted  sample was carried out and various analytical 
m ethods were used.

The reaction  cell containing the irrad ia ted  sample was attached to a vacuum  line. The 
whole conten t o f th e  cell (vapour or solution) was led through a trap  cooled to  liquid air tem ­
perature  where th e  condensable compounds were trapped , while the non-condensable products 
were collected a t  the end of the line by a T O E P L E R  pum p and their volume was m easured in 
a gas bu re tte . The condensable compounds were transferred  to  a small tube attached  to  the 
bottom  of the tra p , and the tube was sealed off. In  handling irradiated  vapour samples, this 
a ttached small tu b e  was filled prior to the whole procedure w ith a known am ount of deaerated 
isooctane containing isopentane and cyclohexanone as in ternal standards (of known concentra­
tion).

W ith  th e  exception of the determ ination of the CO content of the gas fraction — w hich 
was m easured by  th e  classical gas analysis m ethod of B la c et , McD onald  and L e ig h t o n  
[14] — the  products were analyzed by gas chrom atography. Nitrogen carrier gas was used and 
flame ionization detection was applied, except for hydrogen measurem ents. Peak areas were
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m easured against th a t of an in ternal standard  (either isopentane or cyclohexanone) or against 
th e  peak  area of a p roduct th e  am ount of w hich in  th e  sam ple was already known from  another 
analyses. Altogether six colum n were required for qu an tita tiv e  and qualitative analysis:

(i) 2.5 m  Molecular Sieve 5A, stainless steel tube  of 6 m m  i.d. a t 343 К  (for H 2);
(ii) 1.8 m Alum ina, stainless steel tube  of 6 m m  i.d. a t  373 К  (for gaseous hydrocarbons);
(iii) 3.0 m P orapak  QS deactivated w ith  0.5 % Apiezon L, stainless tube of 2.5 mm i.d. a t 

443 К  (for hydrocarbons and  aldehydes);
(iv) 30 m SCOT colum n w ith Carbowax 20M sta tionary  phase, 0.25 mm i.d. a t 383 К  

(oxygen containing com pounds);
(v) 3.6 m 20 % C arbow ax 20M colum n, stainless steel tube  of 2.5 mm i.d. a t 403 К  (for 

bu tyro in);
(vi) 1.6 m 15 % C arbow ax 20M tereph thalic  acid term inated , stainless steel tube  of 

6 m m  i.d. a t  403 К  (for p repara tive  work).
The hydrocarbons were identified by com paring their retention  times w ith those of the 

corresponding pure substances. Identification of the oxygen-containing compounds was carried 
o u t by  mass spectrom etry, b y  comparing their spectra w ith  those of authentic samples. Samples 
subjected  to mass spectrom etric analysis were concentrated  by  preparative gas chrom atography. 
Mass spectra were taken  on a FIN N IG A N  1015 SL instrum en t. The columns used to  separate 
th e  com ponents before th e  m ass spectrom eter were identical w ith  those used in  routine quan ti­
ta tiv e  analyses.

Different procedures for handling after irrad ia tion  and for analysis had to be applied 
in  the  case of form aldehyde and glyoxal. These com pounds were extracted from the irrad ia ted  
vapour or solution sam ples under air-free conditions by  shaking w ith 3 cm3 degassed w ater: 
chloroform  was added in  order to diminish th e  solubility of form aldehyde and glyoxal in 
isooctane. Unreacted n-butyraldehyde was rem oved by  shaking the aqueous ex tracts w ith 
1.5 cm 3 chloroform. Form aldehyde was determ ined by  the procedure of B r ic k e r  and J ohn son  
[15]. Analysis of glyoxal was carried ou t by  the  2.4-dinitrophenilhydrazine m ethod [16]; 
ex trac tion  w ith 3X 1 cm 3 benzene was m ade before the  spectrophotom etric m easurem ent.

Results and discussion

M easurem ents w ere m ade a t  room  te m p e ra tu re , 313 nm  w av e len g th , 
3 X lO ~ 10 mol p h o to n  cm -2  s—1 lig h t in te n s i ty  an d  a t  5 .4 X 1 0 -3  m ol d m -3 
a n d  1.1 X l 0—2 m ol d m -3  n -b u ty ra ld e h y d e  co n cen tra tio n s  in  th e  v a p o u r phase  
a n d  in  isooctane. T h e  q u a n tu m  yields o f p ro d u c t fo rm a tio n  are g iven in  T ab les I  
a n d  I I  w here each  fig u re  is th e  average of 2 or 3 de te rm in a tio n s.

A ltogether 20 p ro d u c ts  were id en tified . T he fo rm a tio n  of a h ig h er m olec­
u la r  w eight po lym eric  com pound  (or com pounds) w as d e tec ted  b y  observ ing  
sm a ll drops or solid p a rtic le s  on th e  w all o f th e  c u v e tte  in  w hich severa l ex p er­
im e n ts  had  been  c a rrie d  ou t. In d ire c t ev idence fo r po lym er fo rm a tio n  is 
o b ta in e d  from  th e  com p ariso n  of th e  q u a n tu m  y ields o f th e  p ro d u c ts  g iven in  
T ab les  I and  I I  w ith  th e  q u an tu m  y ie ld s o f n -b u ty ra ld eh y d e  consum ption . 
T h e  rep ro d u c ib ility  o f  th e  y ield  of a ld eh y d e  co n sum ption  w as poor in  th e  
v a p o u r  phase ex p e rim en ts , in d ica tin g  th a t  th e  surface m ay  p la y  a p a r t  in  
p o ly m er fo rm atio n ; th e  q u a n tu m  y ie ld  o b ta in e d  w as a round  1.8 ±  0 .6 . A v alue  
o f  0.9 ±  0.2 could  be  determ ined  fo r a ld eh y d e  consum ption  in  isooctane 
so lu tio n . These fig u res  shou ld  be com pared  w ith  0.80 ±  0.01 an d  0.68 ±  0.03, 
i.e. th e  yields of a ld eh y d e  consum ption  in  th e  v a p o u r  phase an d  in  isooctane , 
resp ec tiv e ly , a cco u n ted  fo r b y  th e  p ro d u c ts  in d ica ted  in  th e  tab les .
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T he p ro d u c ts  o f n -b u ty r  a ld e h y d e  pho to lysis  are fo rm ed  w ith  v e ry  d iffer­
e n t  efficiencies, th e  q u a n tu m  y ie ld s v a ry in g  over fo u r orders of m agn itu d es. 
I n  o rder to  be able to  m easu re  th e  m in o r  p ro d u c ts  w ith  su ffic ien t accuracy , th e  
conversion  h ad  to  be  increased  u p  to  a b o u t 15 %. T herefo re , th e  know ledge 
o f  th e  possible dependence  o f th e  q u a n tu m  yields on conversion  was req u ired . 
I n  T ables I  an d  I I ,  th e  p ro d u c t q u a n tu m  yields are g iven  a t  various e x te n ts

Table I

Quantum, yields o f product formation in  the vapour phase photolysis o f n-butyraldehyde 
at A =  313 nm , I 0 =  3 .1 X 1 0 -10 mol photon cm ~2 s -1, [C3H 7CHO]0 =

=  5.4X .10~3 mol dm ~3, T  =  298 К

^ C o n v e r s i o n  

Product
2.8% 6.7%

1
H .4% 18.0%

СЛ1, 0.17 0.16 0.17 0.17
CH3CIIO 0.17 0.16 0.16 0.16

cyclo-C4H 7OH 0.025 0.025 0.026 0.026
CO 0.51 0.56 0.55 0.55

C3H8 0.34 0.32 0.35 0.33

C3H G 0.018 0.020 0.017 0.019
C6H 14 0.09 0.11 0.09 0.10
C3H,COC3H, 0.005 0.008 0.007 0.007

C3H 7COCOC3H 7 0.00004 0.00005
C3H 7CH(C2H5)CHO 0.002 0.003 0.003 0.002

H2 0.011 0.011 0.012 0.012

CH20 0.023 0.022 0.021 0.020

(CHO)2 0.001 0.001 0.001 0.002

CH4 0.0003 0.0005 0.0003 0.0005

C2H 6 0.0002 0.0002 0.0002 0.0003
n-C4H 10 0.002 0.0007 0.0008 0.0006

n-C5H12 0.0001 0.0001 0.0004 0.0005

n-C4H 9OH 0.013 0.014 0.016 0.016

C3H,CH(OH)C3H 7 0.014 0.010 0.015 0.012

of reac tio n  from  3 to  18 % conversion . (T he  conversions in d ica ted  were o b ta in ed  
from  th e  y ields of th e  reac tio n  p ro d u c ts .)  W ith  th e  excep tion  of n -p en tan e  fo r­
m a tio n  in  th e  v a p o u r  p h ase , th e  p ro d u c ts  are  seen to  be  fo rm ed  w ith  an  effi­
c iency  in d ep en d en t of conversion . T h e  d e te rm in a tio n  of th e  q u a n tu m  y ie ld s 
fo r th e  m ajo r h y d ro c a rb o n  p ro d u c ts  C2H 4 an d  C3H 8 w ere ex ten d ed  dow n to  
0.2 % conversion w ith  th e  sam e re s u lts  as ind ica ted  in  th e  tab les.
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Table II

Quantum yields o f product formation in  the photolysis o f n-butyraldehyde in isooctane 
at X — 313 nm , I 0 = 3 .4 х Ю ~ 10 mol photon cm- 2 s -1, [СзН7СНО]0 =

=  l . l X . № ~ 2 mol dm ~3, T  = 298 К

Conversion

Product
2.9% 6 .5 % 13.2% 16.5%

C2H, 0.14 0.12 0.11 0.13
CH3CHO 0.13 0.12 0.12 0.13
cyclo-C4H 7OH 0.025 0.03 0.02
CO 0.46 0.49 0.41 0.39
C3H8 0.44 0.43 0.39 0.43
C3H6 0.008 0.008 0.006 0.008
C6H14 0.006 0.003 0.004 0.003
C3H7COC3H 7 0.003 0.006 0.003
C3H7COCOC3H 7 0.001 0.001 0.001
C3H7CH(C2H5)CHO traces traces traces

H2 0.001 0.001 0.001
CH20 0.004
CH4 0.0003 0.0004 0.0004
c2H6 0.0004 0.0006 0.0008
ra-C4H9OH 0.06 0.08 0.04
C3H,CH(OH)C3H 7 0.02 0.02 0.01
C3H7CH(OH)COC3H 7 0.01 0.01 0.01

Primary photochem ical processes

The average v a lu es  o f th e  p ro d u c t q u a n tu m  yields o b ta in ed  in  th e  v a p o u r 
p h ase  and  in  iso o c tan e  so lu tion  are  su m m arized  in  T ab le  I I I .  I t  m ay be seen
fro m  th e  tab le  t h a t  th e  p ro d u c ts  fo rm ed  in  photo lysis in  th e  v apour p h ase  
an d  in  isooctane a re  essen tia lly  th e  sam e a n d  th e  d is tr ib u tio n  of th e  p ro d u c ts  
is sim ilar too. S even  p r im a ry  processes h a v e  to  be assum ed  to  explain  th e  
experim en ta l re su lts :

C3H 7CHO -  C3H 7 +  CHO (I)
C3H 7CHO -  C3H 8 +  CO ( I ’)
C3H 7CHO -  C2H 4 +  C H 3CHO (II )

C3H 7CHO -*■ cy c lobu tano l (1Г )
C3H 7CHO -  C H 3 +  C H 2CH2CHO (I I I )

C3H 7CHO -  C2H 5 +  C H 2CIIO ( I I I ’)
C3H 7CHO +  C3H 7CH O  -  C3H 7C H O H +  C3H 7CO (IV )
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Table III

Quantum yields o f product formation ( average values) in  the photolysis o f 
n-butyraldehyde in the vapour phase and isooctane at 313 nm and 

room temperature

Products V apour phase Isooctane

C2H4
L

0.17 0 .1 2

CH3CHO 0.16 0 .1 2

07010 -0 3 1 1 ,0 1 1 0.026 0.025

CO 0.55 0.44

C3H 8 0.34 0.42

C3H6 0.019 0.008

C6H 14 0.10 0.003
C3H-COC3H7 0.007 0.004

C3H 7COCOC3H- 0.00005 0 .0 0 1

C3H 7CH(C2H5)CHO 0.003 trace

H 2 0.012 0 .0 0 1

c h 2o 0.021 0.004

(CHO)2 0 .0 0 1

CH4 0.0004 0.0004

C2H 6 0.0002 0.0006
n-C4H 10 0.0007
n-C5H 12 0.0001-0.0005

n-C4H9OH 0.02 0.06

C3H,CH(OH)C3H 7 0.02 0.02
C3H 7CH(OH)COC3H7 0.01

R e a c tio n  I , th e  decom position  of n -b u ty ra ld e h y d e  in to  n -p ropy l a n d  
form yl rad ica ls , is a m a jo r p rim ary  p h o to ch em ica l process b o th  in  th e  v a p o u r  
phase an d  in  isooctane  as ind ica ted  b y  th e  fo rm a tio n  of vario u s co m b in a tio n  
and  d isp ro p o rtio n a tio n  p ro d u c ts  of C3H 7 a n d  CHO rad ica ls  (see below). T h e  
occurrence o f  ty p e  I  decom position  in  v a p o u r  ph ase  p h o to lysis  w as th o ro u g h ly  
estab lished  b y  B lacet  an d  Calvert  [3, 5 ], how ever, th e re  is h a rd ly  an y  e v i­
dence av a ilab le  so fa r  fo r process I  in  so lu tio n . Since a n y  rad ica l-sensitized  
decom position  of th e  a ldehyde m ay give m o st (b u t n o t all) o f th e  p ro d u c ts  
form ed in  th e  secondary  reactions in itia te d  b y  ty p e  I  decom position , a d e ta iled  
s tu d y  of p ro d u c t fo rm a tio n  is being carried  o u t a t  various a ldehyde co n c e n tra ­
tions, lig h t in ten s itie s  an d  tem p era tu res  in  th e  v ap o u r phase  and  in  so lu tio n  
in  order to  d e te rm in e  th e  p rim ary  q u a n tu m  y ields for reac tio n  I  [17, 18].

R e a c tio n  I ’ c an n o t be p roved  on th e  basis  o f our re su lts , how ever, e x p e ri­
m en ts ca rried  o u t b y  B lacet  and  Ca l v e r t  in  th e  presence of iodine [5] h av e
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p ro v id ed  convincing  evidence for th e  occu rrence  of th is  reac tio n  in  th e  v a p o u r  
p h ase . The process w as found to  be  o f  m in o r im p o rtan ce  a t  313 n m  w here  
a p rim a ry  q u a n tu m  y ie ld  of 0.02 w as o b ta in ed .

R eac tio n  I I  is th e  w ell-know n N o rr ish  ty p e  I I  decom position  c h a ra c te r ­
is tic  o f th e  pho to ly ses  of carbony l co m p o u n d s w ith  y -hydrogen  a to m s. T h e  
q u a n tu m  yields fo r  e thy lene  an d  a c e ta ld eh y d e  fo rm atio n  w ere fo u n d  to  be 
e q u a l b o th  in  th e  v a p o u r  phase an d  in  iso o c tan e  as ex p ec ted  for th is  ty p e  of 
p rocess. N orrish  ty p e  I I  decom position  w as show n to  occur via a 1 ,4 -b irad ica l 
in te rm e d ia te  [19].

R eac tion  I I ’ is a p rim ary  process analogous to  ty p e  I I  decom position ; 
b o th  occur via th e  sam e 1 ,4-b irad ical fo rm ed  in  in tram o lecu la r y -h ydrogen  
tra n s fe r . C yclobu tano l has been d e te c te d  as a pho to lysis  p ro d u c t o f n -b u ty ra l-  
d eh y d e  in  benzene so lu tion  by  Coyle [6 ], how ever i t  has n o t been  o bserved  
so fa r  in  th e  v a p o u r  phase.

R eaction  b e tw een  an excited  s ta te  o f a ca rbony l com pound  an d  a g ro u n d  
s ta te  hydrogen  d o n o r m olecule y ie ld in g  p h o to red u c tio n  p ro d u c ts  w as show n 
[8 , 2 0 ] to  p lay  a n  im p o r ta n t role in  th e  p h o to ch em is try  o f a lip h a tic  a ld eh y d es 
a t  h ig h er co n cen tra tio n s  in  solu tion . L e m a i r e  and  co-w orkers [7] d e m o n s tra te d  
th e  occurrence o f p h o to red u c tio n  in  th e  pho to lysis o f n -b u ty ra ld e h y d e  in  
n -h e p ta n e , a lth o u g h  th e  reaction  p ro d u c ts  w ere n o t id en tified . T he n -b u ta n o l,
4 -h ep tan o l an d  5 -h y d roxy-4 -oc tanone  (b u ty ro in )  d e tec ted  in  th is  w ork  p ro v e  
t h a t  process IY  — th e  reaction  be tw een  a n  ex c ited  an d  a g round  s ta te  re-butyr- 
a ld eh y d e  m olecule — does occur b o th  in  th e  v ap o u r p h ase  and  in  so lu tio n .

T he q u a n tu m  y ie ld  of reaction  IY  is expec ted  to  increase w ith  increasin g  
a ld eh y d e  co n cen tra tio n . Thus th e  h ig h e r q u a n tu m  y ie ld  of n -b u tan o l an d
4 -h ep tan o l fo rm a tio n  found in  iso o c tan e  m a y  be accoun ted  for b y  th e  h ig h er 
n -b u ty ra ld e h y d e  c o n cen tra tio n  used  in  our so lu tion  exp erim en ts . ( I t  is to  be 
p o in te d  ou t, how ever, th a t  excited  a ld eh y d e  m olecules m ay  re a c t w ith  th e  
so lv en t in a re a c tio n  analogous to  process IV .) O n th is  basis one m ay  conclude 
th a t  th e  increased  efficiency of reac tio n  IV  in  isooctane is responsib le fo r th e  
low er q u an tu m  y ie ld  o f th e  ty p e  I I  d ecom position  in  so lv en t com pared  w ith  
t h a t  in  the  v a p o u r  phase.

Two m ore p r im a ry  processes h a v e  to  be assum ed on th e  basis o f  o u r 
ex p e rim en ta l re su lts , in  w hich a lk y l rad ica ls  are  sp lit off from  th e  p ro p y l 
g roup  of 7i-b u ty ra ld e h y d e . R eac tion  I I I  w as show n to  occur in  v a p o u r  p h ase  
pho to ly sis  b y  B l a c e t  and  Ca l v e r t  [3 ,  5 ] ,  w hile reac tio n  I I I ’ has n o t b een  
assum ed  so fa r. T h e  an a ly tica l an d  k in e tic  evidences su p p o rtin g  p rim a ry  p ro ­
cesses I I I  and  I I I ’ w ill be given below .

P rim ary  processes I I  and I I ’ p ro d u ce  stab le  p ro d u c ts  being c h a ra c te r ­
is tic  of these  reac tio n s , how ever, rad ica ls  are  form ed in  p rim a ry  reac tio n s  I ,  
I I I ,  I I I ’ and IV , w hich  are follow ed b y  secondary  pho tochem ical processes. 
T h e  e lucidation  o f th e  m echanism  o f th e  secondary  processes and  th e  d e te rm i­
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n a tio n  o f th e  p rim ary  q u a n tu m  y ie ld s will be possib le only on th e  basis  o f 
a k in e tic  tre a tm e n t of ex p erim en ta l resu lts  o b ta in ed  a t  various a ld eh y d e  
co n cen tra tio n s , lig h t in tensities a n d  te m p e ra tu re s  [17, 18]. In  th e  re s t o f th is  
p a p e r  we in ten d  to  ou tline th e  m a jo r ro u tes  of p ro d u c t fo rm atio n , to  p o in t 
o u t som e ch a rac te ris tic  differences b e tw een  free rad ica l reac tions in  th e  v a p o u r  
p h ase  an d  in  isooctane, and  to  rev ea l ce rta in  d a ta  w hich  su p p o rt th e  p r im a ry  
processes assum ed.

Reactions of n-propyl and formyl radicals

T he m ain  rad ica l source in  th e  pho to ly sis  of n -b u ty ra ld e h y d e  a t  low  a ld e ­
h y d e  co n cen tra tio n s is p rim ary  re a c tio n  I ,  in  w hich n -p ropy l and  fo rm y l 
rad ica ls  are  form ed. Two fo rm yl rad ica ls  m ay  re a c t in  th ree  d iffe ren t w ays 
fo rm in g  carb o n  m onoxide, hyd rogen , fo rm aldehyde  an d  g lyoxal. I t  is ex p ec ted , 
how ever, th a t  m ost fo rm yl rad ica ls  d isp ro p o rtio n a te  w ith  p ropy l rad ica ls  
fo rm in g  CO an d  C3H 8.

A lm ost h a lf  of th e  secondary  p ro d u c ts  id en tified  are  form ed in  v a rio u s  
co m b in a tio n  and  ab s trac tio n  re a c tio n s  of th e  n -p ro p y l rad ica l. I t  is to  be  
ta k e n  in to  accoun t, how ever, th a t  in  ad d itio n  to  reac tio n  I ,  n -p ropy l ra d ic a ls  
m a y  be fo rm ed  in  reac tio n  chains in i t ia te d  by  th e  a b s tra c tio n  of th e  fo rm y l 
h y d ro g e n  of n -b u ty ra ld eh y d e  b y  a free  rad ica l, and  su b seq u en t decom position  
o f th e  b u ty ry l rad ica l in to  C3H 7 an d  CO.

A p a r t from  th e  sm all a m o u n t of C3H 8 d irec tly  fo rm ed  in  reac tio n  I ’, 
p ro p a n e  is p roduced  in  hyd rogen  a b s tra c tio n  and  d isp ro p o rtio n a tio n  reac tio n s  
of n-C 3H , rad ica ls . S e lf-d isp ro p o rtio n a tio n  an d  co m bina tion  of n -p ropy l r a d i­
cals are  responsib le fo r th e  fo rm atio n  of propy lene  and  n -hexane, respective ly . 
T he d isp ro p o rtio n a tio n  to  co m b in a tio n  ra tio  ca lcu la ted  from  th e  p ro p y len e  
an d  n -h ex an e  q u a n tu m  yields m easu red  in  th e  v a p o u r phase is zl(n-C 3H 7, 
n-C3H 7) =  0.19 ±  0.01. This is close to  th e  l i te ra tu re  v a lu e  [21], in d ica tin g  
th a t  se lf-d isp ro p o rtio n a tio n  of n -p ro p y l rad ica ls  is th e  on ly  sign ifican t source 
of p ro p y len e  in  th e  v ap o u r phase. O n th e  o th e r h an d  th e  ra tio  of th e  q u a n tu m  
y ields o f p ropy lene  an d  n-hexane in  isooc tane  is m ore th a n  an  order of m ag n i­
tu d e  h igher, suggesting  th e  occurrence o f som e o th e r m a jo r source of p ro p y len e  
in  th e  liq u id  phase. T he m ost p ro b ab le  re a c tio n  is th e  cro ss-d isp ro p o rtio n a tio n  
re a c tio n  betw een  n -p ropy l and  iso o c ty l rad ica ls .

O ne observes a very  sign ifican t d ifference in  th e  q u a n tu m  yields o f  
n -h ex an e  fo rm atio n  in  th e  tw o phases w hich  c learly  d em o n stra te s  th a t  th e  
p ro p y l rad ica l co n cen tra tio n  is m uch  low er in  isooctane th a n  in  th e  v a p o u r  
p h ase . T h e  low p ro p y l rad ica l c o n c e n tra tio n  in  isooctane m ay  be caused  b y  
th e  re a c tio n  of these  rad icals w ith  th e  so lven t.
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Reactions of the butyryl radicals

B u ty ry l rad ica ls  a re  form ed in  th e  p r im a ry  process IV  an d  m ain ly  in  
th e  reac tio n  chain . I n  ad d itio n  to  th e  decom position  in to  C3H 7 an d  CO, th e  
b u ty ry l  rad icals e n te r  v a rio u s co m b in a tio n  reac tio n s (d ib u ty ry l, 4 -h ep tan o n e  
a n d  b u ty ro in  fo rm a tio n ). T ak ing  in to  a c c o u n t th e  cross-, a n d  se lf-com bination  
p ro d u c ts  of n -p ro p y l a n d  b u ty ry l rad ica ls , one can  ca lcu la te  th e  cross-com bi- 
n a tio n  ra tio  [C3H 7COC3H 7]/[C6H M]1' 2 [C3H 7COCOC3H 7]1/2. V alues of 3.1 an d
2.3 are o b ta ined  fo r th e  v ap o u r phase an d  fo r isooctane , re spec tive ly . The cross­
co m b in a tio n  ra tio  fo r a lk y l rad icals h as  b een  show n to  be close to  th e  va lu e  
o f 2 [21, 22], h o w ever, v e ry  l i ttle  is k n o w n  o f these  ra tio s  fo r o th e r  rad ica ls . 
I n  sp ite  of th e  consid erab le  error lim its  t h a t  m ay  be e s tim a ted  fo r our values 
g iv en  above, th e  c ross-com bina tion  ra tio  fo r  th e  n -p ropy l a n d  b u ty ry l rad ica l 
p a irs  seems d e fin ite ly  h ig h er th a n  2 .

T he efficiency o f  recom bina tion  o f b u ty ry l  rad icals, like  th a t  of n -p ropy l 
rad ica ls , is v e ry  d iffe re n t in  th e  v a p o u r  p h ase  an d  in  isooctane. T he q u a n tu m  
y ie ld  of d ib u ty ry l fo rm a tio n  w as fo u n d  to  be  considerab ly  h ig h er in  isooctane 
th a n  in  th e  v a p o u r  p h a se  (as opposed to  t h a t  fo u n d  for n -hexane), w hich in d i­
c a te s  higher b u ty ry l  co n cen tra tio n  in  iso o c tan e  com pared  w ith  th e  v ap o u r 
p h ase .

Form ation and reaction of the CH3CH2CHCHO radical

T he id e n tif ic a tio n  of 2 -e th y l-p e n ta n a l- l , fo rm ed b y  th e  com bination  of 

C H 3CH2CHCHO a n d  C3H 7 rad ica ls , show s th a t  beside fo rm y l hydrogens th e  
h y d ro g en  atom s in  th e  а -position  to  th e  ca rb o n y l group m ay  also be ab s tra c te d . 
T h e  low q u a n tu m  y ie ld  of 2 -e th y l-p e n ta n a l- l fo rm atio n  in  isooctane  is a co n ­
sequence  of th e  low  co n cen tra tio n  of p ro p y l rad icals.

R eactions of the 1-hydroxy-l-butyl radical

The n -b u ta n o l, 4 -h ep tan o l a n d  5 -h y d roxy-4 -oc tanone  (bu ty ro in ) are 
u n d o u b te d ly  h y d ro g e n  a b s tra c tio n  a n d  co m b in a tio n  p ro d u c ts  o f 1-hydroxy-
l - b u ty l  rad icals. T h is  rad ica l is fo rm ed  in  p rim ary  process IV , via h y d rogen  
a to m  a b s tra c tio n  b y  an  excited  a ld eh y d e  m olecule from  a g round  s ta te  a ld e ­
h y d e  m olecule (an d  to  som e e x te n t from  isooc tane  in  th e  so lu tion  experim en ts). 
O th e r  possib ilities o f  th e  fo rm atio n  o f 1 -h y d ro x y -l-b u ty l rad ica ls  m ay  be co n ­
sidered , th u s  h y d ro g e n  a to m  tra n s fe r  fro m  a fo rm yl rad ica l to  th e  carb o n y l 
oxygen  of n -b u ty ra ld e h y d e , or th e  h y d ro g en  a to m  a b s tra c tio n  reactions of th e
1 ,4 -b irad ical in te rm e d ia te  of p rim a ry  processes I I  an d  I I ’. W hile th e  f irs t  
p o ssib ility  is n o t  co m p atib le  w ith  th e  d e ta iled  k inetic  analysis of th e  resu lts
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o b ta in ed  a t  v a rio u s aldehyde c o n cen tra tio n s  in  isooctane [18], th e  la t te r  p o s­
s ib ility  m ay  be ru led  ou t on th e  basis  o f th e  re su lts  of deu terium  lab e llin g  
experim en ts  [17].

Reactions of CH3 and C2H 5 radicals

F in a lly , th e  evidence su p p o rtin g  th e  a ssu m p tio n  of th e  m inor p r im a ry  
processes I I I  an d  I I I ’ have to  be considered . T he fo rm atio n  of low m olecu la r 
w eight h y d ro ca rb o n  p ro d u c ts  in d ica tes  th e  presence of sim ple alky l free r a d i ­
cals such  as C H 3 an d  C2H 5.

M ethane is obviously  form ed in  reac tio n s  of m e th y l radicals o rig in a tin g  
from  p rim a ry  process I I I .  The p o ss ib ility  of m e th y l rad ica l p ro duc tion  (w ith  
a com m ensurab le  ra te )  b y  secondary  p h o to ly sis  or rad ica l sensitized decom po­
sition  of ace ta ld eh y d e  m ay  be re je c te d  as th e  m e th a n e  y ield  was found  to  be 
in d ep en d en t of conversion.

E th a n e  m ay  e ith e r be form ed in  reac tio n s o f th e  e th y l rad icals o rig in a tin g  
from  p rim a ry  process I I I ’ or by  co m b in a tio n  of m e th y l rad icals. On th e  o th e r  
h an d  th e  re-butane id en tified  is u n d o u b te d ly  th e  re su lt of com bination  o f 
C3H 7 an d  C H 3 rad ica ls . (The c o n tr ib u tio n  o f e th y l recom bina tion  to  n -b u ta n e  
fo rm a tio n  c an n o t be s ign ifican t since th e  co n cen tra tio n  of C3H 7 rad ica ls  is 
seen from  th e  co rrespond ing  p ro d u c t y ie ld s to  be severa l orders of m ag n itu d e  
h igher th a n  th a t  o f th e  C2H 5 rad ica ls .) I f  e th a n e  is a recom bination  p ro d u c t ' 
of m e th y l rad ica ls  th e n  th e  c ross-com bina tion  ra tio  for th e  m e th y l-n -p ro p y l 
rad ica l p a ir  should  be close to  th e  v a lu e  o f 2 estab lished  for alkyl rad ica ls  
[21, 22]. T he ra tio  [C4H 10]/[C2H e] 1/2 [C6H 14]1/2 ca lcu la ted  from  th e  p ro d u c t 
q u a n tu m  y ields o b ta in ed  in  th e  v a p o u r  p h ase  is 0.15 ±  0.04, one o rder of 
m ag n itu d e  low er th a n  th e  li te ra tu re  v a lu e . T h is m eans th a t  an  e th y l ra d ic a l 
source, i.e. re a c tio n  I ,  I I ’, has to  be assu m ed  to  acco u n t for th e  ex p erim en ta l 
y ield  of e th an e .

re-Pentane is expec ted  to  be fo rm ed  as a re su lt of com bination  of C3H 7 
an d  C2H 5 rad ica ls . H ow ever, th e  d e fin ite  d ependence  of th e  re-pentane q u a n tu m  
y ield  on th e  conversion  ind ica tes t h a t  th e re  is a sign ifican t co n trib u tio n  to  
re-C5H 12 fo rm a tio n  b y  secondary  reac tio n s  w ith  th e  p a rtic ip a tio n  of reac tio n  
p ro d u c ts . W e suggest th a t  these seco n d ary  reac tio n s are th e  add ition  of re-pro­
py l rad ica ls  to  e th y len e  and  su b seq u en t h y d ro g en  a b s tra c tio n  b y  th e  re-pentyl 
rad ica ls .

S tro n g  su p p o rt fo r th e  suggestion  th a t  re-propyl rad ica ls  p lay  a p a r t  in  
th e  fo rm a tio n  of re-C4H 10 an d  re-C3H 12 is p ro v id ed  b y  th e  fa c t th a t  in  isooctane , 
w here th e  p ro p y l rad ica l co n cen tra tio n  is low , these  p ro d u c ts  are n o t d e tec ted .

*

The authors are indebted  to Dr. I. Sz il á g y i for the mass spectrom etric analyses and to  
Dr. A. N a c s a  for help in  the syntheses of com pounds used for identification.
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ULTRASONIC INVESTIGATION OF MOLECULAR 
INTERACTIONS IN THE LIQUID STATE
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The molecular in teractions in  the b inary  system s (I) re-butanol -ethyleneglycol 
(303.15 К ), (II) n -bu tanol-isoam yl alcohol (303.15 K) were studied by ultrasound 
velocity m easurem ents. A diabatic compressibility, interm olecular free length, molar 
volum e and available volum e variations w ith the composition have been determined. 
The results are discussed in  the light of molecular interactions.

Introduction

A tte m p ts  h av e  b een  m ad e  b y  several w orkers [1 — 5] to  s tu d y  th e  b e h a v ­
iou r of b in a ry  liqu id  m ix tu re s  by  m easuring  u ltra so u n d  velo c ity  and  ca lcu la t­
ing  re la ted  p a ram e te rs . T h e  v a r ia tio n  of ve locity  an d  ad ia b a tic  com pressib ility  
is no t alw ays linear. T he n o n -lin ea rity  m ay  be ex p la ined  on th e  basis of m olec­
u la r  dim ensions a n d  forces ac ting  betw een  th e  m olecules. B h i m s e n a c h a r  
et al. [6 ] h av e  ca lcu la ted  th e  excess free len g th  an d  co rre la ted  i t  w ith  th e  
s tre n g th  o f in te rac tio n .

In  th e  p re sen t p a p e r  we h av e  ca lcu la ted  th e  a d ia b a tic  com pressib ility , 
in te rm o lecu la r free len g th , m o lar vo lum e and  availab le  vo lum e from  velocity  
an d  d en sity  d a ta  for th e  system s (I) n -b u tan o l-e th y len eg ly co l (II) n -b u ta n o l-  
isoam yl alcohol. Sound v e lo c ity , d en sity  and  com pressib ility  v a ria tio n s are 
show n graph ica lly .

Theory and calculations

J a c o b s o n  [7] has in tro d u c e d  th e  concept o f in te rm o lecu la r free len g th  
in  order to  explain  th e  u ltra so u n d  velocity  in pure  liqu ids an d  liqu id  m ix tu res. 
T h e  in te rm o lecu la r free le n g th  Lj,  is th e  d istance covered  b y  a sound w ave 
betw een  th e  surfaces o f th e  neighbouring  m olecules an d  is given b y  th e  
equa tion

Lf  = К  Y f
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w h ere  K  is a te m p e ra tu re  d ep en d en t c o n s ta n t. A d iab a tic  com pressib ility  was 
ca lc u la ted  from  ß = v ~ 2 q~u, V a, th e  ava ilab le  vo lu m e has been  com puted  
u sin g  th e  re la tion

w h ere  V  is th e  m o lar vo lum e, v is th e  u ltra so u n d  velocity  an d  pa =  1600m /s. 
M olar volum e V  has been  e v a lu a ted  from  th e  eq u a tio n

у  _  X 1M l +  X 2M 2 ' 1 
X-^ -f- X 2 Q

w h ere  and  X 2 are  th e  m ole frac tio n s  of th e  tw o co m ponen ts, an d  M 2 
a re  th e  m olecular w eig h ts  o f th e  re sp ec tiv e  com ponen ts, an d  q is th e  d en sity  
o f  th e  m ix tu re .

Experim ental

All the chemicals used were of B D H  A nalar grade and were fu rther purified by  standard  
m ethods described by  W e is s b e r g e r  [8]. Solutions of different compositions were prepared 
by  m ixing appropriate volum es of liquids in  cleaned and dry flasks and were left to stand for 
some tim e to a tta in  equilibrium . Care has been taken  to minimize losses due to evaporation of 
com ponents during m ixing. Solutions were transferred to the ultrasonic cell for velocity 
m easurem ents. The in s trum en t and m ethod of velocity measurem ents have been described 
before [9]. The frequency used was 5 MHz and  th e  tem perature was m aintained a t 303.15 K. 
Densities were m easured in  pyrex pyknom eters and compared well w ith lite ra tu re  values. The 
probable error in velocity was 0.2 % and the accuracy of density was 1 in  104.

Results and discussion

F igure  1 show s th e  d en sity , u ltra so n ic  velocity  an d  com pressib ility  o f 
n -b u ta n o l-e th y le n eg ly co l m ix tu re s  as a fu nc tion  of th e  m ole frac tio n  o f  
n -b u ta n o l. F igure  2 gives th e  d e n s ity , u ltra so n ic  velocity  an d  com pressib ility  
o f th e  n -b u tan o l—isoam yl alcohol sy stem . T he d en sity  decreases w ith  increasing  
m ole frac tio n  of n -b u ta n o l in  b o th  th e  cases b u t  th e  m ode of decrease is differ­
e n t  in  th e  tw o sy stem s. T he v e lo c ity  cu rve  is concave u p w ard s  in  b o th  cases. 
I n  th e  n -b u tan o l—isoam yl alcohol sy stem , th e re  is som e increase  in  velocity  
a t  h igher co n cen tra tio n s  o f n -b u ta n o l. O n th e  basis of th e  m ode of sound  
p ro p a g a tio n  g iven b y  E y r in g  et al. [10], an  increased  free le n g th  in  so lu tion  
d u e  to  th e  process o f m ix ing  re su lts  in  th e  low ering o f sou n d  velocity , w hich 
gives th e  ve lo c ity  vs. m ole fra c tio n  p lo t a concave u p w ard  shape . O ur resu lts  
a re  in  conform ity  w ith  th is  fa c t. As expected , th e  co m p ressib ility  increases 
w ith  increasing m ole frac tio n  o f n -b u ta n o l in  b o th  cases. T h e  free len g th ,
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F ig .  1

F ig . 2

m o lar vo lum e and  availab le  vo lum e fo r th e  tw o system s is p resen ted  in  T ab les  I  
a n d  I I .  T h e  free len g th  increases w ith  increasing  m ole frac tio n  of n -b u ta n o l. 
T h is increase  is less in  n -b u tan o l—isoam yl alcohol. T he m o lar vo lum e a n d  
av a ilab le  vo lum e increase w ith  m ole frac tio n  for th e  fo rm er b u t  decrease w ith  
m ole fra c tio n  in  th e  la t te r  system . T he liqu ids used are p o la r and  asso c ia tin g  
in  n a tu re . T he d issociating  effect o f th e  second liqu id  on n -b u ta n o l should  re su lt  
in  th e  decrease of free len g th  an d  hence com pressib ility . H ow ever, b ecau se  
o f th e  decrease in  cohesive energy  due to  th e  in te ra c tio n  betw een  th e  co m p o ­
n e n ts  o f th e  m ix tu re , th e  overall effect is th a t  o f increase in  free len g th  a n d  
com p ressib ility  as has been observed  here.
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Table I

n -B u ta n o l-e th y le n e g ly c o l, T e m p e r a tu r e  3 0 3 .1 5  К

No.
Mole fraction 

o f
n-butanol

Free length 
(A”)

Molar
volume
(ml/mol)

Available
volume
(ml/mol)

l 0 . 0 0 0 0 0 .3 6 5 0 5 6 .1 0 1 .5 8

2 0 .2 2 7 4 0 .4 2 7 1 6 3 .8 3 7 .9 4

3 0 .4 3 9 6 0 .5 0 0 8 7 1 .5 0 1 3 .5 0

4 0 .6 3 9 7 0 .5 4 2 6 7 8 .7 3 1 7 .8 7

5 0 .8 2 5 2 0 .5 5 8 5 8 5 .7 3 1 9 .7 2

6 1 .0 0 0 0 0 .5 7 5 1 9 2 .3 9 2 1 .6 5

Table II

n -B u ta n o l - i s o a m y l  a lcoh o l, te m p e r a tu r e  3 0 3 .1 5  К

No.
M ole f ra c tio n  

o f
n -b u ta n o l

F ree len g th
(A*)

M o lar volum e 
(m l/m ol)

A v ailab le
vo lum e

(m l/m ol)

l 0.0000 0.5689 107.40 25.24
2 0.2291 0.5720 104.20 24.61
3 0.4422 0.5735 100.80 24.02
4 0.6408 0.5738 97.66 23.32
5 0.8263 0.5744 94.45 22.44
6 1.0000 0.5751 92.39 21.65
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Revised empirical correlations are given between geometric and vibrational 
parameters of a series of simple sulfone molecules. Force constant calculations and the 
averaging of the S =  0  stretching frequencies are commented upon.
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In tro d u c tio n

E m p irica l correlations b e tw een  geom etric  an d  v ib ra tio n a l p a ra m e te rs  of 
re la tiv e ly  sim ple  sulfone m olecules h a v e  been  estab lished  fo r a n u m b er of y ea rs  
an d  used  ex ten siv e ly , see e.g. [1 — 3]. A t th e  tim e  of estab lish ing  th e  re la tio n ­
ships [1] in v o lv in g  bond len g th s  an d  s tre tc h in g  frequencies, re la tiv e ly  few  
S =  О b o n d  len g th s  w ere availab le  an d  th e y  w ere considered in  m ost cases to  
he  less a c c u ra te  th a n  th e  co rrespond ing  frequencies. T he sam e could  be sa id  
for bond  angles O =  S =  0 .  B ecause o f th e  usefulness of th e  em pirical re la tio n ­
ships be tw een  th e  geom etric an d  v ib ra tio n a l d a ta , and  since u p -to -d a te  an d  
co n sis ten t geom etric  d a ta  h av e  re c e n tly  becom e availab le  fo r a re la tiv e ly  
large  series o f sim ple sulfone m olecules (see T ab le  I) , we decided th a t  a rev ision  
of th e  em p irica l re la tionsh ips w as tim e ly . T h is in v es tig a tio n  is described  here  
and  su p p lem en ted  w ith  some co m m en ts  on th e  force c o n s ta n t ca lcu la tio n s 
an d  on th e  averag in g  of th e  S =  0  s tre tc h in g  frequencies.

G eom etric d a ta

V ap o u r-p h ase  geom etric d a ta  o n ly  w ere used  in  estab lish ing  th e  rev ised  
re la tio n sh ip s  in  o rder to  achieve g re a te r  consistency . T he v ap o u r-p h ase  d a ta  
are u su a lly  m ore  accu ra te  th a n  th o se  from  c ry sta l-p h ase  X -ra y  d iffrac tio n  
d e te rm in a tio n s , an d  th ey  are also m ore w ell-defined  since th e  m olecule in  th e  
v ap o u r ph ase  can  be considered u n p e r tu rb e d  b y  in te rm o lecu la r in te rac tio n s  
w hich m ay  w ell ta k e  place in  th e  c ry s ta l phase . E lec tro n  d iffrac tio n  s tud ies 
have  been  p erfo rm ed  for all b u t  one ((C H 2)2S 0 2) m olecules lis ted  in  T ab le  I

* On leave from The University of Trondheim.
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Table I

B o n d  d is ta n c e s , b o n d  a n g les, s y m m e tr ic  a n d  a n tis y m m e tr ic  s tre tch in g  a n d  
b e n d in g  f re q u e n c ie s  o f  S 0 2 g r o u p s  in  su lfo n e  m o lecu les

Compounds ' ,(  s r o>* 
(A)

o = s = o b
(°)

* .(S = 0 )°
(cm -1)

-as(S=0)°
(cm-1 )

<5(S02)c
(cm-1 )

s o 2f 2 1.398(2)d 125.1(2)e 1269 1502 544*
S 0 2C12 1.405(4)g 123.5(10)g 1182 1414 560h
S 0 2FBr [1.407]' [123.7]j 1205 1437 564k
S 0 2FC1 [1.408]' 123.7(10)m 1228 1455 480*
c h 3o s o 2f 1.410(3)" 124.4(7)" 1235 1465°
c h 3s o 2f 1.4Щ З) 0 123.1(15)® 1223 1415 531”
C6H5S 0 2C1 1.418(12)P 122.5(36)P 1186 1377 5724
CH30 S 0 2C1 1.420(4)r 122.2(15)r 1192 1404 588s
(CH3)2N S02C1 1.422(4)* 122.7(23)* 1182 1395 572“

CH3S 0 2C1 1.425(3)v 1 2 0 .8 (8 )v • 1173 1378 533w
so2 1.432(2)z 119.3(10)x 1151 1362 518y
(CH3)2N S02N(CH3) 2 1.433(10)aa [1 2 0 .2 ]bb 1150 1335 526“
(CH3)2S 0 2 1.436(3)cc 119.7(1 l ) cc 1165 1343 510dd
(C6H6)2S 0 2 1.439(12)ee [119.3]bb 1149 1305 580ff
(CH2)2S 0 2 1.439(6)gg 121.4(5)gg 1159 1309 446hh
(CH2=  CH)2S02 1.440(4)" [119.2]bb 1124 1320 550ij
(CH2)4S 0 2 1.45(l)kk 114.6(30)kk 1147 1301 56711

a Unless indicated otherwise, /' was calculated from the electron diffraction ra value 
according to the good approximation r R =  ra +  /" ra, where l is the mean amplitude of vibra­
tion; b Unless indicated otherwise, determined in the electron diffraction analysis; c Unless 
indicated otherwise, liquid-phase infrared data; d Ref. [4]; e Calculated from the electron dif­
fraction bond distance [4] and the 0  . . .0  distance determined by microwave spectroscopy [5]; 
( Raman, Ref. [6 ]; 8 Ref. [7]; h Ref. [8 ]; 'Assumed [9]; 1 Calculated from the assumed 
r (S = 0 )  and the О . . .O distance determined from the microwave spectrum [9]; k Raman, 
Ref. [10]; 1 Assumed [11]; m Calculated from the assumed r (S = 0 )  and the О . . .0  distance 
determined from the microwave spectrum [11]; n Ref. [12]; 0 Ref. [13]; 0 Ref. [14]; 0 Ref. 
[15]; P Ref. [16]; 4 Ref. [17]; r Ref. [18]; s Ref. [19]; ‘ Ref. [20]; “ Solution, Ref. [21]; v Ref. 
[22]; w Ref. [23]; 2 Ref. [24]; x Microwave spectroscopy, Ref. [25]; У Gaseous phase, Ref. [26]; 
aa Ref. [27]; № Calculated from rg(S =  0 )  and an assumed value of 2.484 Â for the О . .  .O 
distance; cc Ref. [28]; dd Ref. [29] ee Ref. [30]; ,f Ref. [31]; 68 Microwave spectroscopy, 
r„ parameters, Ref. [32]; hl> Raman, Ref. [33]; » Ref. [34]; 11 Ref. [35]; kk Ref. [36]; "Ref. [37].

a n d  in  m ost cases th e y  orig inated  from  th e  sam e lab o ra to ry . In  som e cases 
m icrow ave spec tro scop ic  d a ta  w ere also u tilized  in  th e  analysis (C H 3S 0 2F , 
C H 30 S 0 2F , (C H 3)2S 0 2), or could he used  fo r la te r  te s tin g  (C H 3S 0 2C1, S 0 2C12).* 
T h e  resu lts from  b o th  electron d iffrac tio n  [4] and  m icrow ave spectroscopic [5]

* References for the microwave spectroscopic studies: CH3SO„F, Ref. [38]; CH30 S 0 2F, 
Ref. [12]; (CH3)2S 0 2, Refs. [38], [39]; CH3S 0 2C1, Ref. [40]; S 0 2C12" Ref. [41].
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analyses w ere availab le  for S 0 2F 2. F o r reasons d iscussed la te r  in m ore deta il, 
th e  values fo r th e  S =  О d istance an d  О . . .  О d is tan ce  w ere ta k e n  from  th e  
elec tron  d iffrac tio n  an d  m icrow ave stu d ies , respective ly , and  th e  O =  S =  О 
b e n d  angle w as th u s  ca lcu la ted . A lth o u g h  th e  p h y sica l m eaning of th e  in te r-  
nu c lear d is tan ce  p a ram e te rs  de te rm in ed  b y  th e  tw o  techn iques is d ifferen t, 
th e  sulfone m olecules u n d e r considera tion  are re la tiv e ly  rigid system s an d  
accord ingly  th e  e lec tron  d iffrac tion  an d  m icrow ave spectroscopic d is tan ce  
p a ram e te rs  are  th o u g h t to  be little  d iffe ren t as a consequence of in tram o lecu la r 
m otion . I n  a n y  case th e  S =  0  d istances lis ted  in  T ab le  I  are  consisten t in  th is  
respect, w hile  th e  0  =  S =  0  bond  angles h av e  no s tr ic tly  defined physica l 
m eaning  even  if  th e y  com e from  on ly  e lec tron  d iffrac tio n  d a ta . B u t again , 
th is  in d e te rm in a c y  is of no g rea t im p o rtan ce  here , p a r t ly  because o f th e  
m en tioned  re la tiv e  rig id ity ,*  and  p a r tly  because o f th e  large u n ce rta in tie s  
w ith  w hich  th e se  angles w ere de te rm in ed  from  th e  e lec tron  d iffraction  d a ta . 
Som e o f th e  0  =  S =  0  angles are especially  ill-de te rm ined , since i t  is u su a lly  
v e ry  d ifficu lt to  de term ine  re liab ly  an d  accu ra te ly  th e  О . . .  О d istance from  
electron d iffrac tio n . T he d ifficu lty  is caused  b y  th e  s tro n g  correlations am ong 
th e  n o n bond  d istances a round  th e  su lfu r a to m  an d  th e ir  m ean  am plitudes of 
v ib ra tio n . O n th e  o th e r h an d , th e  m icrow ave sp ec tra , a lth o u g h  usually  in ad e ­
q u a te  for a com plete  s tru c tu re  d e te rm in a tio n  of th e  sulfone m olecule, p rov ide  
h igh ly  a c cu ra te  in fo rm a tio n  on r ( 0 .  . .0 ) .  All o f th em  are , in  fac t, in  th e  v ic in ­
i ty  of 2.48 Â. I t  is th e n  com forting  th a t  m ost 0  =  S =  0  bond  angles, an d  
accord ing ly  0 . . .  О d istances, de te rm in ed  from  elec tron  d iffrac tion  d a ta  only , 
a lth o u g h  m ore  u n c e rta in , are consisten t w ith  th e  m icrow ave resu lts. Som e 
bo n d  angles cou ld  n o t be dete rm in ed  in  th e  e lec tron  d iffrac tio n  analyses a t  all. 
F o r such m olecules, viz. (CH 2=  CH)2S 0 2, (C6H 5)2S 0 2, C H 30 S 0 2C1, th e  0 . . . 0  
d is tan ce  can  be assum ed as th e  average v a lu e  of th e  accu ra te ly  d e te rm ined  
0 . . .  0  d is tan ces , an d  accord ing ly  th e  0  =  S =  0  b o n d  angles can  be ca lcu la ted . 
T hey  are also show n in T ab le  I  th o u g h  th ese  p a ram e te rs  w ere no t th e n  used  
in  estab lish ing  th e  co rre la tions. T h ree  e lec tro n  d iffrac tio n  analyses rep o rted  
0 .  . . 0  d is tan ces  fa r  below  th e  2.48 A va lue . O f these , th e  calculations based  
on m olecular in te n s itie s  w ere rep ea ted  fo r (C H 3)2N S 0 2N (C H 3)2 w ith  assum ed 
values fo r r ( 0 .  . .0 ) ,  am ong th em  2.48 A . I t  w as show n [43] th a t  th e  experi­
m en ta l d is tr ib u tio n s  could be a p p ro x im a ted  ab o u t as well as w hen r(0 . . .  0 ) 
refined  to  2.42 Â  [27]. S ign ifican tly , th e  o th e r p a ra m e te rs  showed no a p p re ­
ciab le changes as co m p ared  w ith  th o se  re p o rte d  [27]. T h e  bo n d  angle fo r th is  
com pound  w as n o t inc luded  in to  th e  p re se n t ca lcu la tions, n e ith e r was th a t  o f 
(C H 2)4S 0 2 as i t  w as seen to  be u n rea lis tic a lly  low.

* Calculated К  =  ((A x)2 +  (/)y)z)/2 r correction term s m ay give some idea about the 
effects of the perpendicular vibrations. We quote here some da ta  for S0C12 [42] a t 323 К  
K (S = 0 )  =  0.0014 Â, K (S -  Cl) =  0.0004 Á, X(C1 . . . O) =  0.0002 Á, and K (Cl . . . Cl) =
=  0.0001 Á.
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Vibrational frequencies

T h e sym m etric  an d  a n tisy m m e tric  s tre tch in g  S =  0  a n d  bend in g  S 0 2 
freq u en c ies  used  in  o u r ca lcu la tio n s are  lis te d  in  T ab le  I . T h ey  are  sim ilar to  
th o se  u sed  b y  G i l l e s p i e  an d  R o b i n s o n  [ 1 ] .  T h ey  refer to  liq u id -p h ase  in fra red  
m easu rem en ts  unless o therw ise  s ta te d . A lth o u g h  we w ould  h av e  p re fe rred  
v a p o u r-p h a se  d a ta , th e y  are  to o  scarce. I t  is d ifficu lt to  p re d ic t th e  changes 
in  frequencies co rrespond ing  to  th e  tr a n s it io n  from  th e  v a p o u r  phase to  th e  
p u re  liq u id  or a d isso lved  s ta te . I t  h as  b een  n o ted  (see e.g. [2]) th a t  th e  s tre tc h ­
in g  frequencies in  liq u id s  are  o ften  d isp laced  to  lower frequencies an d  th e  
b e n d in g  frequencies to  h igher frequencies as com pared  w ith  th e  v ap o u r-p h ase  
d a ta .  In fra re d  gaseous an d  liq u id  d a ta  are  q u o ted  below  from  a s tu d y  b y  
S p o l i t i  et al. [29] show ing th a t  no  tre n d  c a n  be estab lished  ind eed  w ith  ce r­
ta in ty ,  a t  least fo r th e  s tre tc h in g  frequencies
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Gae Liquid
(condensed) Difference

CH3S 0 2F  vas( S = 0 ) ,  c m - 1 1451 1443 8

r s(S =  0 ) ,  c m -1 1225 1233 - 8

<5(S02), cm “ 1 534 543 - 1 0

CH3S 0 2C1 1404 1386 18

1192 1185 7

543 548 - 5

CH3S 0 2CH3 1355 1343 12

1162 1165 - 3

496 510 - 1 4

T h e  changes are re la tiv e ly  sm all, an d  sign ifican tly , th e  d a ta  o rig inate  from  
c o n c u rre n t experim en ts. R eferring  to  th e  d im eth y l su lfone d a ta , th e  above 
v a lu es  are  con fron ted  below  w ith  som e w h ich  refer to  so lid -s ta te  in fra red  an d  
so lu tio n  R am an  spec tro sco p y  [46] :

Infrared Ram an

va s (S  =  0 ) > c m  1 1307 1289

r s(S =  O), c m -1 1143 1138

<5(S02), c m -1 504 502
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A fin a l exam ple , fo r gas-liquid  com parison  w ith  considerable d ifferences 
(in frared  [35]) for d iv in y l sulfone

Gas Liquid Difference

J’a s (S = ° ) > c m  1 1352 1310 —42
vs(S =  0 ) , cm -1 1150 1124 - 2 6

T hus we m a y  conclude th a t  th e  n e x t s tep  for a  fu tu re  refin em en t o f th e  re la ­
tionsh ips b e tw een  geom etric  an d  v ib ra tio n a l p a ram e te rs  m ay  n ecess ita te  a 
co n sis ten t se t of v ap o u r-p h ase  v ib ra tio n a l spectroscopic  d a ta .

The S =  0  stretching force constants

E v e n  i f  all v ib ra tio n a l frequencies are  kn o w n  fo r a m olecule, a p p ro x im a ­
tions h av e  to  be in tro d u c e d , as a ru le , to  d e te rm in e  a force field . T he valence  
force c o n s ta n ts  are  th e re fo re , to  a c e r ta in  e x te n t, dep en d en t on th e  ap p ro x i­
m ations used . F o r severa l o f th e  m olecules d iscussed here, n o t even a com plete  
set o f ex p e rim en ta l frequenc ies is av a ilab le . A ccordingly , fu r th e r  sim p lifica­
tions w ere necessa ry . T h e  S 0 2 g roup  w as looked  up o n  as a sep a ra te  e n tity , 
for w hich  th e  w ell-know n expressions fo r a b e n t X Y 2 m odel w ere used  (cf. 
C y v i n ’s bo o k  [47]).

T he G m a tr ix  e lem en ts for b e n t X Y 2 are  as follows

G1(A 1) =  2/j.x co s2 A  + fiy

^ 12( ^ 1) =  -  У 2 sin 2A  

G2( A 1) =  4/ix  s in 2 A  +  2fiy 

G(B1) =  2 /j,x s in 2 A  + fj,y

w here f ix =  l /nix i  f ly =  l/w iy, m  is th e  a to m ic  m ass, and  2A is th e  b o n d  
angle Y - X - Y .

T he force c o n s ta n ts  are  th en

F l ( A )  = f r +  frr

F J A J  = ][2f tx

F2(A i ) = f ,

F { B J  = / r - / r r .
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I f  th e  in te ra c tio n  fo rce  co n stan t is p u t  e q u a l to  zero, F ^ A j )  an d  F2( A 1) can  
be  fo u n d  b y  m eans o f  th e  G m a trix  a n d  th e  ex p erim en ta l frequencies fo r sy m ­
m e tric  S =  0  s tre tc h in g  an d  for 0  =  S =  О ben d in g . F ^ B ^  is found  from  th e  
an tisy m m etric  S =  0  s tre tch in g  freq u en cy :

F in a lly ,

F ( B  i)
G(Bi)

/r = T [F1(A) + i ,(B1)]-

T h e  above ou tlin ed  a p p ro ach  was used  to  o b ta in  th e  resu lts  given in  C olum n (1) 
o f T ab le  I I .

Table II

Calculated stretching force constants f T(S = 0 )

Molecule
A pproxim ations ( l)a

/r(S  =  0) 
m dyn A 1

Approximations (2)b 
/r(S =  0) 

m dyn A- 1

so2F2 12.081 12.202
S 02C12 10.540 10.680
S 02F B r 10.927c 11.068е
S 02FC1 11.329c 11.421е
c h 3o s o 2f 11.574
c h 3s o 2f 10.942 11.063
CeII5S 0 2Cl 10.281 10.432
CH30 S 0 2C1 10.520 10.683
(CH3)2N S 02C1 10.380 10.530
CH3S 0 2C1 10.175 10.305
so2 9.856 9.980
(CH3)2N S 0 2N(CH3)2 9.654c 9.782е
(CH3)2S 0 2 9.850 9.967
(C6H 6)2S 0 2 9.393c 9.560е
(CH2)2S 0 2 9.608 9.690
(CH2= C H )2S 02 9.228c 9.376е
(CH2)4S 0 2 9.349c 9.507е

a A pproxim ations: (i) G-matrix elem ents corresponding to kinem atic coupling betw een 
the S 0 2 group and the res t of the molecule are ignored; (ii) All force constants for interaction 
betw een the S 02 group and the rest of the molecule are equal to zero; (iii) The force constan t 
for the S 02 group stretching-bending in terac tion  _F12(A 1) =  0.

b A pproxim ations: Same as (i), (ii), (iii), and (iv) Gn (A t) connected w ith kinem atic 
coupling between sym m etric S = 0  stretching and  0 = S  =  0  bending is ignored.

c Bond angles used in these calculations were partly  based on assumptions (cf. Table I).
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A n o th e r, s till ro u g h er ap p ro x im atio n  m ig h t he to  ignore G ^ A j )  in  
add ition  to  p u tt in g  F ^ A ^  = 0. T he cond ition  G ^ A j )  =  0 m eans th a t  k in e ­
m atic  coupling  b e tw een  sym m etric  S =  0  s tre tc h in g  an d  0==S =  0  bend ing  is 
ignored. T h en  one gets

and

F X(A  i) К
G1( A 1)

f t = j [ F 1( A 1) + F ( B 1)]

w ith  th e  new  F ^ A j ) .
T his m e th o d  gave th e  values lis ted  in  C olum n (2) of T ab le  I I .  
C om parison  of th e  d a ta  in  Colum ns (1) an d  (2) of T ab le  I I  shows th a t  

/ r(S =  0 )  is increased  b y  an  am o u n t b e tw een  0.08 an d  0.17 m d y n  A -1  
(1 m d y n  Â -1 =  102 N m -1 ) w hen  G 12(A X) is ignored . T h e  rem o v a l of th e  G-m a-

1 0

1 0

V
S 0 2CI2

0

c h 3s o 2 f

0

C 6H5S02CI

o '

CHj OSOj CI

0

(CH3)2NS02CI

0

CH3S 02CI

0

s o 2

01
0

ro
X0-!=

!____
1_______

1____

(CH3)2 S 02

0

(C6HS)2 s o 2 

0

(CH2) 2 s o 2

0:Ç?(CH2=CH)2 S02 (CH2)4 S 02

- 2 0 2
1 0  D/

0

:  V n
I F, (mdyn /  A ] F., (m d y n /A )

Fig. 1. F ^ A j)  as a function  of F I2(A ,) from the approxim ation where th e  S 0 2 group was 
looked upon as a separate en tity . For [(CH3)2N]2S02 and (CH2)2S 02 also F2(A 1) is shown as a 
function of F 12(A  j). The vertical m ark  shows the F t(A  j) value chosen a t  F I2(A 1) =  0 (and th e  

corresponding F2(A t) values for the two molecules m entioned)
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t r ix  e lem ents co rrespond ing  to  k in em a tic  coupling be tw een  th e  SO , g roup  and  
th e  re s t  of the  m olecule w ould  also be expec ted  to  give sim ilar effects.

A v ib ra tio n a l analy sis  of one com ple te  m olecule, S 0 2C12, also show ed th a t  
fo rce  co n stan ts  co n n ec ted  w ith  th e  re s t of th e  m olecule in fluence  th e  freq u en ­
cies assigned to  S =  О s tre tch in g . W h en  a ll non-d iagonal valence force co n stan ts  
e x c e p t / rr were k e p t eq u a l to  zero, a v a lu e  of f r =  10.33 m d y n  Â -1  w as found 
( th e  tria to m ic  m odel v a lu e  was 10.54 m d y n  Â -1). W ith  a n o th e r se t o f force 
c o n s ta n ts  [45] found  a v a lu e  of 10.52 m d y n  A -1 . I f  m olecules R ’R S 0 2 are 
considered , R ’ an d  R  give d ifferen t c o n trib u tio n s , o f course, b o th  for th e  
rem o v ed  G -m atrix  e lem en ts  and  force co n stan ts . B u t th e  resu lts  o b ta in ed  for 
S 0 2C12 should give an  in d ica tio n  of th e  effects.

F inally , we ex am in e  th e  effect caused  b y  ignoring  th e  force c o n s ta n t for 
th e  SO, group stre tch in g -b en d in g  in te ra c tio n  ( F ^ A ^  =  0). F ig. 1 show s th e  
ellipses for F 1(A 1) as a fu nc tion  of F 12(A 1). A change in  F 12( A X) o f ± 0 .1 0  
m d y n  A “ 1 in  th e  v ic in ity  of F 12( A j)  =  0 re su lts  in  a change of 0.10 to  0.15 
m d y n  A “ 1 in  F 1(A!1). W hen  f r is expressed  as / г =  1 [ F ^ A J  +  F ( B 1)], and  
F ( B X) is co n stan t, th e  change in  f r is h a lf  as m uch as th e  change in  F ^ A j ) .
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On averag ing  the  S =  0  s tre tch ing  frequencies

G il l e s p ie  an d  R o b in s o n  [1] u sed  th e  average v a lu e  of th e  an tisy m m etric  
a n d  sym m etric  s tre tc h in g  frequencies in  d e te rm in ing  v a rious co rre la tio n  re la ­
tio n sh ip s , e.g. r(S =  0 )  vs. r(S =  0 ) .  S z m a n t  [3] a rgued , how ever, t h a t  ce rta in  
p h en o m en a  should  ca u tio n  us to  do so, e.g., th e  tw o  k in d s o f s tre tc h in g  fre ­
quencies are in flu en ced  to  d ifferen t e x te n t b y  changes in  th e  su b s titu e n ts  on 
th e  sulfone group. A ccord ingly , i t  w as decided to  exam ine th e  co rre la tio n  of 
th e  an tisy m m etric  an d  sym m etric  s tre tc h in g  frequencies an d  th e  in fluence  of 
av e rag in g  them .

Consider th e  S =  0  group as a d ia to m ic  X —Y  m olecule. F o r th is  model 
G =  /их  +  / l y  and  th e  force c o n s ta n t F  — f r. F o r a g iven  force c o n s ta n t th e  
v ib ra tio n a l frequency  m ay  be found  from

Я =  Gxy  ■ F,  Я =  4тг2с2г2, V in  c m -1 , or

A =  ( / I X  +  /< у ) / г  ( 1 )

T h e / r values found  fo r th e  X Y , group  can  be used to  fin d  v ib ra tio n a l freq u en ­
cies for X —Y  groups w ith  th e  sam e force co n stan ts .

B y ignoring G12(A j) for X Y 2, f r is found  to  be

fr = j [ F 1( A 1) + F ( B 1) ] = ± u j  do

L G i iA J  G ( B j
(2)
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U sing th is  expression  of f r, an d  th e  G m a trix  elem ents an d  in serting  all th e se  
in to  eq u a tio n  (1), we o b ta in

Гог th e  sulfone g roup  we h av e  /лу 2/J-x i f  X  =  S an d  Y  =  О. I f  th is  is u se d  
in  E q . (4), we have

+
V2yas

( 5 )

F ro m  —  (As +  Aas), an d  (1), an d  ignoring  / rr
2

(*, +  ^ a s )  =  fr (i«X  +  f 2 y )  — Ax y  •

F o r th e  frequencies:

»’XY = (6)

2
VXY (? )

T he V values co m p u ted  b y  th e  expression (1) using  t h e / r values in  Colum n (1) 
of T ab le  I I  are g iven in  C olum n (1) of T ab le  I I I .  C olum n (2) of T ab le  I I I  gives 
th e  correspond ing  frequencies from  th e  f r values in  C olum n (2) of T ab le  I I .
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T h e  sam e re su lts  w ere o b ta in ed  b y  m eans of expression (5). T he d a ta  of 
C o lum n  (3), T ab le  I I I ,  w ere o b ta in e d  accord ing  to  expression  (6). F in a lly ,

th e  average v a lu es , — (vs +  r as) are  lis ted  in  Colum n (4), T ab le  I I I .

T he d ifference betw een  co rresp o n d in g  values in  C olum ns (1) an d  (2) of 
T a b le  I I I  are be tw een  5 and  11 c m -1 . T h e  frequencies fo u n d  b y  m eans of th e  
av e rag e  X va lu es  (expression (6)), g iven  in  Colum n (3) o f T ab le  I I I  are  all 
sm a lle r th a n  or eq u a l to  th e  frequenc ies o f Colum n (2) of th e  sam e T ab le . 
T h e  average frequencies, C olum n (4), T ab le  I I I ,  all should  be sm aller th a n  th e  
co rresp o n d in g  v a lu es  of C olum n (3) acco rd in g  to  eq u a tio n  (7). A t th e  sam e tim e  
m o s t of th e m  are  la rg e r th a n  th e  co rrespond ing  values o f C olum n (1). E x c e p ­
tio n s  are S 0 2F 2 an d  C H 3S 0 2F  (1 c m -1  low er), and  (CH 2)2S 0 2 (3 c m -1  low er).

Table III

Calculated averages o f the stretching frequencies

Molecule v (S = 0)
(cm ' *)

( l )a (2)b (3)c (4)d

so 2F2 1387 1394 1390 1386
S 02C12 1295 1304 1303 1298
S 02FB r 1319 1327 1326 1321
S 0 2FC1 1343 1348 1346 1342
c h 3o s o 2f 1357 1355 1350
c h 3s o 2f 1320 1327 1322 1319
C6H5S 02C1 1279 1289 1285 1282
CH30 S 0 2C1 1294 1304 1302 1298
(CH3)2N S02C1 1286 1295 1293 1289
CH3S 0 2C1 1273 1281 1280 1276
so 2 1253 1261 1261 1257
(CH3)2N S02N(CH3)2 1240 1248 1246 1243
(CH3)2S 02 1252 1260 1257 1254
(C6H 5)2S 02 1223 1234 1229 1227
(CH2)2S 0 2 1237 1242 1236 1234
(CH2=  CH)2S 02 1212 1221 1221 1217
(CH2)4S 0 2 1220 1230 1226 1224

a Corresponding to expression (1) and using t h e / r values in Column (1) of Table II. 
b Corresponding to expression (1) and using t h e / r values in Column (2) of Table II. 
c Corresponding to expression (6).

d Average values, — (vs +  vas).
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N o values dev ia te  m ore th a n  5 c m -1 from  th e  co rrespond ing  frequencies of 
C o lum n (1). T hus th e  sim ple ap p ro ach  o f tak in g  th e  av erag e  frequency  does 
n o t  give a m uch d iffe ren t re su lt from  th e  m eth o d  of lo ok ing  upon  th e  S 0 2 
g ro u p  as a sep ara te  e n ti ty  (cf. th e  ap p ro x im atio n s described  in  th e  section  on 
th e  S =  0  s tre tch in g  force c o n s ta n ts  an d  lis ted  as (i), (ii) an d  (iii) in  T ab le  I I ) ,  
a n d  com puting  th e  frequencies from  th e  co rrespond ing  s tre tch in g  force con­
s ta n ts  (cf. eq. (1) o f th is  section). T h e  frequencies found  from  th e  average values 
o f  th e  A’s are w ith in  6 cm -1  from  th e  re su lts  o b ta in ed  b y  m eans of th e  S =  О 
s tre tc h in g  force c o n s ta n ts  w hen  in  ad d itio n  of th e  ab o v e  ap p rox im ations, 
G12(A i ) w as also igno red  (cf. th e  sec tion  on th e  S =  0  force co n stan ts  and  (iv) 
u n d e r  T ab le  II) .

Correlation relationships

A stan d a rd  le a s t-sq u a re s  p ro ced u re  [48] w as used  to  estab lish  th e  co rre­
la tio n  re la tionsh ips am ong  th e  geom etric  an d  v ib ra tio n a l p a ram e te rs . T he geo­
m e tric  d a ta  were used  w ith  w e ig h ts  inverse ly  p ro p o rtio n a l w ith  th e  s ta n d a rd  
d ev ia tio n s  paren th esized  in  T a b le  I .  T he v ib ra tio n a l d a ta  w ere given equal 
w eigh ts.

T he coefficients d e te rm in e d  are  lis ted  in  T ab le  IV  fo r 10 re la tionsh ips, 
second  degree, lin ea r  a n d  lo g a rith m ic  in  each case. T h e y  are believed to  he 
u sefu l within the r a th e r  n a rro w  intervals covered by the data. T h e  linear re la tio n ­
sh ips are  ce rta in ly  p re fe rred  fo r e x tra p o la tio n  ra th e r  th a n  th e  second degree 
expressions. U n fo rtu n a te ly , th e  p a ra m e te r  r(S =  0 )  o f S 0 2C12 w as seen n o t to  
b e  co n sis ten t w ith  th e  o th e r  d a ta  a n d  th u s  sulfuril ch loride w as n o t considered 
in  estab lish ing  th e  re la tio n sh ip s  lis ted  in  T ab le  IV  (ex cep t th a t  betw een  th e  
sy m m etric  and  a n tisy m m e tr ic  frequencies). In v erse ly , 1.420 Á can  be p red ic ted  
fo r  rg(S =  0 )  in  S 0 2C12.* Since th e  va lu e  of r(S =  0 )  w as e s tim a ted  for S 0 2FC1 
in  i ts  m icrow ave spectroscop ic  s tu d y  b y  H o lt  and  G e r r y  [11] i t  was in te re s t­
in g  to  observe th a t  th e  p re se n t co rre la tio n  re la tionsh ip  p ro v id es  firm  su p p o rt 
fo r  th e ir  estim ate.** O n th e  o th e r h a n d , 1.413 Â can  be e s tim a te d  for rg(S =  0 )  
o f  S 0 2F B r on th e  basis  o f th e  s tre tc h in g  frequency  vs. b o n d  len g th  re la tio n ­
sh ip . T he d a ta  on (C H 2)2S 0 2 w ere also left ou t of our f in a l ca lcu lations. T heir 
p o o re r  agreem ent w ith  th e  re la tio n sh ip s  for th e  o th e r p a ra m e te rs  m ay be con­
n e c te d  w ith  d iffe ren t bon d in g  pecu lia rities in  th is  r a th e r  s tra in ed  system .

T h e  re la tionsh ips e s tab lish ed  are  given in  T ab le  IV  an d  show n in  F igs 
2 — 7. Som e com m ents follow  below .

* Comparing the earlier [49] and further refined [7] values of г g (S = 0 ) ,  it is suspected 
that this parameter was strongly influenced by the empirical background used. A reinvestiga­
tion is warranted in any case.

** The value of 1.408 Â was estimated as to be between 1.405 Á as given for S 02F2 in the 
microwave paper [5] and 1.409 Â as given for S 0 2C12 in the earlier electron diffraction paper 
[49]. By fortunate coincidence, the value of 1.408 Â is still between the electron diffraction 
value of 1.398 Â for S 0 2F2 (Table I) and the one (1.420 Â) estimated now for S 02CI2.
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Table TV

The constants A 0, А г and A 2 fo r  у  =  A 0 +  А гх  +  A 2x 2 fo u n d  by 
the least-squares method. 2A  is the 0 = S = 0  bond angle, R  the S  =  О bond length

У X A0 A, A2 Standard
deviation

2A R - 3 0 4 0 .5 2 4632.13 - 1 6 9 3 .5 7 0.56
2A R 358.373 -  166.525 0.61

lg  2A lg R 2.37969 - 1 .9 2 8 9 9 0.62a

»’s R 79031.6 - 106631 36487.8 9.8
fs R 5404.21 - 2 9 6 2 .6 2 12.5

l g f s lg R 3.61213 - 3 .5 0 8 5 7 11.9a

R 42738 .9 - 5 3 9 6 2 .3 17500.0 14.0
R 7426 .24 - 4 2 4 1 .6 4 14.5

lg  fas lg R 3.80090 - 4 .2 9 6 7 4 14.2a

fs 3888.88 -4 .4 8 1 9 1 0 .00182282 11.2
fs fas 375.297 0.583985 13.0

lg  f s lg  fas 0 .947270 0.676814 13.1a

vas
2A - 1 0 .8 4 3 8 0.193229 -0 .0 0 0 7 9 7 8 6 1 0.0079

v as
2A 1.06171 -0 .0 0 1 7 2 4 0 7 0.0083

lg (2 A ) 0.442553 -0 .2 4 5 6 3 0 0 .00833

f br R 1369.14 -1 8 5 4 .1 1 631.889 0.132
/ > R 95.1364 - 5 9 .5 4 7 7 0.193

1g л lg R 6.88854 - 6 9 .1 7 7 9 0 .131a

f ? R 1200.76 - 1 6 1 5 .0 4 547.123 0.158
Л R 97.1161 - 6 0 .8 2 7 3 0.196

Ig/ ? lg R 2.25034 - 8 .0 1 7 4 3 0 .1763

R 74537.8 - 9 9 5 2 7 .7 33763 .6 8.4
yd R 6464.12 - 3 6 3 9 .0 5 11.3

lg  r d lg R 3.71703 - 3 .9 7 0 7 2 10.4a

yQ R 64356.1 - 8 5 0 9 6 .5 236559 9.8
V e R 6551.91 - 3 6 9 3 .8 7 14.9

lg  V e lg R 3.72614 - 4 .0 0 8 5 4 10.9a

Vf R 61159 .2 - 8 0 6 8 3 .0 27130 .3 9.8
Vf R 6432.34 - 3 6 1 4 .0 5 11.3

l g f i lg R 3.71379 -  3 .94097 10.7

aThis standard deviation does not correspond to у  =  lg 2  but to z itself, for better com­
parison with the other values.

b These force constants correspond to Column (1) of Table II . 
c These force constants correspond to Column (2) of Table II . 
d These frequencies correspond to Column (1) of Table I I I . 
e These frequencies correspond to Column (2) of Table I I I . 
f These frequencies correspond to Column (4) of Table II I .
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Fig. 2. The 0  =  S =  0  angle (2A) as a function of th e  S =  0  bond length  (R). +  experim ental
values, ----- linear equation, least-squares result, T able IV, - - - - second degree equation,

least-squares result, Table IV, . . . .  2A =  2 arc sin (2.483/2R)

Fig. 3. The sym m etric S = 0  stretching frequency (vs) and  the antisym m etric S = 0  stretching
frequency (vas) as function of th e  S =  0  bond length (R). +  experim ental values, ------ linear
equations, least-squares result, Table IV, - - - - second degree equations, least-squares result,

Table IV
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Fig. 4. The sym m etric S = 0  stretching frequency (vs) as a function of the antisym m etric
S = 0  stretching frequency (ras). +  experim ental values, --------- linear equation, least-squares

result, Table IV, -------second degree equation, least-squares result, Table IV

The 0  = S  = 0  angle (2A )  as a function  o f the S = 0  bond length ( R )

As m entioned  earlie r (cf. sec tion  on th e  geom etric d a ta ) , th e  ex p erim en ­
ta l ly  de term ined  О . . .  О d istances ap p ea r to  he rem ark ab ly  c o n s ta n t (av erag e  
v a lu e  2.483 Â) in  th e se  m olecules. I f  th is  is u tilized , th e n  th e  re la tio n sh ip  
b e tw een  th e  О =  S =  О b o n d  angle an d  th e  S =  О bond  d is tan ce  is found  from

2A =  2 arc sin (2.483/2 R).

Fig. 5. vs/vas as function  of the 0  =  S = 0  angle (2A). +  experim ental values, -------

equation, least-squares result, - - - - second degree equation, least-squares result, . .

' cos2 A +  1 t 1/2

linear
v s =

=  1.018
Í cos2 A +  1 у  
\  sin2 A +  1 I
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Fig. 6. The S = 0  force constan t f r found according to  approxim ations i, ii, and iii of Table I I  
and given in Column (1) of the same table  as function  of the S =  0  bond length  (R). -f- values
found from experim ental results, ---------  linear equation, least-squares result, Table IV,

second degree equation, least-squares result, Table IV

Fig. 7. Average S = 0  stretching frequencies from  Column (1) of Table I I I  as function of th e
S = 0  bond length (R). +  values found from  experim ental results, ---------  linear equation,
least-squares result, Table TV, - - - - second degree equation, least-squares result, Table TV
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I t  is seen in  Fig. 2 t h a t  th e  cu rve  from  th is  fu n c tio n  d iffers v e ry  little  indeed  
fro m  th e  curves fo u n d  b y  th e  least-squares p rocedure .

I t  is in te re s tin g  to  n o te  th a t  th e  re la tio n sh ip  o b ta in e d  d irec tly  from  th e  
d a ta  on 2A and  R  is co n sis ten t w ith  s im ila r re la tio n sh ip s  betw een  these  
tw o  param eters as o b ta in e d  th ro u g h  a th ird  p a ra m e te r. T h u s , th ro u g h  th e  
sy m m etric  s tre tch in g  freq u en c ies :

2A  =  342.993 -  155.395 R

th e  an tisym m etric  s tre tc h in g  frequencies:

2A  =  343.371 -  155.520 R

th e  force c o n s ta n ts , / r( l ) :

2A =  353.663 -  163.242 R
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vs/vas as function  o f the 0  = S  = 0  angle (2 A )

From  th e  a p p ro x im a tio n  w here G ^ A j )  is ignored  fo r th e  X Y 2 m odel, 
w e o b ta in

_fs G i A J F f A J 1/2

P u tt in g  =  —  jUy w h e n  in serting  th e  expressions for th e  G -m atrix  e lem ents,
2

w e get
1/2Vs cos2 A +  1 : 1/2 F 1(A 1)

^as sin2 A +  1 F (B J

A  least-squares a d ju s tm e n t of к
cos2 A +  1 j h 2

th e  w eighted av e rag e  of
F 1(A 1) 1/2

sin2 A  +  1
gave к =  1.0182, w hile

=  1.0184, th e  tw o  v a lu es  being in  excel-

le n t  agreem ent (к  h a d  a s ta n d a rd  d ev ia tio n  of 0.0029 in  th e  least-sq u ares  
calcu lation).

Vo
This form  o f ----- - as a func tion  of th e  О =  S =  О ang le  is show n to g e th e r

w ith  the  linear a n d  q u a d ra tic  re la tionsh ips in  Fig. 3.

Frequencies derived from  the f r values

/ r( l) : th e  S 0 2 g ro u p  is tre a te d  as a th ree -a to m ic  m olecule w ith  F 12(A j) =  0 . 

/ r ( l ) = i - [ F i ( ^ i )  +  F (B 1)]
Zi
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v(l) is found  as v(l) = ------ [ / r( l )  ( / +  ^ 0)]1/2
2 nc

f r(2): th e  S 0 2 g roup  is tre a te d  as a th ree -a to m ic  m olecule w ith  F ^ A j )  =  
0 , an d  also igno ring  G ^ A j)

К 2 ) = - ^ [ / г(2)(/15 +  Ы ] 1/2- 
2 nc

*
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THE STRUCTURAL MODEL OF WATER, II

T H E  STRUCTURE O F AM ORPHOUS ICE AND STRUCTURAL RELATIONS 
B ETW EEN  W ATER AND SOME IC E POLYM ORPHS ON T H E  BASIS OF T H E  

TETRAGONAL CLUSTER MODEL
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The basic ideas of the tetragonal cluster model of w ater (H a jd ú , 1977) have been 
applied to  amorphous (vitreous) ice. The experim ental results of N a k t e n , V e n k a t e s h , 
and R ic e  (1976) can be well in terp re ted  in  term s of a cubic cluster model.

A qualitative physical picture is given to explain th e  tem perature  sequence and 
the transform ations of the two types of vitreous ice, crystalline ices I c, 7ft and liquid 
w ater. The changes in th e  geometrical arrangem ent of molecules are deduced from the 
variations in the relative streng th  of hydrogen bonds betw een the first and van der 
W aals bonds between the second, th ird , etc. neighbours.

Introduction

I n  our p rev ious p ap ers  [1, l a ] ,  [2], some resu lts  o b ta in ed  b y  an  X -ray  
d iffrac tio n  s tu d y  on liq u id  w a te r  an d  on th e  te tra g o n a l c lu s te r m odel o f w ater, 
h av e  been  rep o rted  respec tive ly . In  th e  p resen t p ap er, th e  a d a p ta tio n  of th e  
m odel to  am orphous ice(s) is show n an d  a q u a lita tiv e  p ic tu re  proposed  for 
th e  te tra g o n a l w a te r s tru c tu re , as well as for th e  m u tu a l s tru c tu ra l an d  p h y s­
ica l re la tio n s (fo rm ation  an d  tra n sfo rm a tio n ) ex isting  b e tw een  som e ice p o ly ­
m o rp h s, supercooled an d  o rd in a ry  w ater.

1. Amorphous ice

1.1. Some properties o f amorphous ( vitreous)  ice

T he s ta rtin g  p o in t o f ou r in v es tig a tio n s  on am orphous ice w as th e  w ork­
in g  hyp o th esis  of D . Ola n d er  an d  S. A. R ice accord ing  to  w hich  am orphous 
(v itreous) ice could be reg a rd ed  as a frozen  m odel of liq u id  w a te r  [3]. W e have 
tr ie d  to  a d a p t th e  te tra g o n a l m odel o f w a te r  to  th is  m e ta s ta b le  fo rm  o f ice.

T he necessary  ex p erim en ta l d a ta  becam e ava ilab le  fo r us in  th e  p ap er 
o f  N ar ten , Y enkatesh  an d  R ice [4]. F ro m  th e ir  re p o rts  i t  becam e clear 
t h a t  am orphous ice has a t  le a s t tw o  m odifications each  of w hich is p rep ared  
in  vacuo  b y  th e  slow deposition  of w a te r  from  th e  v a p o u r p h ase  on to  a deeply
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coo led  ta rg e t. T he f i r s t  m o d ifica tio n  w as p rep a red  on a copper p la te  cooled 
be low  10 К  and  th e  sam p le  w as being  k e p t a t  th is  te m p e ra tu re  during  th e  
X - ra y  and  n eu tro n  d iffra c tio n  s tu d y . A second m od ifica tion  w as ob ta ined  by  
a s im ila r procedure, b u t  a t  77 K . A  th ird  sam ple has la s tly  been  s tu d ied  w hich 
h a d  been  p repared  fro m  th e  10 К  version  b y  w arm ing  i t  a fte rw ard s  to  77 К  
a n d  su b m itted  to  d iffra c tio n  ex p erim en ts  a t  th is  te m p e ra tu re . Below  we shall 
re fe r  to  th e  th ree  sam p les  w ith  th e  n o ta tio n s  10 K /10 K , 77 K /77 K , an d  
10 K /77  K , respective ly .

T he X -ray  sc a tte r in g  cu rves an d  th e  p a ir  co rre la tio n  fu n c tio n s derived 
fro m  th em  are sim ilar to  th o se  of liqu ids and  u n am b ig u o u sly  exclude the  p res­
ence  of a crysta lline  p h ase . T h ey  show  th a t  th e  s tru c tu re  o f  b o th  sam ples 
p re p a re d  a t  10 К  s tr ik in g ly  resem bles th a t  o f liq u id  w a te r . A n  o u ts tan d in g  
fe a tu re  in  th e ir  p a ir  c o rre la tio n  curves is a p eak  a t  r  =  3.3 Â  betw een  th e  tw o 
m a x im a  belonging to  th e  f irs t  (2.76 Â) and  second (4.5 A) te tra h e d ra l neighbour 
d is tan ces ; the  second te tr a h e d ra l  p eak  ex h ib its  a  su b sid ia ry  m ax im um  (a 
“ sh o u ld e r” ) a t a b o u t 3.9 Á , th u s  i t  seems to  be com posed o f tw o  overlapping  
m ax im a . A t th e  sam e tim e , th e  d en sity  of these  sam ples — as rep o rted  in  th e  
p a p e r  referred  to  — is 1.1 g e m -3 , i.e., b y  18 % h ig h er th a n  th a t  of c rysta lline  
o rd in a ry  ice (7Л) an d  cub ic  ice ( I c) a t  th e  sam e te m p e ra tu re  and  pressure 
(0.93 g em -3). A ll th e se  fea tu re s  a re  sim ilar to  th o se  observed  on liqu id  w a te r 
[1]; th e  m ost im p o r ta n t  d ifference betw een  th e  num erica l d a ta  is th e  f irs t 
n e ig h b o u r d istance w h ich  is a b o u t 2.83 Â in  liq u id  w a te r  in  th e  v ic in ity  of th e  
m e ltin g  po in t, w hereas i t  has th e  “ ice v a lu e” , 2.76 A in  th e  am orphous ices. 
A ll o th e r abscissa v a lu es  o f th e  peaks in  th e  p a ir  co rre la tio n  curves are also 
sm alle r th a n  th e  co rresp o n d in g  ones of w ater. T he m ax im a  are  sharper owing 
to  th e  restric ted  th e rm a l m o tio n  o f  th e  m olecules.

The p a ir c o rre la tio n  cu rv e  of th e  am orphous ice sam ple  77 K/77 К  differs 
fro m  the  o ther tw o m a in ly  in  th a t  th e  peak  a t  3.3 Â is a lm o st absen t, th e  
m ax im u m  around  4.5 Â  ex h ib its  no discernible “ sh o u ld er”  a n d  a t  th e  sam e 
tim e , th e  density  ap p ro ach es  th e  c rysta lline  v a lu e  (d =  0.94 g e m -3). The f irs t  
p e a k  is even sharper th a n  in  th e  fo rm er cases, b u t  th e  c h a ra c te r  o f th e  in te n s ity  
a n d  p a ir co rrelation  fu n c tio n s  is s till liquid-like.

I t  seemed to  us an  obvious o p p o rtu n ity  to  a t te m p t  th e  ad a p ta tio n  of 
th e  te trag o n a l c lu ste r m odel to  th e  above am orphous ice form s m aking  use of 
th e  ta b u la te d  in te n s ity  a n d  p a ir  co rre la tion  fu n c tio n s g iven  by  N a r t e n , 
V e n k a t e s h  and  R ice  [4]. T h e  tr ia l  seem ed th e  m ore ju s tif ia b le  as our m odel 
d iffers rad ica lly  from  th e  in te rs ti t ia l  w a te r m odel of N a r t e n , D anfo r d  an d  
L e v y  (see e.g. [5]) as w ell as from  its  version  p roposed  fo r am orphous ice b y  
th e  above au th o rs  in  ref. [4]. I n  these  m odels, th e  ice I h la tt ic e  is claim ed to  
be  va lid  for b o th  w a te r  an d  am orphous ice; th e  n e tw o rk  is tre a te d  as being  
p rac tica lly  in fin ite . T h e  increase  of density  and  th e  “ in te rs t i t ia l”  peaks are  
ex p la ined  by  th e  a ssu m p tio n  of th e  existence of free, gas-like w a te r  m olecules
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o ccu p y in g  a certa in  fra c tio n  of th e  cav ities of th e  ice la tt ic e  w ith o u t fo rm ing  
h y d ro g en  bonds w ith  th e  n e tw o rk  m olecules.*

T h e  te trag o n a l c lu ste r m odel is based  on opposite  assum ptions. As p o in t­
ed o u t in  ref. [2], th e  topo lo g y  o f th e  ice If, la ttic e  is in co n sis ten t w ith  a la rge

f lu c tu a tio n  of the  bo n d  angles О — Н О Н  — О, or w ith  an  even  sligh t dev ia tio n  
o f  th e ir  m ean  value from  th e  te tra h e d ra l 109.47°. C o n tra ry  to  th is , th e  ice I c 
la t t ic e  can  go over in to  te tra g o n a l b y  a sim ple d e fo rm ation  b y  w hich th e  m ean  
b o n d  angle value m ay  becom e ^ 1 0 9 .4 7 ° , s im u ltaneously  p reserv in g  th e  m irro r 
sy m m etrie s  of the  w a te r  m olecule. W e em phasize th is  fe a tu re  of th e  m odel 
b y  rem in d in g  of w ell-know n fac ts  ab o u t th e  fo rm atio n  an d  tran sfo rm a tio n s  
o f  am o rp h o u s, cubic, an d  h ex ag o n a l ices as follows. (See, e.g. [13], [17].)

T h e  conditions of fo rm a tio n  o f th e  am orphous ices h av e  been  described 
above. C rystalline cubic ice I c can  he p roduced  e ith e r  from  am orphous ice 
b y  w arm in g  i t  above 110 K , or d irec tly  b y  a sim ilar p ro ced u re  as discussed 
ab o v e  b u t  raising th e  te m p e ra tu re  o f th e  ta rg e t over 110 K . U nder sim ilar 
co n d itio n s , o rd inary  ice I h is fo rm ed  only  above 150 K , or a lte rn a tiv e ly , b y  a 
sp o n tan eo u s  and irreversib le  tra n s fo rm a tio n  of ice I c a t  a b o u t 150 K . T hese 
ex p e rim en ts  have been  rep ro d u ced  an d  described  b y  th e  above au th o rs  [4]. 
T h e  ex p erim en ta l fac ts  are h a rd ly  reconcilab le  w ith  th e  p re su m p tio n  of th e  
h ex ag o n a l la ttic e  s tru c tu re  in  th e  am orphous s ta te s .

A  second s ta te m e n t o f th e  in te rs ti t ia l  m odel w hich seem s to  us physica lly  
u n lik e ly  is th a t  of th e  coex istence o f tw o sh a rp ly  d iffe ren t s ta te s  of th e  w a te r  
m olecules in  th e  sam e ph ase : fu lly  h y d rogen -bonded  n e tw o rk  m olecules on 
one p a r t  and  com pletely  free in te rs ti t ia l  ones on th e  o th e r. T he te tra g o n a l 
c lu s te r  m odel, in  tu rn , assum es f in ite  c lusters w ith  a hyd rogen -bonded  te t r a ­
gonal la tt ic e  s tru c tu re  an d  th e  agg rega tion  of th e  c lu ste rs  w ith  th e  fo rm atio n  
o f m ore  closely packed  lay e rs  in  th e  a d ja c e n t boundaries. I n  th e  in te rio r  o f 
th e  c lu s te rs , th e  m olecules a re  4 -b o n d ed , in  th e  b o u n d a ry  lay e rs  m o stly  3- an d
2 -b o n d ed  and  th e  n u m b er o f I -  a n d  0 -bonded  m olecules is reg a rd ed  neglig ib ly  
sm all. (T he w ord “ b o n d ed ’1 s tan d s  here  for “ hydro g en -b o n d ed ” , n o t im ply ing  
v a n  d e r W aals in te rac tio n s.)

1.2. Fitting o f the pa ir correlation functions

T h e  a d a p ta tio n  of th e  te tra g o n a l c lu ste r m odel to  th e  am orphous ices 
— sim ila rly  to  th e  p ro ced u re  ap p lied  to  liq u id  w a te r  [2 ] — to o k  place in  
severa l steps.

* In  the paper referred to  an a lternative  model is also proposed, nam ely a netw ork 
sim ilar to  th a t  of ice II  or ice I I I ,  or a m ixture of the two. Since bo th  are high-pressure ice 
forms, we cannot regard them  as th e  basis of a physically more plausible hypothesis th an  
th a t  m entioned first.
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(i) Distinction between intra-lattice and interstitial distances

T h e sep ara tio n  o f  th e  observed  p a ir  d is tan ces  in to  th e  g roups of la ttic e -  
p o in t  d istances an d  in te r s t i t ia l  ones, w as fa c ilita ted  b y  th e  availab le  th re e  
in d e p e n d e n t d a ta  sets. A s a lre a d y  m en tio n ed , in  th e  p a ir  co rre la tion  curves 
o f  b o th  10 К  sam ples (d e n s ity  1.1 g e m -3), a v e ry  sharp  p eak  is found  a t  3.3 Â, 
a n d  th e re  is an  u n reso lv ed  p e a k  (a “ sh o u ld e r” ) a ro u n d  3.9 Â. T hese fea tu res  
a re  a lm o st ab sen t from  th e  cu rv e  o f  th e  77 К  sam ple (d en sity  0.94 g em -3 ). 
T h e  m ain  peak  of th e  la t t e r  a t  2.76 Â  is even  sh a rp e r th a n  in  th e  tw o fo rm er 
in s ta n c e s  in d ica ting  th a t  th e  77 К  sam p le  s tan d s  n ea re r to  a cry sta llin e  fo rm  
(p re su m ab ly  to  ice I c) th a n  do th e  tw o  fo rm er ones. T he above observations 
le d  us to  estab lish  em p irica lly  tw o im p o r ta n t  in te rs ti t ia l  d is tan ce  values a t
3.3  a n d  3.93 Â. T ak in g  in to  acco u n t t h e  re su lts  o f c lu ste r s im u la tio n  (see below ), 
som e fa rth e r  in te rs ti t ia l  d is tan ces  w e re  in tro d u ced  also a t  r-va lues b e tw een  5 
a n d  6 Á and  above 6 Â. I t  is a re m a rk a b le  fea tu re  o f th e  m odel th a t  w ith in  
th e  ran g e  4 <  r  <  5 A ,  no  in te r s t i t ia l  d istances w ere fo u n d  n e ith e r  b y  th e  
sem i-em pirical a p p ro x im a tio n , n o r b y  co m p u te r sim u la tio n  of th e  c lu ste r 
agg regates.

(ii) Determination o f the lattice parameters

As show n earlier [2 ] , th e  te tra g o n a l la ttic e  is ch a rac te rized  by  th e  f irs t  
n e ig h b o u r d istance, R ,  a n d  th e  bo n d  angle, 2 a , su b ten d ed  b y  th e  H -bond  lines 
co n n ec tin g  3 neighbouring  oxygen  a tom s. In  accordance w ith  N a r t e n  et al. [4 ] ,  
R  =  2 .7 6  A .

E stab lish ing  th e  o p tim a l va lu e  fo r th e  bo n d  angle, 2 a , proved  to  be а 
m ore  d ifficu lt ta sk , because  o f th e  o v erlap  of som e n e tw o rk  an d  in te rs titia l 
d is tan ces . A fter sev era l tr ia ls , i t  has been  fo u n d  th a t  i t  is th e  te tra h e d ra l angle, 
2 a  =  1 0 9 .4 7 ° , w hich re su lts  n o t on ly  in  a su ffic ien tly  good f i t  o f th e  functions 
g (r), b u t  also th e  sets o f  ra d ia l d istances an d  co o rd in a tio n  num bers i t  y ields 
c a n  be best in te rp re te d  b y  th e  m odel. R ecalling  th e  angle 2 a  =  9 7 °  found  for 
w a te r  (d ep artu re  from  th e  te tra h e d ra l ang le : — 1 2 .5 ° ) , we m ay  now  s ta te  th a t  
th e  am orphous ices c a n n o t be tre a te d  as sim ply  th e  frozen  m odels of liq u id

2 .7 6
w a te r  reduced b y  a fa c to r  of —----- =  0 .9 7 5 . A ltho u g h  th e  m ain  difference

2 .8 3
b e tw een  th em  is d e te rm in e d  b y  th e  f ir s t  ne ighbour d istance , th is  difference 
in v o lv es  fu rth e r  p h y sica l an d  g eo m etrica l consequences. A  difference in  th e  
R  va lu e  affects th e  a b so lu te  and  re la tiv e  s tren g th s  of th e  H -bond  betw een  
f i r s t  neighbours, an d  o f v a n  d er W aa ls  forces betw een  th e  o thers, w hich causes 
a lte ra tio n s  in  th e  g eo m etry . I t  seem s, as i f  th e  ice-like v a lu e  o f R  ( =  2 .7 6  A) 
in v o lv ed  th e  sam e also fo r th e  b o n d  ang le  2 a  ( — 1 0 9 .4 7 ° ) . O n su b s titu tin g  
th e se  param eters , th e  te tra g o n a l la tt ic e  becom es id en tica l w ith  th e  ice I c 
la tt ic e , hence th e  sy m m e try  of th e  c lu ste rs  gets cubic.
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(iii) Fitting  the pa ir correlation functions

H av in g  defined  th e  in te rn a l s tru c tu re  of th e  clusters b y  f ix in g  R  an d  a , 
an d  h av in g  e stab lish ed  em pirically  th e  m ost ch a rac te ris tic  in te rs t i t ia l  d is­
tances (i.e., th e  m ost fre q u e n t in te rm o lecu la r separa tio n s b e tw een  tw o n e ig h ­
bouring  clusters), th e  ran g e  of f i t t in g  w as chosen. As th e  low er lim it, we to o k  
rmin =  2 Â , since in  th e  g00(r) T ables o f ref. [4], th e  f irs t non-zero  values are 
found  a t  r min =  2.09 Á . A ltho u g h  th e  T ab les  ex ten d  to  r max =  15.09 Â , we 
have  te rm in a te d  th e  ra n g e  o f f i t t in g  a t  a b o u t 8 A. A fa r th e r  ex p an sio n  w ould  
have  g rea tly  increased  th e  co m p u te r tim e  w ith o u t add ing  im p o r ta n t  pieces 
o f in fo rm atio n  on th e  s tru c tu re . H av in g  v o lu n ta rily  neglec ted  th e  s tru c tu re  
above r ~  8 Â, (i.e., te rm in a te d  th e  series o f  d iscre te  in te rm o lecu la r d is tan ces  
below  th is  lim it and  ta k e n  g(r) = 1 above it ,)  a re c tan g u la r  ju m p  of g(r) from  
0 to  1 has been  e lim in a ted  b y  th e  in tro d u c tio n  of an  a rtific ia l tra n s it io n  te rm , 
gc(r) (w here su b sc rip t “ c”  s tan d s fo r “ co n tin u o u s” ), in  th e  follow ing w ay.

w h ith  1

gd(ri, r) = Ci X [(32Я3)1'2 I frp ] -1 X 

an d

gc(rc, r) =  exp

g(r) = 2  gd{ri, r) + gc(rc, r)
i

(r, -  r f  1exp

(rc - r ) 2

2 if
— exp

212
» i f  Г <  rc ;

gc{rc, r) =  1, i f  r S: rc

(г +  г)2 Ц

211 JJ

w here g j j h  r) denotes th e  te rm s each o f w hich  rep resen ts th e  c o n tr ib u tio n  of 
a d is tin c t d istance  r,; th e  p a ram e te rs  rc an d  Z2 deno te  th e  in n e r rad iu s  of th e  
“ stru c tu rle ss  sphere”  (o r th e  “ co rre la tion  ra d iu s” ), an d  th e  m .s. f lu c tu a tio n  
o f th is  len g th , resp ec tiv e ly . T h e  la tte rs  w ere re fin ed  b y  th e  lea s t squares f i t t in g  
p rocedure.

T he n u m b er of d is tan ces  defined  b y  th e  la ttic e  geom etry  w as 6 , th a t  o f 
em pirically  chosen “ in te rs t i t ia l”  ones 7. T h e  13 d istance  values fix ed , th e  
v a ried  p a ram e te rs  for th e  f i t t in g  procedure  w ere th e  co o rd in a tio n  n u m b ers , C,, 
th e  m .s. am plitudes Z? (i — 1, . . ., 13), rc an d  Z2, a lto g e th e r 28 v a riab les.

1.3. Estimated mean cluster volume 
and computer simulated cluster aggregates

(i) In  m odelling  liq u id  w a te r [2], th e  estim a tio n  of m ean  c lu ste r vo lum es 
w as based  on th e  vo lum e effect, i.e., on th e  difference betw een  th e  m olecu lar 
vo lum e in  an  ideal in f in ite  te tra g o n a l n e tw o rk  (defined b y  R  an d  oc) an d  in  
rea l w a te r, th e  te m p e ra tu re  dependence o f b o th  volum es ta k e n  in to  acco u n t.

Acta Chim. Acad. Sei. Hung. 96, 1978



360 HAJDÚ: THE STRUCTURAL MODEL OF WATER, II

Considering th e  d en sities of th e  am orphous sam ples, we see th a t  b o th  
o f  th e  10 К  sam ples e x h ib it  a vo lum e decrease o f 15 % as com pared  w ith  th e  
ices If,, or I c. Since th is  effect is ap p ro x im a te ly  eq u a l to  th a t  found  for liq u id  
w a te r , we have assum ed  th a t  th e  m ean  c lu s te r vo lu m e is also sim ilar to  th a t  
o f  a “ w a te r c lu s te r”  [2]. A volum e co n ta in in g  388 m olecules (N c =  388) 
p ro v e d  to  be su itab le  as th e  basis of th e  s im u la ted  m odel o f c lu ste r aggregates. 
T h e  shape of th e  c lu s te r  is ap p ro x im a te ly  a q u a d ra tic  p rism  of d im ensions 
1 8 X 1 8 X 2 5  Á 3.

N a r t e n  et al. h a v e  also m ade an  e s tim a tio n  o f th e  co rre la tion  len g th  
a n d  fo r th e  co rrespond ing  edge len g th  o f a cube ta k e n  as s tru c tu ra l u n it. F o r 
th e  la t te r  th ey  fo u n d  24 Á  [4].

(ii) The f in a l re su lt  o f c lu ster s im u la tio n  is a d is tan ce  s ta tis tic s , i.e., 
a lis t of th e  occurring  p a ir  d istances, th e ir  o ccu rrency  n u m b ers , and  th e  av erag e

Table I
Parameters o f fitted  pa ir correlation functions, g (r ) , o f amorphous ice samples 

on the basis o f the cubic cluster model

N otation o f am orph 0U8 ice samples

10K /10K 10K/77K 77K/77K

R  =  2.76 A a  =  54.735°

i Tik Ci U A Ci l<A Ci /(A Ci CO

1 2.76 4.25* 0.15* 4.32** 0.155* 3.88* 0.11* 4
2 4.507 9.12 0.30 10.89 0.28 11.25 0.34 12
3 5.285 7.47 0.37 6.15 0.28 6.66 0.80 12
4 6.374 4.42 0.38 4.68 0.46 3.13 0.30 6
5 6.946 7.91 0.38 8.02 0.38 7.91 0.33 12
6 7.80 15.53 0.65 15.46 0.62 14.76 0.42 24

7 2.80 added to  Cx - added to Cj r7=  2.70 Â added to Ct -
8 5 .3 0 i . o ú Л  ЛЛ \J.\jy 1.56 o . i o 0.18 0.10
9 3.93 4.37 0.30 2.95 0.18 1.02 0.20

10 5.64 2.85 1.00 2.30 0.90 2.00 0.35
11 6.14 7.05 0.32 7.34 0.35 6.13 0.75
12 6.70 1.95 0.24 2.02 0.24 2.40 0.24
13 7.50 15.07 0.90 15.14 1.20 14.31 1.40

Z( 81.55 80.83 76.53

Ti A 9.45 9.39 8.96

h Â 1.20 1.20 0.73
a 0.031 0.026 0.036

* Contracted w ith  the param eters of the in terstitia l 2.80 Â.
** Contracted w ith  the param eters of the in te rstitia l 2.70 Â.
Distances No 1, . . ., 6 are lattice point separations, 7, . . ., 13 are interstitial.
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co o rd in a tio n  num bers ( =  2X  occurence n u m b er/n u m b er of m olecules). T h e  lis t 
o f d is tan ces  an d  average coo rd in a tio n  num bers is d ire c tly  com parab le  w ith  th e  
co rrespond ing  p a ra m e te rs  of th e  sem i-em pirical f i t .

T h e  s im u la ted  m odel an d  p a r tic u la r ly  th e  com parison  of th e  d is tan ce  
s ta tis tic s  o f  a c lu ste r aggregate  w ith  th a t  of th e  in d iv id u a l cluster, illu m in a te s  
th e  d iffe ren t roles p lay ed  b y  th e  la ttic e -p o in t d is tan ces  and  th e  in te rs t i t ia l  
ones. T hose  belonging  to  th e  f ir s t  group are p re se n t in  th e  single c lu s te r  as 
well as in  th e  aggregate . Som e item s of th em , how ever, are  figuring  w ith  g re a te r  
coo rd in a tio n  n u m b ers  in  th e  aggregate  owing to  a coincidence w ith  an  in te r ­
s titia l d is tan ce  value.

T h e  in te rs ti t ia l  d is tan ces  — tho se  coinciding w ith  n e ither of th e  la ttic e -  
p o in t d is tan ces  — are p re se n t on ly  in  th e  aggregates. W ith  regard  to  th e  g re a t 
num ber o f such  item s as y ie lded  b y  th e  s im u la tio n  o f th e  aggregates, w e h av e  
co n trac ted  th em  in to  sm aller sub-groups in  o rd er to  ge t synoptical tab le s  an d  
to  m ake an  easier com parison  w ith  th e  sem i-em pirical f i t .  In  T able I I ,  th e  su b ­
groups are ch a rac terised  w ith  th e  range of d is tan ces  th e y  cover, an d  th e  sum

Table II

Distance statistics o f a simulated cubic cluster and its aggregate 
Cluster param eters: R  =  2.76 Á, a  =  54.735°, N c =  388

i H Á C{ CO Cf C(l C( oo 
in the individual cluster

Q
in the  aggregate

. Q
in the semiempirical model 

fitted  to  g(r) of the  
10K/10K sample

1 2.76 4 3.40 0.850 3.40 4.25*
2 4.507 12 8.94 0.745 8.94 9.12
3 5.285 12 8.35 0.696 8.75 7.47
4 6.374 6 4.05 0.675 4.05 4.42
5 6.946 12 7.26 0.605 7.67 7.91
6 7.80 24 13.57 0.565 15.83 15.43

7 2 .8 -3 .0 0.62 _  * *

8 3.2 — 3.5 2.17 1.56
9 3 .7 -4 .3 2.57 4.37

10 5 .3 -5 .5 0.67 —

11 5 .5 -5 .8 3.73 2.85
12 5 .9 -6 .3 6.97 7.05
13 6 .4 -6 .8 1.15 1.95
14 7 .2 -7 .7 14.99 15.07

z c t 81.51 81.55

* C ontracted w ith the coordination num ber C7 pertain ing to  the in terstitial 2.80 Â. 
** Involved in  Cv
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o f  th e  co o rd in a tio n  n u m b ers  belonging to  th e m . (T he w eighted  av e rag e  d istance  
v a lu e s  w ith in  each  sub -g roup  agree fa ir ly  w ell w ith  th e  in te rs ti t ia l  d istances 
e s tab lish ed  em p irica lly  fo r th e  le a s t sq u ares  f it .)

1.4 Results

T able I . c o n ta in s  th e  p a ra m e te r  v a lu e s  th a t  yield  th e  b e s t f i ts  o f th e  
m odel p a ir  co rre la tio n s to  th e  ex p erim en ta l g 00(r) functions of th e  th re e  d iffer­
e n t  am orphous ice sam ples. T he goodness o f  th e  fits  is ch a rac te rized  b y  th e  
s ta n d a rd  d ev ia tio n , a, according to

[8e(rj) -  g J j j W
7=1 __________________

TV „

jl/2

w h ere  ge(rj) d eno tes th e  experim en ta l, a n d  gm(rj) th e  m odel p a ir  co rre la tio n  
fu n c tio n  values a t  th e  po in ts  rj w here s u b tra c tio n  has been p e rfo rm ed ; N p is 
th e  n u m b er of su ch  p o in ts . N p was 73, th e  r / s  ran g in g  from  2.0 to  9 Â. W e can 
a d d  th e  follow ing com m en ts to  th e  d a ta  fig u rin g  in  T able  I . D is tan ces  N o. 1 
to  6 rep resen t th e  la tt ic e  po in ts  w ith in  th e  c lu ste r, th e ir  values d efin ed  b y  th e  
p a ra m e te rs  R  a n d  a. T h e  only  excep tion  is th e  f irs t  one w hich com prises also 
an  overlapp ing  in te r-c lu s te r  d istance. T h e  b e s t f i t  has been o b ta in e d  w hen th e  
l a t te r  w as ta k e n  2.80 Â  in  th e  case o f th e  sam ples 10 K/10 K , a n d  77 K/77 K , 
w hile  2.70 has b een  fo u n d  as o p tim al fo r th e  10 K/77 К  specim en.

Item s N o. 7 to  13 are pu re ly  in te r s t i t ia l  d istances found sem i-em pirically . 
W e em phasize th e  significance of th e  av e rag e  coord ination  n u m b ers . In  th e  
la s t  colum n, th e  id ea l num bers co rresp o n d in g  to  an  in fin ite  la t t ic e  are given. 
T h e  ac tu a l fig u res  are  less th a n  th e  id ea l ones b y  a decreasing ra tio , due to  
th e  ex istence o f f in ite  clusters. T he tw o  excep tions are th e  f i r s t  coo rd ina tion  
n u m b ers  re fe rrin g  to  b o th  denser phases, i.e. sam ples 10 K/10 K , a n d  10 K /77 K . 
T h e  excess is e v id e n tly  due to  th e  c o n tr ib u tio n  of th e  overlap p in g  in te rs titia l 
d istances as m en tio n ed  before, th u s  y ie ld in g  Cx > 4 .  F o r th e  77 K/77 К  
sam p le , Сг =  3.88 (w here th e  c o n tr ib u tio n  b y  th e  in te rs titia l is ~ 0 .2 ) , in  
accordance  w ith  o u r assum ption  th a t  th is  version  of am orphous ice consists 
o f  large c lu sters  ag g reg a ted  in  such a w ay  th a t  th e  m a jo rity  o f th e  “ cav ities”  
is no m ore filled  in .

In  th e  p re se n t s ta tu s  of e la b o ra tio n  o f th e  m odel we c a n n o t a ttr ib u te  
a  g rea t im p o rtan ce  to  th e  exact v a lu es , a n d  th e  sequence o f th e  am p litu d es or 
f lu c tu a tio n s  fo r severa l reasons.

(i) T he la tt ic e  p o in t d istances a n d  th e  in te rs titia l ones m u s t form  tw o 
in d e p e n d e n t series o f  th e  am plitudes.
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(ii) W ith in  each group , th e  figures are  b y  an d  large increasing to g e th e r  
w ith  th e  ra d ia l d istance . T he exceptions m ay  be due  to  th e  overlap o f th e  tw o  
ty p e s  of d is tan ces , o r/and , n a tu ra lly , to  im perfec tions of th e  f ittin g  p ro ced u re . 
P ro m  g enera l considera tions one w ould  ex p ec t even  a linear increase o f  th e  
squared  a m p litu d es  ([4], [6 ]) w ith in  th e  c lu sters , b u t  th is  is no t th e  fa c t. T h is 
sim ple ru le  ho lds fo r a system  of p a rtic le s  v ib ra tin g  indep en d en tly  a n d  iso ­
trop ica lly . In  th e  p resen t m odel, th e  c lusters  m ean  f in ite  m olecular ensem bles 
held  to g e th e r  b y  stro n g ly  o rien ted  in te rm o lecu la r forces. F o r such a sy s tem , 
in d ep en d en t an d  iso trop ica l d isp lacem ents o f th e  m olecules can n o t be  p re ­
sum ed.

B y  s im u la tin g  c lu sters  and  c lu ste r agg regates, we have succeeded  to  
rep ro d u ce  b o th  ty p e s  of in te rm o lecu la r d istances a n d  th e  average co o rd in a tio n  
n u m b ers  from  an  a priori m odel.

T he d is tan ce  s ta tis tic s  o f th e  m odel is show n in  T ab le  I I .  In  th is  T ab le , 
fou r series o f  coo rd in a tio n  num bers are  co m p ared  w ith  each other. T he fig u res  
o f  the  in f in ite  la ttic e  (3rd colum n) are  co m p arab le  w ith  those of th e  single 
c lu ster (4th co lum n), th e ir  decreasing ra tio s  g iven  in  co lum n 5, show ing th e  
effect of f in ite  dim ensions. T he figures of th e  6th co lum n represen ting  th e  f in a l 
re su lt, are  y ie ld ed  b y  th e  aggregation  o f c lusters. T he com parison  w ith  co lu m n  4 
d em o n stra te s  th e  effect o f aggregation . F in a lly , th e  ad eq u acy  of th e  m odel can  
be seen b y  co m p arin g  co lum n 6 to  7 w here th e  co rrespond ing  d a ta  of th e  sem i- 
em pirical f i t  fo r sam ple 10 K /10 К  are re p e a te d  from  T ab le  I.

I n  F igs 1 an d  2 , th e  f i ts  of th e  p a ir  co rre la tio n  functions, g00(r), an d  
o f th e  red u ced , m odified  in ten sities  i(s) ■ M(s) (or, w ith  and  o ther n o ta tio n , 
th e  s tru c tu re  fu n c tio n s h00(s) in  ref. [4]) are p re sen ted  in  g raphical form .

L e t us re m a rk  th a t  th e  i(s) • M (s) [ =  /i00(s)] fu n c tio n s have been  co m ­
p u te d  from  g00(r) b y  F o u rie r tran sfo rm a tio n s  an d  n o t  inverse ly  w hich is th e  
n a tu ra l ro u tin e  w ay  in  exp erim en ta l d iffrac tio n  s tud ies.*  F o r th e  sake o f co m ­
parison , th e  sam e p rocedure  w as app lied  to  th e  g 00(r) functions of N a r t e n  
et al., b u t  th e  orig inal h00(s) func tions o f th e  sam e au th o rs  are also d raw n  
in  Fig. 2. T h e  sm all d ev ia tio n s betw een  th e  la t te r  tw o  m u st he due to  te rm in a ­
tio n  effect o f th e  inverse  F o u rie r  tran sfo rm a tio n .

I t  shou ld  be m en tio n ed  f in a lly  th a t  a ce rta in  k in d  of a “ sum -rule”  a n d  
a n  “ in teg ra l t e s t ”  can  also be app lied  in  o rd er to  check  th e  adequacy  o f th e  
m odel.

(i) T he acco rdance  be tw een  th e  sem i-em pirical an d  th e  sim ulated  m odel 
c a n  be show n b y  sum m ing  u p  th e  co o rd in a tio n  n u m b ers  in  b o th  m odels w ith in

* The Fourier transform ation has been perform ed w ithout the explicit use of atom ic 
{/o(s), / H(s)], or molecular I F} w  )(s) ] amplitudes. This sim plification had been based on the 
assumption th a t there exists a molecular scattered in tensity  function, F h 8o ( s ) th a t accurately 
represents the scattering  by  one independent molecule, in  the given phase. In this case, th e  
fac to r is cancelled ou t of the transform ation form ula by the in tervention  of M(s) =  [ FiLo(s)l '•
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j____ —L____ _______ :____ ._________ .____ _
1 3 . 5  7 9

r  ( A)

F ig . 1. O xygen-oxygen  p a ir  corre lation  fu n c tio n s g oc(r), o f am orphous ice sam ples ---------- cal­
c u la te d  from  th e  cu b ic  c lu s te r m odel; О О О о  c a lc u la te d  from  ex p erim en ta l X - ra y  d iffrac tio n  

d a ta  according to  N a r t e n  et al. (1976) [4]

th e  sam e ran g e  rymjn —  r j  —  rymax. T his te s t  c a n  he m ade w ith  th e  d a ta  p e r ta in ­
in g  to  th e  10 K /10  K , and  10 K /77 К  sam p les , because th e  p re se n t m odel is 
p rim a rily  in te n d e d  to  explain  th e  o rig in  o f  densities h igher th a n  th a t  o f th e

f  j  max
c ry s ta llin e  phase . T h u s , b y  ca lcu la tin g  th e  sum  ^  Cj(rj), we o b ta in

Г j min
81.55 from  th e  sem i-em pirical f i t  o f  th e  10 K/10 K ,
80.83 from  th a t  of th e  10 K /77 К  sam ples, and  ,
81.51 fro m  th e  s im u la ted  m odel. T h e  dev ia tion  be tw een  th e  “ sem i- 

em p irica l”  an d  th e  “ sim u la ted ”  figu res a m o u n ts  to  0.05 — 0.8 %.
(ii) B y  in te g ra tin g  th e  ra d ia l d e n s ity  function  [D(r)  =  4 л р 0г2 • g(r)] 

o v e r a sphere o f rad iu s  R m (R m >. rc), w e can  check, how  ac c u ra te ly  th e  m odel 
g(r) conform s w ith  th e  exp erim en ta l m ean  density , q0, of th e  sam ples. W ith  
a good ap p ro x im a tio n
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Fig. 2. R educed modified in tensity  functions, i(s) .M (s), of am orphous ice samples (o ther
notation: structure  functions, h00(s)). ---------  calculated  from the model g00(r) function (by
Fourier transform ation); x x x x x x calculated from  th e  experim ental goc(r) function (by 
Fourier transform ation); о  О о  о  obtained directly from  X -ray  diffraction da ta  by N a r t e n  et aï.

(1976) [4]

Rm
4 л во J г2 • g(r) d r ^ N R - l ,

О

4 n Qo J  r2d r  =  ^  • R 3m =  N r .
о

w here N R denotes th e  n u m b e r of m olecules a c tu a lly  p re sen t in  th e  g iven 
sphere. I n  th is  w ay, we h a v e  com pared th e  ex p erim en ta l an d  th e  m odel g (r)’s 
w ith  each  o th e r an d  w ith  th e  expected  va lu e . D eno ting  th e  in teg ra ls  o f th e
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ex p erim en ta l fu n c tio n s b y  N r  — 1, an d  th o se  o f th e  m odel fu n c tio n s (sem i- 
em pirica l fit)  b y  N r  — 1, we have go t th e  follow ing values.

Calculated values 
for R m =  10 Â

Samples

10K/10K 10K/77K 77K/77K

n r 156.58 156.58 133.54

% 156.96 156.62 132.97

N m 159.64 160.54 137.84

iV ^ - lV p  m К +  3.06 +  3.96 +  4.30

T he dev ia tions b e tw een  th e  co rrespond ing  N r  an d  N r  values are  n eg li­
g ib ly  sm all, th e  N r  fig u res , how ever, are  b y  2 — 3 % too  h igh . W e ascribe th is  
e rro r  to  th e  c o n tr ib u tio n  o f th e  range  7 <  r <  10 Â w here th e  accu ra te  f i t  
h a d  been te rm in a te d  an d  th e  a rb itra ry  te rm  gc{r, rc) p roduces an  in c rea s in g  
co n tr ib u tio n . T he m odel g(r) fu n c tio n  ex h ib its  here  a sm all excess w hich a p p e a rs  
m ag n ified  in  th e  above  in te g ra l because o f th e  m u ltip ly in g  fac to r  4тгQ0r2.

2. Relations between the structures o f water, 
ice If,, I c and the amorphous ices

In  our prev ious p a p e r  [2], i t  has been  p o in ted  o u t th a t  th e  assum ed  t e t r a ­
g o n a l sym m etry  o f w a te r  la ttic e  s tan d s  n ea re r  to  th e  m m 2 (C2v) sy m m etry  o f  
th e  free H 20  m olecule th a n  those  of ice If, an d  I c. T he origin o f th e  h ig h e r 
deg ree  of sy m m etry  o f  th e  la tte rs  c an n o t be  u n d ersto o d  b y  s tu d y in g  m ere ly  
th e  H  —0  —H . . . O H 2 d im er, b u t  th e  in te rac tio n s  be tw een  second an d  th i r d  
n e ighbours m u st also be considered . I n  o rd er to  e s tim a te  second n e ig h b o u r 
in te ra c tio n s , a t  le a s t a p e n ta m e r  (one ce n tra l m olecule w ith  its  fo u r neighbours) 
m u s t be tak en  in to  a c c o u n t, and  to  see th ird  n e ighbours’ effects, a co n sid e rab ly  
la rg e r  s tru c tu ra l u n it  is needed . To do th is  q u a n tita tiv e ly  is bey o n d  th e  l im its  
o f  o u r possibilities, b u t  we a t te m p t to  suggest a q u a lita tiv e  p ic tu re  of th e  co rre ­
la tio n s  betw een th e  d y n am ics an d  th e  geo m etry  of som e system s o f w a te r  
m olecules.

2.1. Water and ordinary ice If,

F o r sy m m etry  reaso n s, i t  seem s a p lausib le  a ssu m p tio n  to  us th a t  t h e  
H  —О —H  planes o f th e  f ir s t  ne ighbours should  be m u tu a lly  p e rp en d icu la r.

T h is  a ssum ption  does n o t  involve, how ever, th a t  th e  O . . . H —О —H . . . 0  
an g le  necessarily  w ou ld  h av e  th e  te tra h e d ra l v a lue , 109.47°. I t  a c tu a lly  h a s  
th is  v a lue  in  ice la ttic e s  If, an d  I c w hereas tw o , ex ac tly  lin ea r hyd ro g en  b o n d s  
w o u ld  sub tend  a sm alle r angle, 104°. T he h igher v a lue  in  th e  ices can  be ach ieved
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b y  sligh tly  bend in g  th e  hydrogen b o n d s  w hich  m eans a dev ia tion  from  th e  
geom etry  of a h y p o th e tic a l free “ tr im e r” . T he b o n d  b en d in g  m ust be assigned  
to  th e  in fluence o f second  (evtl. th ird , etc .) ne ighbours. To see th e  origin o f  
th is  effect, we h av e  to  ta k e  in to  ac c o u n t th a t  th e  f i r s t  ne ighbour d istance  is 
s ig n ifican tly  sh o rte r  (2.75 — 2.76 Â) in  th e  ices th a n  in  w a te r  (2.82 — 2.84 Â  
closely above 0 °C).

C onsequently , th e  second ne ig h b o u rs  are also closer to  each o th e r an d  
th e  in te rm o lecu la r fo rces are s tro n g e r in  th e  ice la ttic e s . T his is th e  reaso n  
w hy  we dare  to  s ta te  t h a t  th e  sy m m etrica l co n fig u ra tio n  o f th e  four n e ighbours 
ro u n d  th e  cen te r in  ice  is m ainly  due to  th e  in fluence  ex e rted  b y  second n e ig h ­
b o u rs ’ forces on th e  h y d ro g en  bonds. T h e  m ore so, since — as po in ted  o u t b y  
M o m a n y  et al. [7] — a ttra c tiv e  forces be tw een  th e  n o n -n ea re s t neighbours in  
hyd rogen -bonded  c ry s ta ls  co n s tititu te  a general com pressive force w hich red u ce  
even th e  equ ilib rium  in te rm olecu la r f i r s t  d is tan ce  co m p ared  w ith  th a t  in  a free  
d im er. I n  connec tion  w ith  w ate r a n d  ice th e  la t te r  is c la im ed  to  be 2.86 Â , 
th e  fo rm er 2.75 Â, th e  difference of 0.10 Â  being  due to  th e  a ttra c tiv e  p o te n tia l 
of th e  no n -n earest en v iro n m en t, acco rd in g  to  S h ip m a n  and  S c h e r a g a  [8 ]. 
In  th is  lig h t, sh o rtn ess  o f th e  f irs t d is ta n c e  in  ice is n o t  th e  cause, b u t r a th e r  
th e  consequence o f s tro n g e r a ttra c t io n  b e tw een  second (and  farther) n e ig h ­
b o u rs . The tw o  p h en o m e n a  m u tu a lly  en h an c in g  each o th e r, th e  equilib rium  in  
c ry s ta llin e  ice is re s to re d  p a r tly  b y  th e  sh o rt-ran g e  rep u ls iv e  forces, p a r tly  b y  
th e  sy m m etriza tio n  o f  second neighbours invo lv ing  th e  em ergence of c o u n te r­
forces against h y d ro g e n  bond  bend ing .

T he regu lar te t r a h e d ra l  p e n ta m e rs  can  be a rran g ed  in  tw o a lte rn a tiv e  
w ays according to  e i th e r  of the  h e x a g o n a l, or th e  cubic ice p a tte rn . T he f ir s t  
an d  second co o rd in a tio n  spheres in  th e s e  la ttic e s  are id en tica l; outside th e se , 
a p a r t  o f th e  c o o rd in a tio n  rad ii an d  a ll o f th e  co o rd in a tio n  num bers are d iffe r­
en t. One of th e  th ird  neighbours in  ice 7ft is a v e ry  n e a r one, its  rad ia l d is tan ce  
is h a rd ly  longer th a n  t h a t  o f the  second n e ig h b o u rs  ( =  4.56 Á), its  co o rd in a tio n  
n u m b er is 1. This is th e  d istance b e tw e e n  th e  cis-positioned  molecules in th e  
six-m em bered  p u c k e re d  rings of “ b o a t”  co n fo rm atio n  an d  since in  ice I c, 
all rings are of th e  “ c h a ir”  type , th is  d is ta n c e  is n o t p re se n t in  I c. This ex p la in s  
th a t  — in  accordance  w ith  th e  above f in d in g s  o f M o m a n y  et al. — th e  0 —0  
bonds para lle l to  th is  d is tan ce  (and to  th e  z-axis) a re  b y  0.01 Â shorter th a n  th e  
o th ers  in  ice I /,. (The c/a  ra tio  in  I /, is 1.629 in s tead  of th e  “ idea l”  value 1 .633 
as found  b y  L o n d s d a l e  [9], L a  P l a ç a  an d  P o st  [10], B r il l  and  T ip p e  [11].) 
C onsequently , th e  en e rg y  difference in  fa v o u r o f 7/, a g a in s t I c can  be assigned  
to  th e  co n trib u tio n  o f  a surplus p a ir  in te ra c tio n  a t  th e  d is tan ce  4.56 Á a n d  
th e  sho rten in g  of a ll d istances p a ra lle l to  th e  z-axis causing  also a s ligh t 
vo lum e effect. L a te r  o n , we shall t r y  to  g ive an  ex p la n a tio n  for th e  fo rm atio n  
an d  m ain tenance  o f ice  I c under th e  special co n d itions know n  from  th e  ice  
lite ra tu re  [13, 17].

Acta Chim. Acad. Sei. Hung. 96, 1978



3 6 8 HAJDÚ: THE STRUCTURAL MODEL OF WATER, II

As seen above, th e  te tra h e d ra l  sy m m e try  in  ice is due  to  th e  com bined  
in te ra c tio n  of f irs t, second, and  fa r th e r  ne ighbours. E ven  a sm all d ev ia tio n  of

th e  O —O —O angles from  th e  te tr a h e d ra l  v a lu e  — w ith  p re se rv a tio n  of th e  
m m 2 sy m m etry  — d estroys th e  tr ig o n a l ro ta tio n a l sy m m etry  a n d  a t  th e  sam e 
tim e , th e  possib ility  o f th e  hex ag o n al la tt ic e . W e m ay conclude from  th is  th a t  
b o th  ice la ttic e s  re p re se n t som ew hat s tra in e d  and com pressed s tru c tu re s , all 
H -b o n d  being slig h tly  b e n t and  sh o rte n e d ; th e y  m ay be s tra ig h te n e d  or even 
b e n t  in  th e  opposite  d irec tion  w hen ice is fu sed , because of th e  genera l increase 
o f  p a ir  d istances an d  th e  w eaken ing  o f  th e  secondary  in te rm o lecu la r  forces. 
T h e  k in e tic  energy  of th e  m olecules is n a tu ra l ly  g rea ter in  liq u id  w a te r, th a n  
in  ice, b u t  in  th e  liq u id  phase, th e  m ean  h y drogen  bond le n g th , and  th e  m ean

0 H 0 H 0  angle m ay  s ta n d  nea re r to  th e ir  p o ten tia l m in im um  va lu es  as v a lid  
fo r  a h y p o th e tica l free tr im e r  th a n  th e y  a re  in  th e  solid s ta te . J u s t  th e  opposite  
a ssu m p tio n  w as m ade b y  P o p l e  [1 2 ] in  h is “ d is to rted  b o n d ”  w a te r  m odel — 
tru e ,  he reg a rd ed  th e  w a te r m olecu le  as a regu lar te tra h e d ra l  q u ad ru p o le . 
P o p l e ’s m odel agrees, nevertheless, w ith  th e  p resen t one in  t h a t  i t  claim s th e  
b o n d  angles in  w a te r  to  be, on th e  av e rag e , n o n -te trah ed ra l.

I n  te rm s of th e  p resen t m odel, w e can  outline th e  fo llow ing p ic tu re  o f 
th e  m elting  process. W h en  s ta r tin g  fro m  a low er tem p era tu re , th e  th ree  com po­
n e n ts  o f th e  th e rm a l expansion  co effic ien t of ice I h grow m on o to n o u sly  an d  
iso tro p ica lly  w ith  th e  rise of te m p e ra tu re ;  th e  grow th of th e  expansion  is 
n a tu ra l ly  due to  th e  increasing  an h a rm o n ic ity  of th e rm al v ib ra tio n s . T he second­
a ry , v a n  der W aals forces b e tw een  n o n -n ea res t ne ighbours decrease w ith  
in creasin g  d is tan ces  m ore rap id ly  th a n  th e  s treng ths of th e  h y d ro g en  bonds 
(for w hich  th e  a c tu a l 0 —0  d is tan ce  in  ice is even below  th e  p a ir  p o te n tia l 
m in im u m  value). A ccording to  th e  ab o v e  assum ptions, b y  th e  w eakening  of 
a t t r a c t io n  betw een  n o n -n ea rest n e ig h b o u rs , th e  m ain reaso n  for th e  reg u la r 
te tr a h e d ra l  sy m m etry  of th e  h y d ro g en  b o nds is cancelled , an d  th e  n ea re s t 
n e ig h b o u r d istance  is also allow ed to  e x p a n d  to  its  equ ilib rium  len g th . H ence 
th e  ice 1), la ttic e  m u s t collapse b ecau se  o f its  in co m p a tib ility  w ith  th e  m m 2 
sy m m etry . B efore th is  ca ta s tro p h e , in  th e  range  —10 <  t < 0  °C, th e  th e rm a l 
ex p an sio n  of th e  la tt ic e  is no m ore iso tro p ica l, since its  z -com ponen t preceeds 
th e  p e rp en d icu la r ones, as seen in  th e  T ab le  of expansion coeffic ien ts g iven  
b y  L a  P la ç a  an d  P o st  [10]. T h is s lig h t an iso tropy  of th e  expansion  th u s  
“ p re d ic ts”  th e  b reak ag e  of th e  la ttic e  a t  0 °C. T he hydrogen  b o n d s are , how ever, 
s tro n g  enough to  be  rea rran g ed  to  a p a t te r n  w hich is co n sis ten t w ith  th e  non- 
te tra h e d ra l  bond  angles. T he fo rm a tio n  o f a com plete new  la tt ic e  is h in d ered  
b y  th e  s trong  th e rm a l m otion , an d  th e  crystalline-like n e tw o rk  of th e  b o nds 
ex ten d s  over sm all dom ains only.

On fu r th e r  h ea tin g , th e  sudden  changes a t  the  m elting  p o in t are  follow ed 
b y  tw o com peting  slow processes: th e  increase  of th e  average  0 - 0  d is tan ce ,
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an d  th e  b reak ag e  o f an  increasing  p o rtio n  o f th e  H -bonds w h ich  involves th e  
d im in u tio n  of th e  average  c lu ste r volum e. T h e  vo lum e effect o f  th e  tw o p ro ­
cesses has th e  opposite  sign, re su lting  in  th e  w ell know n vo lum e vs. te m p e ra ­
tu re  fu n c tio n  of w a te r  w ith  its  m in im um  a t  4 °C. (N a tu ra lly , a s im ilar assum p­
tio n  is th e  com m on fe a tu re  of all reasonab le  w a te r  m odels.) T h e  range  of th e  
tw o processes c e rta in ly  ex ten d s even below  th e  o rd in a ry  m eltin g  p o in t as 
show n b y  th e  v o lu m e -te m p e ra tu re  func tion  o f  supercooled  w a te r  w hich is th e  
sm ooth  and  m o no tonous co n tin u a tio n  of t h a t  of o rd in a ry  w a te r  betw een  0° 
and  + 4  °C. O n th e  o th e r  h an d , th e  effect o f b o th  processes as fa r  as th e  boiling 
p o in t can  be p ro v ed  b y  th e  fac t th a t  th e  cub ic  expansion  of w a te r  betw een  4° 
and  100 °C is s ig n ifican tly  less th a n  th e  tre b le  o f th e  observed  lin ea r  expansion  
of th e  f irs t  n e ig h b o u r d is tan ce . T he ac tu a l vo lum e increase fro m  4° to  100 °C 
am o u n ts  to  60 % o f t h a t  ca lcu la ted  from  th e  lin ea r  ex p an sio n  o f th e  la ttice .

N o v a r ia tio n  o f  th e  m ean  bond  angle in  th e  range  4 :S t S, 50 °C could 
he observed  (2a =  97°) [2]. I t  m u st be assum ed  there fo re  th a t  th e  bond  angle 
is n o t (or on ly  v e ry  sligh tly ) affected  b y  te m p e ra tu re  changes a t  o rd in ary  
p ressu re ; we su spec t how ever, th a t  i t  m ay  p la y  a m ain  ro le in  th e  anom alous 
b eh av io u r o f w a te r  u n d e r  h igh  pressures. B o n d  angle change u n d e r pressure 
is a th ird  p a ra m e te r  w h ich  causes volum e change an d  i t  m ay  c o n tr ib u te  to  th e  
u n d e rs ta n d in g  o f th e  observed  anom alous phenom ena.

T he te m p e ra tu re  dependencies of th e  d e n s ity  an d  th e  specific h e a t of 
supercooled water, are  s tra ig h tfo rw a rd  ex tensions o f th e  co rrespond ing  functions 
of w a te r  above 0 °C [13]. N a tu ra lly , th e  a b ru p t  change o f th e se  q u an titie s  on 
freezing supercooled  w a te r  is also analogous w ith  th a t  a t  th e  n o rm al freezing 
p o in t. H ence , supercoo led  w a te r  can n o t be considered  as p re fo rm ed  ice. T he 
p resen t m odel can  be e x tra p o la te d  below 0 °C. W e suppose th a t  supercooled 
w a te r also consists o f te tra g o n a l clusters th e  average  vo lum e o f w hich grows 
w ith  sink ing  te m p e ra tu re : th is  w ould ex p la in  th e  increase  o f th e  specific 
vo lum e on cooling. F reez ing  — i.e. tra n s it io n  in to  th e  s ta b le  ice Ih phase — 
requ ires an  a m o u n t o f ac tiv a tio n  energy fo r te m p o ra rily  b reak in g  a p a r t  of 
th e  h y d ro g en  bo n d s, th u s  m ak ing  tra n s fo rm a tio n  possible. O nce s ta r te d , th e  
c ry s ta lliz a tio n  process becom es self m a in ta in in g  b y  th e  free e n th a lp y  change 
o f th e  new  h y d ro g en  bonds.

2.2. Amorphous ices and crystalline ice polymorphs I c and I^

O n th e  basis o f th e  p re sen t m odel, w e are  able to  give a q u a lita tiv e  
ex p lan a tio n  fo r th e  te m p e ra tu re  sequence o f th e  ex istence an d  th e  tra n s fo r­
m atio n s of am o rp h o u s ices an d  cry sta llin e  ices Ic, h -

(i) T he fo rm a tio n  of am orphous ice: A t th e  beg inn ing  o f th e  slow deposi­
tion  process, th e  m olecules reach ing  th e  cooled ta rg e t are  c a p tu re d  th e re  b y  
adhesion in  ran d o m ly  d ispersed  and  o rien ted  positions, a c tin g  as th e  nuclei
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fo r num erous u n co rre la ted  c ry s ta llite s . T he m olecules im p ac tin g  la te r , jo in  
th e m  b y  hydrogen  bo n d s. I n  th e  absence of a m o lecu la r en v iro n m en t, th e
O—O distances co rrespond  to  th e  p a ir-p o te n tia l m in im um , an d  th e  b o n d  angles 
a re  n o t necessarily  te tra h e d ra l. T h u s th e  cry sta llin e  frag m en ts  shou ld  e x h ib it 
th e  te tra g o n a l la ttic e  s tru c tu re . D ue to  th e  v e ry  open  s tru c tu re  of th is  la ttic e , 
th e  cav ities of th e  n e tw o rk  are  also offered fo r fu r th e r  im p ac tin g  m olecules 
fo rm ing  th e  nuclei of in d e p e n d e n t la tt ic e  fragm en ts. A t v e ry  low  te m p e ra tu re s  
(10 K ), th e  in te rs titia l frag m en ts  do n o t m ig ra te  aw ay  from  these  — en erg e tic ­
a lly  n o n -op tim al — positions on to  sites o f th e  ne ighbouring  c ry s ta llite . S im u lta ­
neously  w ith  th e  fo rm a tio n  o f a m acroscopic lay e r o f ice, th e re  arises th e  
com pressive forcefield  o f n o n -n ea re s t neighbours m en tio n ed  above. T h is fie ld  
c o n tra c ts  th e  OHO d is tan ces  to  th e  ice-like va lu e , 2.76 Â , an d  th e  bo n d  
angles app roach  th e  te tra h e d ra l  v a lu e . T h e  tw o fac to rs  to g e th e r, n am e ly  th e  
in te rp e n e tra tio n  o f th e  la tt ic e  frag m en ts  an d  th e  sh o rt 0 —0  d is tan ces , m u st 
y ie ld  a d en sity  g rea te r  th a n  th a t  o f o rd in a ry  ice an d  o f w a te r.

T his s tru c tu re  w ill n o t be essen tia lly  a lte red  on w arm in g  th e  sam ple  to  
77 afte rw ards, a lth o u g h  th e  d is tr ib u tio n  of d istances is s ligh tly  m od ified , 
p ro b a b ly  because of th e  d isp lacem en t of th e  c lu ste rs  (com pare  th e  tw o  d a ta  
se ts  in  T ab le  I).

T he fo rm atio n  of th e  second am orphous m o d ifica tio n  above 77 К  and  
o f  cubic ice above 110 K , as w ell as th e  tran sfo rm a tio n s  o f these  fo rm s from  
one in to  th e  o ther, can  be  ex p la in ed  b y  th e  increasing  k in e tic  energy  o f th e  
m olecules. Owing to  th e ir  la rg e r tra n s la tio n  and  lib ra tio n  am p litu d es, th e  m olec­
u les are  able to  ju m p  from  th e  in te rs titia l positions in to  th e  energe tically  
m ore  fav o u rab le  la tt ic e  sites. T h u s, th e  c lusters are  grow ing. I n  th e  77 K /77 К  
am orphous m o d ifica tion , th e  n u m b e r of sh o rt in te rs ti t ia l  d istances is sm all b u t  
th e  c rysta lline  frag m en ts  are  o f subm icroscopic d im ensions an d  are  ra n d o m ly  
o rien ted . T heir su rface m olecules are  h a rd ly  closer p ack ed  th a n  in  th e  in te rio r  
o f th e  clusters and  as a consequence, th e  f irs t co o rd in a tio n  n u m b er gets below  4. 
A bove НО К  th e  frag m en ts  u n ite  in  rea l c ry s ta llite s , or such  a re  d irec tly  
p ro d u ced  b y  co ndensa tion  from  v ap o u r. T he tra n s fo rm a tio n  am o rp h o u s -»■ 
cubic needs an  in itia l energy  in p u t on ly  for su rm o u n tin g  v a n  der W aals forces 
ac tin g  betw een  th e  c lu s te r surfaces, th e  to ta l  issue o f th e  process is an  energy  
gain  by  v ir tu e  of th e  fo rm a tio n  of new  hydrogen  bonds. T he e n th a lp y  change 
am o u n ts  to  0.2 —0.3 kca l m o l-1 accord ing  to  G h o r m l e y  [14] and  to  D o w e l l  
an d  R i n f e r t  [15].

T he tra n sfo rm a tio n  of cubic ice in to  hexagonal (I c -* J/,) ta k e s  p lace  in  
th e  ran g e  160 — 200 K . T h is process needs a h igher a c tiv a tio n  energy  th a n  th e  
fo rm er because i t  dem ands th e  b reak ag e  of 1/4 p a r t  o f th e  ex isting  h y d ro g en  
bon d s w hich are rees tab lish ed  a fte r  rea rran g em en t in  th e  hexagonal p a tte rn . 
T h e  energy gain  of th is  tra n s fo rm a tio n  is v e ry  sm all, due  on ly  to  th e  decrease 
o f p a ir  p o ten tia ls  b e tw een  som e n o n -n ea rest ne ighbours (as exp la ined  above).
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T h e a m o u n t w as estim ated  b y  B e a u m o n t  et al. [16] as 1.5 cal g -1  (0.024 
kca l m o l-1 ), less b y  an  o rd er o f m ag n itu d e  th a n  th e  e n th a lp y  change of th e  
tra n s it io n  am orphous -*■ cubic.*

I t  follow s from  th e  ab o v e  co n sid e ra tio n s th a t  all tra n s fo rm a tio n s  d is­
cussed  here  m u s t be irreversib le : th e  form s c rea ted  and  ex isting  as m e ta s ta b le  
phases a t  low er tem p era tu res  re p re se n t “ frozen  in ”  s ta te s  as co m p ared  w ith  
th o se  w hich  are m ore s tab le  a t  h ig h er te m p e ra tu re s . T he low  te m p e ra tu re  
form s necessarily  go over in to  th e  m ore fav o u rab le  ones on h e a tin g , b u t  th e  
rev erse  processes i.e. jh e  tr a n s i t io n s  I/, -*■ I c -* amorphous h av e  n o  p h ysica l 
m o tiv a tio n .

*

The au thor thanks Professor G . S c h a y  for helpful comments on the  original m anuscript.
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The 13C-NMR chemical shifts o f some alkoxy-substituted 1-aryl-isobenzopyry- 
lium  salts are correlated w ith the all-valence charge densities of the various atom s 
calculated by the Del Bene-Jaffe m ethod . On th e  basis of the d a ta  obtained, some spec­
tra l assignments are corrected and i t  is shown th a t the charge densities and shifts are 
in  a good correlation if  an sp3 valence orien ta tion  is assumed on C-l.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96 (4), pp. 373 — 383 (1978)

In  co n tin u a tio n  of our earlie r w o rk  on  1-ary l-isobenzopyry lium  sa lts  (I) 
[1, 2, 3] we now re p o rt resu lts  of q u a n tu m  chem ical ca lcu la tio n s b y  th e  D el 
B ene —Ja ffe  CNDO m eth o d  [4] a n d  th e  co rre la tion  of th e se  re su lts  w ith  th e  
13C -N M R d a ta . T he pu rpose  of th is  in v e s tig a tio n  was tw o fo ld . W e w ished to  
o b ta in  co rro b o ra tiv e  q u a n tu m  chem ical d a ta  on th e  effect o f  su b s titu e n ts  on 
th e  chem ical sh ift va lues, and  in fo rm a tio n  on th e  spa tia l a rra n g e m en t of th e
l - a ry l  su b s titu e n t re la tiv e  to  th e  co n d en sed  heterocyclic ring .

E x p e rim en ta l

The compounds investigated were prepared  b y  us as previously reported  [5, 6, 7]. 
Their p u rity  was checked by infrared [8], UV-visible [9] spectra and elem ental analysis. Pulse 
Fourier Transform  (PFT ) 13C-NMR spectra of l-aryl-isobenzopyrylium  salts were recorded, on 
a B ruker HFX-90 spectrom eter equipped w ith  a PD P-8 computer, in  dideuteroform ic acid 
solution except in the case of l-(p-m ethoxyphenyl)-3-m ethyl-4-ethyl-6,7-dim ethoxyisobenzo- 
pyry lium  sulfate, which was insoluble in  pu re  dideuteroform ic acid and  therefore had to  be 
dissolved in  a m ixture of 9 parts dideuteroform ic acid and 1 p art of hexadeuterodim ethyl 
sulfoxide. The spectra of 1.3-dim ethyl-6,7-dim ethoxyisobenzpyrylium  perchlorate (II)* 
were recorded on a V arian X L 100 spectrom eter, equipped with a V arian 620L com puter, in  
tetradeu teroacetic  acid-deuterosulfuric acid.** The concentrations of the solutions were about 
0.25 M . The spectra were measured using th e  solvent signals as in ternal reference and th e  
shifts converted to the TMS scale using da ta  in  th e  literatu re  [10] and also our own m easure­
m ents of samples containing TMS in the solvents used. The two sets of d a ta  agreed w ithin 
0.1 ppm .

B o th  noise-decoupled and off-resonance decoupled spectra of th e  compounds were 
recorded to  facilitate assignments.

The quantum  chemical calculations w ere perform ed on a CDC 6000 and a CDC 3000 
com puter.

* N um bering of atom s in  this form ula corresponds to the num bering in  Table I.
** We are indebted to  M. P e r e d y —K a jt á r  for recording these spectra.
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Method of calculation

For the purpose of determ ining the geom etry of the molecules on which our calculations 
had  to  be based, prelim inary  calculations were perform ed using the extended Hückel method [3] 

These calculations were prom pted by the fac t th a t  exam ination of formula I and models 
of th is type of structure  shows th a t  the plane of th e  1-aryl ring cannot be coplanar w ith  the 
plane of the isobenzopyrylium  ring system because in  this case the H  atom s attached to C-8 and 
C-16 would be too near to  each other. The m ost probable geom etry was found by calculating 
th e  all-valence electronic energy of the system , while ro tating  th e  arom atic ring around the  
C-l-C-11 axis, which w as ta k e n  as the extension o f the line connecting C-l and C-4.

Substituents o f the isobenzopyrylium salts (I)

Q»
3’

Q«
4’

Ql
6

Q.
7

Ri
3

R,
4

a — — — _ C H 3 c 2h 5

b - - - C H 30 CH3 C2H 5

C - C H 30 - - C H 3 c 2H 6

d - C H 30 - C H 30 C H 3 c 2h 5

e - - C H 30
•

CH3 C2H 5

f - C H 30 C H 30 - C H 3 C2H 6

g - - C H 30 C H 30 C H 3 c 2h 5

ь C H 30 C H 30 C H 30 C H 30 C H 3 c 2h 5

i - C H 30 C H 30 C H 30 C H 3 C2H 5

к - C H 30 C H 30 C H 30 - C2H 6

1 - C H 30 C H 30 C H 30 C H 3 -

m C H 30 C H 30 C H 30 C H 30 - -

n C H 30 C2H 60 H O C2H sO C H 3 C2H 5

This set of calculations showed th a t the energy m inim um  corresponds to a conform ation 
where the plane of th e  condensed heterocyclic ring system  and the plane of the 1-aryl group are 
a t  righ t angles to each o th er as shown in form ula Ip.
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On the basis of previous experience [11] the Del Bene —Jaffe  m ethod was chosen for 
calculating the energy levels and wave functions,* and from  th is the all-valence electron charge 
densities (Coulson populations) were calculated. The param agnetic contribution  of the shielding 
factors were calculated by the average excita tion  energy approxim ation; the diam agnetic 
contribution  was com puted using Lam b’s form ula.

Results and discussion  

NMR spectral assignm ents

S p ec tra l d a ta  o f th e  iso b en zp y ry liu m  sa lts  in v es tig a ted  are  co llected  
in  T ab le  I . A ssignm ent of th e  signals o f  ca rb o n  a jom s w as accom plished  b y  
using  li te ra tu re  values, sp ec tra  of m o d e l com pounds [2], p rep a red  b y  us fo r 
th is  p u rp o se , and  also b y  com parison  o f  th é  sp ec tra  of th e  v a rio u s com pounds 
o f th e  isobenzopyry lium  sa lt, isoqu ino line  an d  n a p h th a le n e  series [1]. In  some 
cases am biguities could  be  rem oved a n d  p rev io u s m istak es co rrec ted  b y  th e  
use o f  th e  resu lts  of th e  q u a n tu m  m ech an ica l ca lcu la tio n s w hich  w ill be d is­
cussed  la te r . These co rrec ted  assignm en ts are  m ark ed  w ith  an  asterisk .

C om parison of th e  sp ec tra  of th e  series o f 1 -a ry l-n ap h th a len e  and  its  aza 
an d  o x a  analogues, g iven  in  our p rev io u s  com m u n ica tio n  [1], show ed th a t  
th e  signal of C —1 is sh ifted  to  p ro g ressiv e ly  low er fie ld  if  C —2 is rep laced  
b y  an  N , N + or О a to m . E v en  so th e  chem ica l sh ift o f С —1 in  iso b enzpyry lium  
sa lts  o f  ty p e  I  is su b s ta n tia lly  less t h a n  th a t  o f th e  classical ca rbon ium  ions 
s tu d ie d  b y  O l á h  et al. [15]. A lth o u g h  th e  difference in  so lven ts (O l á h  used  
S 0 2—S b F 5) should he ta k e n  in to  ac c o u n t, th e  d ifference is la rg e  enough to  show  
th a t  th e  positive charge  is m ore delocalized  in  th ese  com pounds th a n  in  
c lassical carbon ium  ions.

A  m ore deta iled  d iscussion o f ass ig n m en ts  can  be fo u n d  in  an  earlier 
co m m u n ica tio n  [2].

Quantum chem ical calculations

I t  can  be assum ed th a t  th e  d ifferences in  chem ical sh ifts  in  th e  system s 
u n d e r  discussion are  m a in ly  due to  d ifferences in  th e  p a ram ag n e tic  c o n tr ib u ­
tio n , w h ich  is considered  p ro p o rtio n a l to  th e  charge d en sity  o f th e  a to m  in 
q u es tio n . T his a ssum ption  should be v a lid  in  m olecules w ith  m obile electronic 
sy stem s as th e  d iam agnetic  co n tr ib u tio n s  are  fa irly  c o n s tan t.

O u r f irs t ca lcu la tions b y  th e  D el B ene —Ja ffe  m eth o d  w ere based  on th e  
co n fo rm a tio n  show n in  Ip. I n  th is  fo rm u la , ca rb o n  valence angles w ere assum ed 
to  be  th e  sam e as in  n a p h th a len e , an d  th e  С — О — C angle w as also ta k e n  to  be 
120°. T h e  resu lts ob ta in ed : ca lcu la ted  a ll-va lence  e lec tron  densities (AQ) and  
m easu red  sh ifts for com pounds w here th e  su b s titu e n ts  on C —6 an d  C —7 are 
v a rie d , a re  show n in  T ab le  I I  and  in  F ig s  1 —4.

* The overlay system  in the program is th e  work of A. N e s z m é l y i.
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Table I

,3C -N M R  shifts ( T M S = 0 )  o f various 1-aryl-isobenzopyrylium salts

Compound la lb Ic Id Ie If 4 Ih Ii Ik II Im

C - X  p K 0 .6 0 1.02 1.48 2 .1 0 3 .1 4 3 .8 4 4 .2 3 4 .7 5 5 .0 1 3 .8 2 3 .3 7 2.1

l 1 7 9 . 4 1 7 6 . 5 1 7 8 . 7 1 7 5 . 9 1 7 5 . 2 1 7 4 . 8 1 7 2 . 2 1 7 1 . 7 1 7 2 . 4 1 7 3 . 6 1 7 3 . 6 1 7 4 . 0

2

3 1 6 1 . 4 1 6 0 . 9 1 5 9 . 8 1 6 0 . 2 1 6 0 . 1 1 5 9 . 0 1 6 0 . 2 1 5 9 . 0 1 5 9 . 5 1 4 7 . 0 1 6 1 . 7 1 4 9 . 7

4 1 2 2 . 1 1 2 4 . 2 1 2 1 . 9 1 2 3 . 5 1 1 7 . 2 * 1 1 6 . 9 * 1 1 8 . 5 * 1 1 7 . 8 * 1 1 8 . 3 * 1 1 8 . 4 * 1 1 4 . 2 1 1 6 . 4

5 1 2 9 . 3 1 2 5 . 7 1 3 1 . 1 1 2 5 . 5 1 0 3 . 3 1 0 3 . 2 1 0 2 . 7 * 1 0 3 . 2 * 1 0 3 . 2 * 1 0 7 . 8 1 0 7 . 8 1 0 8 . 8

6 1 4 2 . 3 1 3 5 . 0 1 4 1 . 7 1 3 3 . 4 1 7 1 . 0 1 7 0 . 5 1 6 2 . 9 1 6 2 . 2 1 6 4 . 3 1 6 4 . 2 1 6 5 . 2 1 6 5 . 0

7 1 2 3 . 8 1 6 0 . 9 1 2 3 . 8 1 5 9 . 0 1 2 2 . 5 * 1 2 3 . 5 * 1 5 2 . 5 1 5 1 . 7 1 5 2 . 6 1 5 2 . 6 1 5 2 . 7 1 5 3 . 2

8 1 3 2 . 5 1 0 8 . 2 1 3 2 . 9 1 0 8 . 8 1 3 5 . 4 * 1 3 5 . 4 * 1 0 8 . 0 * 1 0 8 . 8 * 1 0 8 . 8 * 1 0 9 . 2 * 1 0 5 . 6 1 0 6 . 6

9 1 2 8 . 6 1 2 9 . 3 1 2 8 . 9 1 2 9 . 2 1 2 7 . 5 * 1 2 6 . 5 * 1 2 7 . 5 * 1 2 6 . 9 * 1 2 7 . 3 * 1 3 0 . 0 * 1 1 7 . 4 1 1 8 . 0

10 1 4 0 . 9 1 3 8 . 5 1 4 1 . 7 1 3 7 . 5 1 4 5 . 1 1 4 4 . 9 1 4 1 . 6 1 4 0 . 8 1 4 1 . 2 1 4 0 . 1 1 4 2 . 2 1 4 0 . 7

11 1 3 0 . 6 1 3 1 . 0 1 2 1 . 3 1 2 1 . 5 1 2 8 . 8 1 2 1 . 2 1 2 9 . 6 1 2 2 . 0 1 2 2 . 1 1 2 1 . 5 1 2 1 . 7 1 2 1 . 6

12 1 2 9 . 3 1 2 9 . 3 1 3 4 . 5 1 3 3 . 4 1 2 8 . 9 1 3 3 . 5 1 2 7 . 9 1 1 2 . 6 1 3 3 . 3 1 3 3 . 0 1 3 2 . 8 1 1 3 . 3

1 3 1 3 1 . 5 1 3 1 . 0 1 1 5 . 2 1 1 5 . 1 1 3 0 . 8 1 1 4 . 4 1 2 9 . 5 1 4 9 . 8 1 1 5 . 3 1 1 4 . 9 1 1 5 . 0 1 4 9 . 1

1 4 1 3 4 . 5 1 3 4 . 2 1 6 5 . 4 1 6 4 . 8 1 3 3 . 7 1 6 4 . 4 1 3 3 . 4 1 5 5 . 3 1 6 2 . 7 1 6 2 . 3 1 6 3 . 0 1 5 5 . 7

15 1 3 1 . 5 1 3 1 . 0 1 1 5 . 2 1 1 5 . 1 1 3 0 . 8 1 1 4 . 4 1 2 9 . 5 1 1 1 . 5 1 1 5 . 3 1 1 4 . 9 1 1 5 . 0 1 1 1 . 9

1 6 1 2 9 . 4 1 2 9 . 4 1 3 4 . 5 1 3 3 . 4 1 2 8 . 9 1 3 3 . 5 1 2 7 . 9 1 2 5 . 6 1 3 3 . 3 1 3 3 . 0 1 3 2 . 8 1 2 6 . 3

17 1 6 . 9 1 8 . 6 1 6 . 7 1 6 . 5 1 6 . 7 1 6 . 5 1 6 . 8 1 6 . 5 1 7 . 2 - 1 8 .1 -

18 1 9 . 6 1 9 . 8 1 9 . 6 1 9 . 5 1 9 . 4 1 9 . 4 1 9 . 7 1 9 . 4 2 0 . 7 2 0 . 1 - -

19 1 2 . 2 1 2 . 4 1 2 . 2 1 2 . 2 1 1 . 3 1 1 . 4 1 1 . 7 1 1 . 5 1 2 . 2 1 1 . 3 - -

2 0 _ — — — 5 6 . 6 5 6 . 5 5 7 . 2 5 6 . 9 5 7 . 5 5 7 . 1 5 7 . 0 5 5 . 9

21 _ 5 5 . 6 — 5 5 . 2 - - 5 5 . 8 5 5 . 7 5 5 . 6 5 5 . 1 5 5 . 0 5 4 . 9

22 _ _ — — - - - 5 5 . 2 - - - 5 4 . 9

2 3 - - 5 5 . 5 5 5 . 5 - 5 5 . 1 - 5 5 . 2 5 6 . 2 5 5 . 8 5 5 . 8 5 5 . 2

* Assignments corrected on the basis of quantum  chemical calculations.
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Table II

C a lcu la ted  a ll-v a le n c e  charge d e n s it ie s  ( Z Q )  o f  a to m s C - l  to C -1 0 , b a se d  o n  p la n a r  
va len ce  o r ie n ta tio n  on  C - l  a n d  m e a s u r e d  s h if ts  o f  6 - a n d  7 -a lk o x y -s u b s t i tu te d  

l- p h e n y l- 3 - m e th y l- 4 - e lh y l is o b e n z p y r y l iu m  p erch lo ra te s ;  w ith  re g re s s io n  d a ta  
Z Q  =  A  • sh if t +  B ;  r  =  c o rre la tio n  co e ff ic ie n t

Substi­
tu e n t

6-M ethoxy 7-Methoxy 6-7-Dimethoxy

C—n ZQ Shift ZQ Shift ZQ Shift ZQ Shift

l 3.7798 179.4 3.7505 175.2 4.1037 176.5 4.1370 172.2
3 3.7193 161.4 3.9237 160.1 4.0234 165.5 4.0472 160.2
4 3.7568 122.1 3.5098 117.2 4.0311 124.2 3.4525 118.5
5 4.6765 129.3 4.8881 103.3 4.3599 125.7 4.2876 102.7
6 3.9471 142.3 3.8737 171.0 4.2448 135.0 3.8055 162.9
7 4.1405 123.8 4.3906 122.5 3.8614 160.9 3.7619 152.5
8 3.5395 132.8 3.6389 135.4 4.0691 108.2 4.0306 108.0
9 4.0569 128.9 3.8767 127.5 4.4200 129.3 4.3333 127.5

10 4.2035 142.3 4.2305 145.1 4.0635 138.5 4.2552 141.6

A  =  -0 .0 0 5 8  
В  =  4.7932
r =  -0 .3 2 5

A  =  -0 .0 0 6 5 3  
В  =  4.9189

r =  0.377

A  =  0.00315 
В  =  4.5725 
r  =  0.397

A  =  -0 .00205  
В  =  4.2905
r =  0.1845

I t  is obvious from  th e  F igures a n d  from  th e  regression coeffic ien ts g iven 
in  th e  T ab le  th a t  th e  conform ation  p o s tu la te d  is n o t q u ite  co rrec t.

T he g rea te s t d iscrepancies o b se rv ed  seem  to  be connected  w ith  carbons 
C —4 an d  C —8 and  to  a lesser e x te n t w ith  C —9 and  C —5. I t  seem ed p lausib le  
to  assum e a con fo rm ation  w here th e  a ro m a tic  rin g  a tta c h e d  to  C — 1 is closer 
to  th e  p lane  of th e  heterocyclic  ring  a n d  th ere fo re  a co n fo rm atio n  w as chosen 
w here  C — 1 has a p y ram id a l valence o r ie n ta tio n ; i.e., th e  th re e  g roups a tta c h e d  
to  i t  are  arranged  as if  th e  carbon  w o u ld  be sp3 hybrid ized  an d  th e  0 + charge 
w ould  occupy th e  d irec tio n  of th e  fo u r th  sp3 o rb ita l. In  th is  case th e  valence 
angles betw een  th e  th ree  ligands on С —1 (О , C —11 and C —9) are  109°. T h e  
re su ltin g  conform ation  is show n by  th e  sp a tia l fo rm ula It.
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SO

Figs 1—4. Calculated all-valence electron charge densities of l-phenyl-3-m ethyl-4-ethyliso- 
benzopyrylium perch lorate  derivatives, assuming a planar (sp2) valence orientation on C -l, 
p lo tted  against th e  m easured 13C—NMR chemical shifts 1: U nsubstitu ted , 2: 6-m ethoxy, 3: 

7-m ethoxy, 4: 6,7-dim ethoxy derivatives

U n fo rtu n a te ly , no d irec t m easu rem en ts of v a len ce  angles of such  sa lts  
are  available a n d  th ere fo re  we have  no in d e p e n d e n t evidence for th e  re a li ty  
o f th is co n fo rm atio n  a p a r t  from  th e  re su lts  we o b ta in ed . T hese resu lts  a re  g iven  
in  Table I I I  a n d  show n in  Figs 5 —8.

W hile th e  regression  coefficients in  th e  f i r s t  se t of calcu lations w ere 
betw een 0.3 — 0.47 fo r th e  regression line be tw een  th e  ca lcu la ted  a ll-va lence  
charge densities a n d  m easured  chem ical sh ifts, th e  sam e regression coeffic ien ts  
for the  second se t a re  above 0.97.
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Table III

Calculated all valence charge densities (H Q ) o f  C atoms 1 — 10 based on tetrahedral 
valence orientation on C -l and measured shift o f  6,7-alkoxy substituted l-phenyl-1-3- 
methyl-4-ethyl-isobenzpyriliumperchlorates with regression data-. HQ =  A  ■ shift + B ;

r  =  correlation coefficient

Substi- 6-Methoxy 7-Methoxy 6,7-Dimethoxy

C — n ZQ Shift ZQ Shift ZQ Shift ZQ Shift

l 3.7443 179.4 3.6802 175.2 3.6815 176.5 3.6989 172.2
3 3.7762 161.4 3.7315 160.1 3.7375 165.5 3.7271 160.2
4 4.0425 122.1 4.0496 117.2 4.0432 124.2 4.0349 118.5
5 4.0317 129.3 4.0748 103.3 4.0207 125.7 4.0749 102.2
6 3.9447 142.3 3.7038 171.0 3.9692 135.0 3.7318 162.9
7 3.9939 123.8 4.0414 123.5 3.7567 160.9 3.7771 152.5
8 3.9880 132.5 3.9702 135.3 4.0437 108.2 4.0418 108.5

9 4.0024 128.9 4.0158 127.5 3.9932 129.3 4.0004 127.5

10 3.9189 142.3 3.9031 145.1 3.9220 138.5 3.9082 141.6

A  =  -0 .0 0 5 4 7  
В  =  4.7033
r =  -0 .9 7 0

A  =  -0 .0 0 6 2 7  
В  =  4.7842
r  =  -0 .9 7 5

A  =  -0 .00637  
В  =  4.7990
r =  -0 .9 7 1

A  =  -0 .00597  
В  =  4.7153
r =  -0 .9 7 9

Figs 5 — 8. Calculated all-valence electron charge densities of l-phenyl-3-m ethyl-4-ethyl 
isobenzopyrylium  perchlorate derivatives, assuming a p yram ida l (sp3) valence orientation a t 
C -l, p lo tted  against the measured 13C—NMR chemical shifts. 5: U nsubstitu ted , 6: 6-m ethoxy, 

7: 7-m ethoxy, 8: 6,7-dim ethoxy derivatives
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This shows th a t  th e  p ic tu re  o f th e  co n fo rm atio n  is a t  le a s t a p p ro x im a te ly  
co rrec t. This w ould  m ean  th a t  a p a r tia lly  positiv e ly  ch a rg ed  carbon  a to m  in 
a q uasi-a rom atic  sy s tem  has a te tra h e d ra l (py ram ida l) va lence  o rien ta tion  
w h ich  is d ifficu lt to  reconcile  w ith  o u r u su a l p ic tu re  o f an  a ro m atic  com pound. 
O n th e  o ther h a n d , th e  charges o b ta in ed  are  in  reasonab le  ag reem en t w ith  th e  
r e a c tiv ity  of th e  sa lts . I t  is found , e.g., t h a t  C —1, C —3 an d  C —6 are positive , 
w hile  th e  oxygen a to m  is a n eg a tiv e  cen tre , an d  carbons 4 , 5 an d  10 are  also 
s lig h tly  negative . T h e  charges on carb o n s 7, 8 and  9 v a ry  w ith  th e  su b stitu en ts  
on  C — 6 and  7, b u t  C — 8 an d  9 are  u su a lly  a lm o st n e u tra l. T his d is trib u tio n  
o f  electrons is in  ag reem en t w ith  th e  re a c tiv ity  of th e  sa lts . F o r in stan ce , 
M ü l l e r  and  L e m p e r t - S r é t e r  [12] show ed th a t  com pounds w ith  a free

Q*
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h y d ro x y  g roup  a t  С — 6 rea rran g e  to  a qu inono id  s tru c tu re  (III) in  n e u tra l  or 
s lig h tly  a lka line  so lu tio n  while th e  a lk o x y  com pounds (I) undergo ring  opening 
(У) a t  s lig h tly  ac id  or n e u tra l p H  va lu es  a fte r  fo rm ing  an  in te rm ed ia te  p seu d o ­
base  IV. T his base is v e ry  u n stab le  if  no a lkoxy  su b s titu e n t is p resen t on C —6 . 
A ltho u g h  in d e p e n d e n t evidence for th e  con fo rm ation  suggested  m ay  be o b ta in ­
ed b y  X -ra y  d iffrac tio n  m ethods an d  we hope to  be ab le  to  s ta r t  such  in v e s ti­
ga tions in  th e  n e a r  fu tu re , th e  o b ta in in g  of sa tis fac to ry  single crysta ls  is d iffi­
cu lt as show n b y  p re lim in ary  ex p erim en ts , since th e  c ry s ta ls  are prone to  grow  
in  c lusters.

T herefo re  w e decided to  o b ta in  in d ire c t ev idence on th e  con fo rm ation  
b y  reco rd ing  th e  13C-NM R sp ec tra  of l,3 -d im eth y l-6 ,7 -d im eth o x y iso b en zp y ry - 
lium  p e rch lo ra te  (II) an d  com paring  th e  d a ta  o b ta in ed  w ith  th e  resu lts  o f th e  
tw o sets o f q u a n tu m  m echan ical ca lcu la tions, w here th e  f irs t set is based  on 
a geo m etry  w here  th e  valence angles a t  C — 1 w ere 120°, while in  th e  second 
set th e  b o n d  b e tw een  C — 1 and  th e  m e th y l ca rb o n  w as t i l te d  ou t of th e  p lan e  
of th e  h e terocyclic  rin g  system .

H

T he resu lts  o f th is  set o f ca lcu la tio n s are co llected  an d  illu s tra te d  in  
Figs 9 — 10 an d  T ab le  IV . These show  th a t  th e  d ifference betw een  th e  energy  
d is tr ib u tio n  o f th e  tw o  conform ers is v e ry  sm all. T h e  co rre la tion  is a lm o st 
equally  good, th o u g h  th e  sp3 case gives a slig h tly  b e t te r  f i t  (rsp2 =  0.98, 
r sp, =  0.99).

T h is re su lt c an  on ly  be in te rp re te d  i f  we ta k e  in to  acco u n t th a t  th e  large 
a rom atic  rin g  in  close p ro x im ity  o f th e  he terocyclic  rin g  obviously  has a large

Figs 9 —10. Calculated all-valence electron change densities of l,3-dim ethyl-6,7-dim ethoxy- 
isobenzopyrylium  perchlorate p lo tted  against the m easured 13C — NMR chemical shifts. 

9: P lanar valence orientation, 10: pyram idal valence orientation
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Table IV

Calculated all-valence charge densities fo r  planar (P )  and tetrahedral (T )  valence 
orientations and measured shifts o f l,3-dimethyl-6,7-dimethoxyisobenzpyrylium

perchlorate

C- n
vQ

Shift
P T

l 3.5601 3.6701 178.9
3 3.7236 3.7167 162.9
4 4.0749 4.0643 114.5
5 4.0608 4.0610 105.0
6 3.7198 3.7246 162.2
7 3.7952 3.7882 152.0
8 4.0280 4.0373 105.8
9 4.0458 3.9918 118.7

10 3.8780 3.8842 141.1

Regression data:
A  =  -0 .0 0 6 6 1 ; -0 .0 0 5 4 7  
В  = 4.7874; 4.6731
r =  -0 .9 7 9 ; 0.987

sh ie ld ing  effect, w hereas th e  sm all m e th y l g roup  has a lm o st no such effect* 
T h is  re su lt is, th e re fo re , ind irec t ev idence  fo r th e  correctness o f th e  confor­
m a tio n .

F u r th e r  ex p erim en ts  in  c ry s ta l  g row ing  for X -ray  c ry sta llo g rap h ic  w ork  
a re  in  progress.

*

We would like to  thank  the D eutsche Forschungsgem einschaft and th e  H ungarian  
A cadem y of Sciences for supporting th is w ork and th e  Fonds der Chemischen Industrie for a  
fellowship granted to  one of us (M. V .).
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Addition of m ethyl a-acetoxyacrylate to  the enamine of struc tu re  7 and subse­
quent reduction afforded stereoselectively the alcohol ester 9b. The oxidation of this 
la tte r  compound gave racemic 16-deethyl-16-n-butylvincam ine ( lb ) .

T he s tru c tu ra l m od ifica tion  o f  v in cam in e  (la), w hich  p ro v ed  to  be an  
ex ce llen t cerebral v a so d ila to r, [2] a p p e a re d  to  be p rom ising  in  th e  e lu c id a tio n  
o f  th e  relationsh ip  b e tw een  s tru c tu re  an d  bio logical ac tion . A n  increase of 
lip o id  so lub ility  and co n seq u en t m o d ifica tio n  o f th e  physio log ica l effects w as 
ex p ec ted  on exchanging  th e  an g u la r e th y l g roup  a g a in s t a b u ty l  g roup  (lb).

T he substance o f s tru c tu re  lb  w as p rep ared  acco rd ing  to  th e  schem e of 
o u r earlie r synthesis [3] developed fo r  v incam ine.

O n alky la ting  th e  d ie th y l (re -bu ty l)m alonate  w ith  l-b ro m o -3 -ch lo ro p ro - 
p a n e  th e  derivative  2 w as o b ta in ed  [4] w hich beh av ed  u n d e r  th e  cond itions 
o f hydro lysis  sim ilarly  to  th e  co rrespond ing  e th y l analogue [3]. O n h ea tin g  2 
w ith  sulfuric acid of a co n c e n tra tio n  o f 70 % or h igher, th e  five-m em bered  
la c to n e  of s tru c tu re  3 w as form ed w h ich  is, accord ing  to  th e  in v es tig a tio n s  o f 
O l l is  et al. [5], a 1 : 1 m ix tu re  of d iastereom ere.

T he six-m em bered lac to n e  4 p re p a re d  b y  th e  a lk a lin e  hy d ro ly sis  o f th e  
d ie s te r  2 and  su bsequen t ac id ifica tion  gave, on h ea tin g  w ith  70 — 98 % sulfuric 
ac id , s im ilarly  the  com pound  of s tru c tu re  3 w ith  rin g  co n trac tio n .

In  view  of a sim ilar conversion  o bserved  earlier [3] in  th e  case o f th e  e th y l 
analogue, ring  c o n trac tio n  effected b y  su lfu ric  acid of a ra th e r  h igh  co n cen tra ­
tio n  appears to  be a q u ite  general re a c tio n  of six -m em bered  lac to n es  ca rry in g  
an  a lk y l group in  th e  v ic in ity  of th e  ca rb o n y l ca rbon  a tom .

T he reac tio n  of la c to n  4 w ith  t ry p ta m in e  afforded  th e  h y d ro x y p e n ta n o y l-  
t ry p ta m id e  derivative  5 , w hose t r e a tm e n t  w ith  p h o sp h o ry l ch lo ride  re su lted  
in  rin g  closure rep lacem en t of th e  h y d ro x y l group b y  a ch lo rine a to m . T re a t­
m e n t o f th e  resu lting  com pound  6 w ith  a lkali effected  a n o th e r  rin g  closure 
a ffo rd ing  th e  enam ine 7 , to  w hich m e th y l a -ace to x y ac ry la te  w as ad d itio n ed  
in  m eth y len e  chloride in  th e  presence o f  som e m eth an o l as p ro to n  source, and  
th e  p ro d u c t was iso la ted  as its  p e rc h lo ra te  sa lt (8).

* For P a rt I I I ,  Sec Ref. [1].
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C O O C .H ;
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нею, >
!-)

7h
Fig. 1

On reducing  th e  h ex ah y d ro  d e riv a tiv e  8 e ith e r  c a ta ly tic a lly  or w ith  
sod ium  borohydride , o n ly  one isom er could he iso la ted , as a pe rch lo ra te , from  
th e  reaction  m ix tu re .

W e ascribe s tru c tu re  9a to  th e  substance  o b ta in ed  in  th is  w ay . I t  can  be 
id en tified  m ost c o n v en ien tly  a fte r  th e  hydro lysis o f th e  ace ty l group as th e  
re a d ily  crystalliz ing  com p o u n d  9b. I n  th e  te tra c y c le  9 th e  h y d ro g en  of a m p l­
ia tio n  (12bH) an d  th e  b u ty l  group are c is-positioned  in  re sp ec t to  each e th er. 
T h u s  the  com pound c a rry in g  th e  re-butyl group can  be  red u ced  w ith  even b e tte r  
s te reo se lec tiv ity  th a n  its  e th y l analogue [3]. T his su p p o rts  again  our o b se rv a ­
tio n s  according to  w h ich  th e  h igher th e  space re q u ire m e n t of th e  su b s titu e n t 
a tta c h e d  to  C —1, th e  g re a te r  w ill be th e  a m o u n t o f cis isom er form ed a t  th e  
co s t of the  trans d e riv a tiv e , e ith er in  ca ta ly tic  red u c tio n  or in  th a t  carried  o u t 
w ith  sodium  b o ro h y d rid e .

The steric  s tru c tu re  of com pound 9b is su p p o rte d  b y  th e  N M R d a ta . 
I t  w as found for th e  co rrespond ing  e th y l analogue in  th e  com pounds of cis-
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ty p e  th a t  th e  N H  signal of indo le  ap p ea red  a t  a ô v a lu e  o f a b o u t 7.8 an d  th a t  
COOCH 3 a t  3.6, w hereas in  th e  trans com pounds th ese  Ô va lues w ere a t  ab o u t 
9.0 and  3.8, respective ly ; th is  is ex p la in ed  by  th e  g eo m etry  of th e  m olecule [3]. 
I n  th e  N M R  sp ec tru m  of 9b, in  tu r n ,  th e  chem ical sh if t o f th e  N H  p ro to n  is 
7.78, an d  th a t  o f th e  COOCH 3 p ro to n  3.62, th u s th e  d a ta  g re a tly  su p p o rt th e  
s tru c tu re  suggested .

T he alcohol 9b was ox id ized  w ith  F é tizon  reag en t. W hen  th e  o x id a tio n  
w as carried  c u t  in  benzene, th e  m a in  p ro d u c t was th e  th e rm o d y n am ica lly  less 
s tab le  14-epivincam ine analogue l c ,  w hereas on perfo rm ing  th e  reac tio n  a t 
h igher te m p e ra tu re s  in  xy lene , th e  m ore  stab le  v in cam in e  analogue l b  w as 
o b ta in ed  from  th e  reac tio n  m ix tu re  as th e  m ain  p ro d u c t.

In  a reac tio n  ca ta ly zed  e ith e r  b y  Ag ions or b y  sod ium  m eth o x id e  th e  
ep i-p ro d u c t l c  is converted  in to  th e  m ore stab le  d e riv a tiv e  lb .  T hus, th e  a n a l­
ogy w ith  th e  equ ilib rium  con v ersio n  observed in  th e  case of v incam ine  is 
com plete.

T he epim eric re la tio n  ex is tin g  b e tw een  l b  and  l c  is p ro v ed  fu rth e rm o re  
b y  th e  fac t th a t  on sp littin g  o ff w a te r , b o th  com pounds affo rd  th e  sam e u n s a t­
u ra te d  com pound  ( 10) .

СООСНз
‘ 8

СООСНз
9
R

a Ac 
b H

Fig. 2

E xp erim en ta l

The IR  spectra were obtained in K B r pills or in liquid films w ith  a Spektrom om  2000 
spectro-photom eter and the NMR spectra  on a Perkin-E lm er R12 (60 MHz) instrum en t. The 
UV spectra were recorded w ith a U nicam  SP 800 spectrophotom eter.

Diethyl [n-butyl-3 - (chloropropyl)] malonate (2)

Sodium m etal (21.25 g; 924 m g-atom ) was dissolved in 400 m l of anhydrous ethanol 
under stirring and external cooling w ith  w ater. A fter the alkoxide solution had  been cooled to  
room  tem perature, 200.00 g (924 mmoles) of d ie thy l (n-butyl)m alonate was slowly added to the 
solution. On stirring for a few m inutes, a so lu tion  of 146.80 g (936 mmoles) of l-bromo-3-chloro- 
propane in  80 ml of anhydrous ethanol was dropwise added during 30 min. Stirring a t room 
tem perature  was continued for another 30 m in., then  the m ixture was refluxed for 4 hrs. W hen 
th e  reaction was completed, the ethanol was evaporated in vacuum , the residue diluted w ith
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300 ml of distilled w ater and extracted  w ith benzene (200, 150, 100 ml). The combined organic 
phases were washed w ith  200 ml of distilled w ater and dried over m agnesium  sulfate. After 
filtra tio n  the benzene was evaporated  in  vacuum  (w ater-pum p). The viscous, oily residue was 
fractionated  in  high vacuum  to yield 132.00 g (49.0 %) of a colourless oil, b.p. 137 — 138 °C a t 
0.6 to rr; nfj =  1.4412.

C14H25C104 (292.79). Calcd. C 57.42; H  8.60; Cl 12.10. Found C 56.96; H  8.63; Cl 11.94 %.
IE  (film): vmax 1727 c m " 1 ( > C = 0 ) .

О
I I

NMR (in CC14): <54.12 (q, 4H , - С - 0 - С Я 2); 3.52 (t, 2H , - С Я 2- Cl); 1.21 (t, 6H , 
— С — CH2-  СЯ3); 0.89 (t, 3H, - С Н 2- С Я 3).

I I
О

2-n-ButyI-5-pentanolide (4)

Potassium hydroxide (76.45 g; 1.36 mmole) was dissolved in 80 ml of distilled w ater, 
100 ml of ethanol and 80.00 g (273 mmoles) of diethyl [re-butyl-3-(chloropropyl)] malonate (2) 
were added, and the reaction  m ixture was refluxed for 6 hrs. The ethanol was evaporated from 
th e  suspension in vacuum  (w ater-pum p) and the residue acidified to  pH  5 w ith  a 50 % solution 
of sulfuric acid. A fter the addition  of 13.7 m l of cone. H 2S 04, the m ix tu re  was kep t and a b a th  
o f 120—140 °C u n til th e  evolution of carbon dioxide gas ceased (abou t 3 hrs). The cooled 
reaction m ixture was d ilu ted  w ith 200 ml of distilled w ater and ex trac ted  w ith  benzene (200, 
100, 80 ml). The combined organic phases were washed w ith a 5 % solution of sodium hydrogen 
carbonate and dried over M gS04. The oily residue obtained on evaporation  of the solvent was 
fractionated in vacuum , to  yield 27.60 g (64.9 %) of a colourless oil, b.p. 104— 106 °C a t 0.7 to rr; 
nB  =  1.4511.

C9H 160 22 (156.22). Calcd. C 69.19; H  10.32. Found C 68.86; H  10.08 %.
IR  (film): r max 1730 c m " 1 ( > C = 0 ) .

О
I I

NMR (in CC14): <5 4.24 (t, 2H, - С - 0 - С Я 2- ) ;  0.92 (t, 3H , - С Н 2- С Я 3).

2-n-Butyl-4-pentanolide (3)

(o) Cone, sulfuric acid (173 ml) was slowly poured, w ith  cooling, in to  120 ml of distilled 
w ater, then 75.00 g (257 mmoles) of diethyl [ra-butyl-3-(chloropropyl) ]m alonate (2) was added 
and  the reaction m ix ture  refluxed for 4 hrs. in  a nitrogen atm osphere w ith  vigorous stirring. 
The solution was cooled, 200 ml of distilled w ater was added and the m ix tu re  was shaken w ith 
benzene (100, 80, 50 ml). The combined organic phases were washed w ith  a 5 % solution of 
N a 11 GO., then w ith distilled w ater and dried over M gS04. The residue obtained after evapora­
tion  of the solvent was frac tionated  to yield 19.70 g (49.2 %) of a colourless oil, b.p. 115— 116°C 
a t  8 torr; n ß  =  1.4362.

C9H 160 2 (156.22). Calcd. C 69.19; H  10.32; Found C 68.98; H  10.18 %.
IR  (film): r max 1762 cm ’ 1 ( > C = 0 )

О
I  I I

NMR (in CC14): <5 4.49 (s, 1H, CH3—С Я —О -  C - ); 0.92 (t, 3H , -  CH2- С Я 3).
(b) Cone, sulfuric acid (50 ml) was mixed slowly, w ith cooling, w ith  40 ml of distilled 

w ater then 15.00 g (96.5 mmoles) of 2-n-hutyl-5-pentanolide(4) was added and the reaction 
m ixture refluxed for 5 hrs.; it  was poured then  onto about 200 g of ice and extracted w ith 
benzene (200, 100, 50 ml). The combined organic phases were w ashed w ith  a 5 % solution of 
N aH C 03 distilled w ater and  subsequently dried over M gS04. The dark  oil which rem ained 
after evaporation of th e  solvent was fractionated  in  vacuum  to obtained  7.80 (51.8 %) of a 
colourless oil, b.p. 142— 146 °C a t  21 Torr; n ÿ  = 1.4382.

The product was in  all respects completely identical w ith th a t  p repared according to (a).

2-n-Butyl-5-hydroxypentanoyltryptamide (5)

Tryptam ine (20.40 g; 127 mmoles) was dissolved in  140 ml of chlorobenzene, 23.85 g 
(152 mmoles) of 2-n-butyl-5-pentanolide (4) was added and th e  reaction  m ixture refluxed for 
8 hrs. At the end of the  reaction  the solvent was distilled off in  vacuum  and th e  residue rubbed 
w ith  petroleum ether. The solution was decanted from  the solid portion, the residue dissolved
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in 300 ml of dichlorom ethane and shaken w ith  100 ml of 1 : 4 dilute HC1 solution. The organic 
phase was washed w ith distilled w ater un til free of acid, than  dried over M gS04. The slightly 
reddish  solution was filtered, the  filtra te  evapora ted  in vacuum  and th e  oily residue crystallized 
from  tw ice its volume of dichloroethane to o b ta in  42.65 g (66.1 %) of a w hite crystalline sub­
stance, m .p.: 78 — 80 °C.

C19H 28N20 2 (316.43). Calcd. C 72.11; H  8.92; N 8.85 Found C 71.80; H  9.18; N 8.92 %.
IR  (K B r): r max 3250 cm -1 (indole-N H ); 1622 cm -1 (^> C = 0).
NM R (indeuterochloroform ): ô 8.95 (s, 1H , indole-NH); 7 .56— 6.98 (m , 4H , arom atic H );

I
3.60 (t, 2H, — CH2— OH); 3 .1 2 -2 .9 0  (m , 3H , - C H 2- N - C -  and  - C H - C - N - ) .

I II II I
О О

l-n-Butyl-l,2,3,4,6,7-hexahydro-12H-indolo[2,3-a]quinolizin-5-ium  
perchlorate (7b)

2-n-B utyl-5-hydroxypentanoyltryptam ide (5) (42.65 g; 135 mmoles) was dissolved in  
250 m l (2.72 mmoles) of freshly distilled phosphoryl chloride and the solution refluxed for 8 hrs. 
The solution was then evaporated  in  vacuum  and  the residual dark  brow n oil dissolved in  300 
ml o f dichlorom ethane. The reaction m ix ture  was diluted w ith 300 ml of distilled w ater and 
m ade alkaline to  pH  11, under cooling, w ith  40 % NaOH solution. The organic phase was 
separated  and the aqueous phase shaken w ith  2Х Ю 0 ml of dichlorom ethane. The combined 
dichlorom ethane solution were dried over M gS04 and  the residual red oil obtained after evapo­
ra tin g  th e  solvent was dissolved in  some m ethanol. On adding 70 % aqueous perchloric acid 
solution (up to pH  6), a yellow crystalline sa lt precip ita ted  instantaneously . A second crop o f 
crystals was obtained on allowing the m ixture to  stand  in a refrigerator. The yield was 29.90 g 
(61.7 %) of a yellow crystalline powder; m .p .: 198— 200°C. On recrystallization from m ethano l 
the  m .p .: rose to 201 —202 °C.

C19H 25N2C104 (380.86). Calcd. C 59.61; H  6.61; N 7.35. Found C 60.06; H  6.67; N 7.03 %.
(+)

IR  (K B r): rmax 3240 cm -1 (indole-N H ); 1629 cm -1 (^> C = N —).
I

UV (in m ethanol): Amax 359 nm (log e =  4.3598).

1-n-Butyl-l- { [2-(acetyloxy)] -(methoxycarhonylethyl)} -1,2,3,4,6,7-hexahydro- 
12H-indolo[2,3-a]quinolizin-5-ium perchlorate (8)

l-ra-Butyl-l,2,3,4,6,7-hexahydro-12H-indolo[2,3-a]-quinolizin-5-ium  perchlorate (7) 
(10.00 g; 26.6 mmoles) was suspended in  100 m l of dichlorom ethane, th en  75 m l of distilled 
w ater and 20 ml of 2N  N aO H  were added. The m ixture was stirred for 10 min. in an argon 
atm osphere and the organic phase was separated . The aqueous solution was shaken w ith 20 ml 
of dichlorom ethane, and the combined organic solutions dried over M gS04. A fter filtering off 
the drying agent, 10.0 ml of freshly distilled m ethy l [2-(acetyloxy)]acrylate was slowly added 
to  th e  filtra te . The reaction m ix ture  was rinsed w ith  argon gas, sealed and allowed to stand  for 
two days a t  room tem perature. The solvent w as evaporated in vacuum  and  th e  residual dark  
red oil rubbed  w ith 3X 50 ml of petroleum  ether. The solidifying yellowish red  substance was 
dissolved in  30 ml of ho t m ethanol and slightly  acidified (to pH  6) w ith  a 70 % aqueous solution 
of perchloric acid, then the solution was allowed to  stand in  a refrigerator. The yellow sa lt 
w hich precip itated  was filtered  off w ith suction  and washed w ith some cold m ethanol to  
ob ta in  4.20 g (30.0 %) of a yellow crystalline substance, m .p.: 210 — 212 °C. On recrystallizing 
the p roduc t from methanol, the m .p.: rose to  214 — 215 °C.

C26H 33N2C108 (524.98). Calcd. C 57.19; H  6.33; N 5.34. Found C 57.40; H  6.21; N 5.19 %.
IR  (K B r): r roax 3320 cm -1 (indole-N H ); 1758 cm -1 (acetyl ^ > C = 0 ) ; 1733 cm “ 1 (ester 

(+)
> C = 0 ) ;  1629 cm ““1 ( > C = N - )

la-n-Butyl-l-{[2-(acetyIoxy)]-(m ethoxycarbonylethyl)}-l,2,3,4,6,7,12,12ba- 
octahydroindoio[2,3-a]quinolizine perchlorate (9a.H C104)

5 % palladium on bone black (about 1 g) was prehydrogenated in  some m ethanol then  
a so lu tion  of 1.00 g (1.91 mmole) of the perchlorate salt 8 in 600 m l of m ethanol was slowly
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added. The hydrogenation was carried out at room temperature and atmospheric pressure. The 
calculated amount (46 ml) o f hydrogen was taken up by the substance in 6 hrs. At the end of 
the reaction the catalyst was filtered off and the solvent evaporated in vacuum. The residue 
was dissolved in some methanol and refrigerated to achieve crystallization. The product was 
filtered with suction to obtain 0.50 g (50.1 %) of white crystals, m.p. 218 — 219 °C.

C25H35N2C108 (527.00). Calcd. C 56.96; H 6.69; N  5.31. Found C 56.93; H 6.98; N 5.67 %.
IR rmax (KBr): 1741 c m -  (> C = 0 ) .

la-n-Butyl-l-[2-hydroxy-(methoxycarbonylethyl)]-l,2,3,4,6,7,12,12ba- 
octahydroindolo[2,3-a] quinolizine (9b)

(а) The perchlorate 9a (6.40 g; 12.1 mmoles) was dissolved in 150 ml of methanol saturat­
ed at 0 °C with hydrogen chloride and refluxed for 3 hrs. The acid solution was concentrated 
in  vacuum, the residual solution was dissolved in 200 ml of a 1 : 1 mixture of acetone and 
water, and made alkaline to pH with a saturated solution of sodium carbonate. Distilled 
water (500 ml) was added to the solution, the resulting white precipitate was filtered off w ith  
suction and washed with distilled water to obtain 3.90 g (80.8 %) of white crystals m.p.: 207 — 
208 °C

C^H^NjOs (398.53). Calcd. C 72.33; H 8.60; N  7.03. Found C 72.22; H 8.86; N  6.97 %.
IR (KBr): vmax 1758 c m -  ( > C = 0 ) .
NMR(in deuterochloroform): ô 7.78 (s, 1H, indole-NH); 7.24 (m, 4H, aromatic H); 3.62 S, 

3H, ester-CH3).
(б) The adduct 8 (6.00 g; 11.4 mmoles) was suspended in 200 ml of methanol, and 4.00 g 

(106 mmoles) of sodium borohydride was added to the reaction mixture in small portions under 
cooling in ice-water. After the addition was completed, the solution was stirred for another 
hour at 0 °C, then acidified to pH 5 with 20 % acetic acid. The acidified solution was con­
centrated in vacuum 50 ml. The remainder was diluted with 150 ml of water, 200 ml of diehloro- 
methane was added and the mixture was made alkaline (pH 10) with 40 % NaOH solution. 
After separation of the organic phase, the aqueous phase was repeatedly shaken with further 
50 ml of dichloromethane, and the combined dichloromethane solutions were dried over MgS04. 
The drying agent was filtered off and the solvent evaporated vacuum to leave 4.80 g of a 
yellow  oil. (During the reaction the product underwent partial deacetylation, therefore the 
crude product was processed without crystallization).

The oil was refluxed for 3 hrs. in 100 ml of metbanol containing hydrochlorid acid, then 
methanol was removed by vacuum distillation, and the residual salt mixture dissolved in 100 
ml of a 1 : 1 mixture of acetone and water. The solution was made alkaline (pH 10) w ith a 
saturated solution of sodium carbonate and 400 ml of water was added to complete the precipi­
tation of the substance. The crystals were filtered off w ith suction to obtain 3.20 g (70.4 %) 
of a white flocculated substance, m.p. : 207 — 208 °C.

The product was in all respects identical with that prepared according to (a).

( ±)-16-Deethyl-16-n-butyI-14-epivincamine (10)

The alcohol 9b (1.00 g; 2.61 mmoles) was suspended in 80 ml of anhydrous benzene, 
5.00 g of Fétizon reagent was added and the mixture refluxed for 72 hrs., with stirring. The 
progress of the reaction was followed by chromatography. The solution was filtered from the 
solid, half of the solvent was evaporated and the residue allowed to crystallize at room tempera­
ture. The product was 0.65 g (65.1 %) of colourless powdery crystals, m.p.: 186—187 °C.

C23H30N2O3 (382.49). Calcd. C 72.22; H 7.91; N 7.32. Found C 72.14; H 7.98; N 7.53 %.
IR (KBr): vmax 1726 c m -  (> C = 0 ) .
NMR (in deuterochloroform): <54.56 (s, 1H, anellation-H); 3.71 (s, 3H, ester-CH3).

( i ) - 1 6 - Deethyl-16-n-butylvincamine ( lb )

(a) The alcohol 9b (1.00 g; 2.61 mmoles) was dissolved in 50 ml of hot anhydrous xylene, 
5.00 g of Fétizon reagent was added and the suspension refluxed for 8 hrs., with stirring. The 
oxidation was complete in  3 — 4 hrs. On further heating, the first formed 12b epimerized to the 
end product 12a. The progress of the reaction was followed by thin-layer chromatography 
[adsorbent: alumina 60 F 254 neutral (Type E); developing solvent mixture of 10 ml dichloro­
methane and 0.05 ml methanol; detection in iodine vapour].
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After the elapse of 8 hrs., which proved to he the optimum period of treatment, only 
traces of 12b could be detected in  the reaction mixture.

The solid was filtered off from the hot suspension, and the xylene solution was allowed 
to stand first at room temperature, and then in a refrigerator to yield 0.35 g (35.2 %) of chroma- 
tographically homogeneous (±)-16-deethyl-16-n-butylvincam ine, m.p.: 202 —203 °C.

C2,H ,„N ,0 , (382.49). Calcd. C 72.22; H  7.91; N 7.32. Found C 72.27; H 8.04; N  7.49 %.
IR (KBr): rmax 1732 cm "1 (> C  =  0 ).
NMR (in deuterochloroform): d 4.61 (s, 1H, anellation-H); 3.82 (s, 3H, ester-CH3).
(b ) (±)-16-Deethyl-16-n-butyl-14-epivincam ine (lc) (0.20 g; 0.52 mmole) was dissolved 

in 15 ml of anhydrous methanol. 0.20 g (3.70 mmoles) of sodium methoxide was added and the 
mixture refluxed for 3 hrs. The methanol was then evaporated in vacuum and the residue 
dissolved in 15 ml of hot anhydrous benzene. The insoluble residue was filtered off and the 
solution concentrated to half of its volume. On standing for several hours a white powdery 
crystalline substance precipitated, which was filtered off with suction to yield 0.12 g (60.0 %) 
of lb , m.p.: 2 0 1 -2 0 2  °C.

The product was in all respects identical with that prepared according to (a).
(c) ( +  )-16-Deethyl-16-n-butyl-14-epivincamine (lc) (0.20 g; 0.52 mmole) was refluxed 

with 1.0 g of Fétizon reagent in 40 ml of anhydrous xylene, with stirring. Epimerization was 
complete in 2 hrs. (The conversion can be well followed by thin-layer chromatography.) At the 
end of the reaction the catalyst was filtered off from the hot solution. The substance which 
separated on standing in a refrigerator was filtered off with suction to obtain 0.16 g (80.0 %) of 
a white crystalline substance, m.p.: 201 —202 °C.

The product was in all respects identical with that prepared according to (a).

( : )-16- Deethyl- 16-n-butylapovincaminc (10)

(a) (±)-16-Deethyl-16-n-butyl-14-epivincam ine (lc )  or ( +  )-16-deethyl-16-n-butyl- 
vincamine (lb) (0.40 g; 1.04 mmole) was dissolved in 30 ml of acetic anhydride and the mixture 
refluxed for 24 hrs. The dark solution was then evaporated in vacuum, the residue dissolved 
in 50 ml of distilled water and made alkaline (pH 10 — 11) with a 40 % NaOH solution. It was 
then extracted with ether (30, 20, 10 ml), the organic phase dried over MgS04 and the solvent 
was evaporated in vacuum. The residual light coloured oil was dissolved in a minimum volume 
of methanol and acidified to pH 4 with a 70 % aqueous solution of perchloric acid. On scratch­
ing, white crystals precipitated which were filtered off with suction to obtain 0.35 (72.3 %) of 
the product, m.p.: 239 —240 °C.

C23H29N2C106 (464.92). Calcd. C 59.41; H 6.29; N 6.03. Found C 59.64; H 6.12; N 5.89 %.
IR (KBr): rmax 1726 c m '1 ( > C = 0 ) ;  1636 cm "1 (> C = C < );  1615 cm “ 1 (> C = C < ) .

*

The authors’ thanks are expressed to the Gedeon Richter Pharmaceutical Factory for 
supporting our studies.
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The synthesis of dibenzofa, djcycloheptenes, dibenz[b,/]azepins, d ibenzo[6,/]- 
oxepins, dibenzo[b,/]thiepins, and tribenzo[a,c, ejcycloheptenes with prochiral substitu­
ents as markers for conformational studies by Tf-NM R is described.

T h e s tu d y  of nu c lear m agnetic  resonance  sp ec tra  a t  v a riab le  te m p e ra tu re s  
is a p ow erfu l too l to  collect in fo rm a tio n  a b o u t in tram o lecu la r exchange p ro ­
cesses [!]• Som e years  ago we re p o rte d  th e  u tiliz a tio n  of th is  tech n iq u e  in  th e  
in v e s tig a tio n  of th e  possib ility  of a ro m a tic ity  an d  a n tia ro m a tic ity  in  po lycyclic 
system s c o n ta in in g  seven-m em bered  hom ocyclic or he terocyclic  rings [2].

F o r o u r stud ies deriva tives of d ibenzo [a ,d ]cyclohep tene , d ibenzo[6,/] -  
oxepin , d ib en zo [6,/] th ie p in , d ib en z[6,/]a z e p in , and  tribenzo [a ,c ,e]cyclohep tene , 
su b s ti tu te d  w ith  p roch ira l groups (e.g. benzy l, isopropy l, e thy l) w ere req u ired  
and  in  th is  p a p e r  we are dealing  w ith  th e  syn thesis  of these  com pounds.

A s th e  f i r s t  m em ber of th is  series l-b en zy ld ib en zo [a ,d ]cy c lo h ep ten -5 -o n e  
(1) has b een  p rep a red  by  th e  a d a p ta tio n  of a know n sequence of reac tio n s.
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2 -B en zy lp h en y lace tic  ac id  [3] w as co n d en sed  [4] w ith  p h th a lic  a n h y d rid e  to  
g ive  th e  p h th a lid e  3 , w h ich  was red u ced  w ith  hyd ro g en  iod ide an d  red  p h o s­
p h o ru s  [5] to  th e  ac id  4 th a t  was acco m p an ied  b y  m in o r am o u n ts  of th e  p a r ­
t ia l ly  reduced  p h th a lid e  5 and a co n d en sed  a ro m atic  h y d ro ca rb o n , C22H 18, 
o f  un k n o w n  s tru c tu re . T he acid w as c o n v e rte d  to  its  ch loride an d  cyclized b y  
h e a tin g  w ith  a tra c e  o f  po lyphosphoric  ac id  [6] to  y ield  th e  keto n e  6 in  m o d er­
a te  y ield . In  v iew  o f th e  presence o f a  su scep tib le  d ip h en y lm e th y l m o ie ty  in  
th e  m olecule, th e  u su a l b ro m in a tio n -d eh y d ro b ro m in a tio n  p rocedure  w as av o id ­
ed  an d  the  double  b o n d  w as in tro d u ced  b y  d e h y d ro g en a tio n  w ith  p allad ium - 
-on-charcoal. A  b y -p ro d u c t o f th is  re a c tio n  w as th e  h y d ro ca rb o n  2, w h ich  has 
a lso  been p rep a red  b y  W o lf—K ish n er re d u c tio n  of th e  k e to n e  1.

As th e  d ib en zo tro p o n e  1 d id  n o t  e x h ib it an isochrony  of th e  p ro to n s  of 
th e  m ethy lene  g ro u p , we tu rn e d  our a t te n t io n  to  analogues su b s titu te d  on  th e  
e th y le n e  bridge b y  th e  hyd ro x y iso p ro p y l group .

In tro d u c tio n  o f  th is  function  w as co n v en ien tly  p erfo rm ed  b y  lith ia tio n  
o f  th e  corresponding  b rom o  com pounds w ith  b u ty llith iu m  [7], follow ed b y  th e  
a d d itio n  of acetone.

The brom o com pounds 7 [7], 8 [8], 10 [9] an d  12 [10] have  been rep o rted  
in  th e  lite ra tu re , a n d  we have described  th e  p re p a ra tio n  of 11 earlie r [11].

7: X = ^C(OMe)2 14: X = > o , R = H

8: x  = ^ :c = c h 2 15: X II \
/ О С R = СНз

9: X  = ^ C H 2 16: X = /С О , R =п-С3Нт

о И II \
/ О 17: X = ^ с н 2, R = H

11: x  = ^ ; s 18: X = ^С = С Н 2, R = H

12: X = ^N CO CH 3 19: X = > R = H

13: X  = ^ N C 2H5 20: X = ̂ N C 2H5, R = H

21: X = > R = H

22: X = ^ s o . R = H

23: X = / S 0 2, R = H
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9 h as  b een  p rep ared  b y  b ro m in a tio n  [12] follow ed by  d eh y d ro b ro m in a tio n  of 
th e  a p p ro p ria te  u n sa tu ra te d  p a re n t  com p o u n d  [12].

L ith ia t io n o f  th e b ro m o  com pounds 7 — 11 an d  ad d itio n  o f acetone g en er­
a lly  p roceeded  sm oo th ly  giving th e  correspond ing  h y d ro x y iso p ro p y l com ­
p o u n d s  in  30 — 70 % yield.

R em o v al of th e  k e ta l b lock ing  g roup  from  th e  re a c tio n  p ro d u c t o f 7 
w as accom plished  b y  tre a tm e n t w ith  a m ix tu re  of iso p ro p an o l an d  d ilu te  
h y d ro ch lo ric  acid. T he use of m e th a n o l fo r th e  sam e p u rp o se  gave rise  to  a 
m ix tu re  o f th e  te r t ia ry  carb ino l 14 an d  its  m e th y l e ther 15. T h e  carb ino l gave 
th e  co rrespond ing  ethers w hen  d isso lved  in  m eth y l, e th y l o r н -p ropy l alcohol 
c o n ta in in g  a trace  o f acid. T he ra te  o f e th e rif ic a tio n  decreased, how ever, ra p id ly  
w ith  increasing  ch a in  len g th  an d  th e  a m o u n t of b y -p ro d u c ts  rose s im u lta ­
neo u sly . Since fo r our purpose i t  seem ed to  be useful to  in crease  th e  size of 
th e  p ro ch ira l su b s titu e n t, th e  « -p ro p y l e th e r  16 was p rep a red  on a p re p a ra tiv e  
sca le . T h e  b y -p ro d u c ts  in  th is  case w ere id en tified  as th e  e lim in a tio n  p ro d u c t 
2 4  a n d  th e  isom eric «-p ropy l e th e r  25 arising  from  th e  a lly lic  re a rra n g em e n t 
o f th e  in te rm e d ia te  cation . T he s tru c tu re  o f th e  isopropy lidene com pound  25 
w as su p p o rte d  b y  its  A M R  sp ec tru m  show ing  a p a ir  of m e th y l sing lets a t  ô 1.60 
a n d  1.65 p p m  [(CH 3)2C =  ], a b ro a d  s in g le t a t  ô 5.27 ppm  (CH  — O — ), an d  th e  
s e t  o f signals genera ted  b y  th e  « -p ro p y l group . O n reac tin g  14 w ith  isop ro p y l 
a lcoho l on ly  d e h y d ra tio n  to  24 to o k  place.

T h e  sulfoxide 22 an d  sulfone 23 h av e  been  p rep ared  b y  o x id a tio n  o f th e  
su lf id e  21 w ith  one and  tw o m oles of p e rlau ric  acid, respective ly .

A s th e  am ide 12 [10] d id  n o t  re a c t w ith  « -b u ty llith iu m  in  th e  req u ired  
w ay , i t  w as red u ced  w ith  l ith iu m  a lu m in iu m  hydride  to  th e  am ine 13 th a t  
u n d e rw e n t sm ooth  reac tio n  to  give th e  h y d ro x y iso p ro p y lam in e  20 .

A d d itio n  of acetophenone to  th e  l ith ia tio n  p ro d u c t o f 10-brom odibenzo- 
[6,/]o x e p in  10 p roduced  th e  seco n d ary  alcohol 26. D e h y d ra tio n  to  27 an d  
s u b s e q u e n t carefu l h y d ro g en a tio n  affo rded  28.

S ince th e  s teric  h in d ran ce  p ro v id e d  b y  a single s u b s ti tu e n t on th e  e th y l­
ene b rid g e  of d ibenzo tropone p ro v ed  to  be  insuffic ien t to  ra ise  th e  energy  
b a rr ie r  o f  th e  rin g  inversion  p rocess to  a level th a t  could  be co n v en ien tly

I
27: X  = P.h-C=OH2

28: X  = P h -C H -C H 3
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stu d ied  b y  1H -N M R , a tte m p ts  w ere m ad e  to  sy n thesize  derivatives h av in g  
a p a ir  of id en tica l p ro ch ira l groups on th e  e th y len e  b ridge .

The k e to n e  2 9  described  by  T o c h t e r m a n n , F r a n k e  and  S c h ä fe r  [13] 
seem ed to  be a su ita b le  s ta r tin g  m a te ria l fo r th is  p u rpose . O x idation  w ith  b ro ­
m ine in  m e thano l, a reac tio n  w idely ap p lied  on sim ple fu ra n s  [14] gave a m ix ­
tu re  of cis and  trans isom ers of th e  cyclic d iace ta l 30. F ra c tio n a l c ry sta lliza tio n  
affo rded  one of th e  isom ers pure , to  w h ich  th e  trans con fig u ra tio n  has been  
te n ta tiv e ly  assigned  on th e  evidence o f th e  re la tiv e  p o sitions of th e  ace ta l 
p ro to n  signals in  th e  1H -N M R  sp ec tru m  (stronger desh ield ing  in  th e  trans 
isom er owing to  th e  th rough-space  effect o f th e  v ic in a l oxygen atom ). T h e  
m ix tu re  of ace ta ls  w as rem ark ab ly  re s is ta n t to  acid an d  could  only be h y d ro ­
lyzed  b y  re la tiv e ly  s tro n g  acid a t  e lev a ted  te m p e ra tu re s . T h e  p ro d u c t o f  th is  
reac tio n  w as, h o w ever, n o t th e  ex p ec ted  d ia ldehyde. T h o u g h  on one h a n d  i t  
fu rn ish ed  th e  ex p ec ted  com position  an d  m ass sp ec tru m  (M + 262 m/e, succes­
sive loss of CO an d  CHO fragm en ts as th e  m ain  b reak d o w n  p a tte rn ) , b u t  
on th e  o ther i t  e x h ib ite d  in fra red  a b so rp tio n  a t  1750 c m “ 1 and  a tw o- 
p ro to n  singlet a t  ô 5 .62  ppm  in the  1H -N M R  sp ec tru m . I t s  ex trem e in so lu b ility  
suggested  th a t  i t  w as a dim er of th e  d ia ld eh y d e . D ue to  its  inso lub ility  i t  w as 
d ifficu lt to  b rin g  a b o u t an y  reac tio n  o f th is  sub stan ce , so we tu rn ed  our a t te n ­
tio n  to  th e  a ce ta l 30 an d  found th a t  i t  could  be ox id ized  w ith  ch rom ium  
tr io x id e  d irec tly  to  th e  anhydride  31. U n fo rtu n a te ly  th is  com pound w as 
ex trem ely  u n re a c tiv e  an d  resisted  hydro ly sis , e s te rific a tio n  or k e ta lisa tio n , 
opera tions w hich  w ould  have been n ecessary  for th e  conversion  of th e  a n h y ­
d rid e  function  to  a p a ir  of iden tica l p ro ch ira l groups.

As accord ing to  T o c h te r m a n n , S c h n a b e l  and  Ma n n sc h r e c k  [15] th e  
fu sion  o f a th ird  b en zen e  ring to th e  d ib en zotrop en e sy ste m  considerably  en ­
h an ces the a c t iv a t io n  energy o f ring in version , com p ou n d s w ith  prochiral 
su b stitu en ts h a v e  b een  prepared in  th is  series.

2 9 31

l-E th y ltrib en zo [a ,c ,e ]cy c lo h ep ten -9 -o n e  (34) w as o b ta in ed  b y  the  a d a p ta tio n  o f 
th e  elegant sequence described by  T o c h t e r m a n n , O p p e n l ä n d e r  and  W a l t e r

[16]. D iels-A lder a d d itio n  of 2 -e th y lfu ran  [17] on d ibenzo [a ,d ]cyclohep tin -
5-one, g enera ted  in  situ  from  10-brom odibenzo[a ,d ]cyclohep tan-5-one [18]
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gave th e  epoxide 32, th a t  was h y d ro g en a ted  to  33 and  su b seq u en tly  d e h y d ra te d  
to  y ield  34. I t  shou ld  be n o ted  th a t  d e h y d ra tio n  w ith  po lyphosphoric  acid  a t  
150 °C fo r 2 h rs ., as recom m ended  [15], gave on ly  v e ry  low  yields of th e  tr i-  
b en zoke tone  34 an d  som e of th e  flu o ren o n e  38, a rep o rted  ty p e  of b y -p ro d u c t
[15] of th is  reac tio n . S hort bo iling  in  to lu en e  w ith  p -to luenesu lfon ic  acid p ro ­
duced 34 in  h igh y ie ld . W o lf—K ish n er re d u c tio n  of 34 an d  th e  know n 35 [16] 
gave th e  h y d ro ca rb o n s 36 an d  37, respective ly .

34: X = C O , R  = E t 38
35: X =  CO, R = H

36: X = CH2, R  = E t

37: X =  CH2, R = H

E xperim en ta l

M.p.’s were taken  on a Kofler hot-stage and are uncorrected. IR  spectra were recorded 
on a Perkin-E lm er Infracord instrum ent in  chloroform solutions or, if sta ted , in  K Br pellets. 
4 I-N M R  spectra were obtained on a V arian 60A or a V arian HA 100 spectrom eter, if no t 
otherwise sta ted , in  CDC13 solutions w ith  te tram ethylsilane as in ternal standard . Chemical 
shifts are given in  ô values.

2-(2-Benzylbenzylidene)phthalide (3)

An in tim ate  m ixture of 2-benzylphenylacetic acid [3] (15.6 g), phthalic anhydride 
(8.6 g) and anhydrous sodium acetate (1.1 g) was heated  90 min. a t 260 °C b a th  tem perature. 
The resulting gum was taken  up in chloroform and ex tracted  thoroughly w ith aqueous N aH C 03 
solution. The chloroform phase was evaporated and the residue crystallized from ethanol 
togive 3 (6.0 g, 37 %), m.p. 110 — 112 °C. R epeated  recrystallization from ethanol gave colourless 
needles of th e  pure phthalide, m.p. 115—117 °C.

IR : vmax 1780, 1650, 1500 and 960 cm -1 .
NM R: Ô 7 .1 3 -8 .3 0  (m, 8H), 6.58 (s, - H C = C ) ,  and 4.17 (s, CH2).
C22H 160 2 (312.4). Calcd. C 84.59; H  5.16. Found C 84.51; H 5.21 %.
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2 -[2 -(2 -Benzylphenyl)ethyl] benzoic acid (4)

The phthalide 3 (8.0 g) and red phosphorus (3.0 g) were refluxed in 57 % hydrogen iodide 
(40 ml) for 42 hrs. A dditional am ounts of red phosphorus (3.0 g each time) were added a fte r  
6 and  12 hrs. The reaction  m ixture was then  poured in to  w ater, the precipitate filtered off and 
th roughly  extracted  w ith  ether. The ethereal solution was firs t extracted  w ith aqueous NaHCO., 
and  then  w ith 10 % aqueous K 2C03 solution. A cidification of the K 2C 03 ex trac t gave the acid 
4 (6.4 g; 78 %), m.p. 114—120 °C. Several recrystallizations from ethanol yielded colourless 
p lates of m.p. 121—123 °C.

IR : i>maX 3 0 0 0 -2 8 0 0 , 2600, 1670, and 1580 c m " 1.
NMR: <5 10.53 (b road  s, -  C02H ), 1 .9 3 -2 .1 8  (m, 6-H), 6 .9 6 -7 .5 2  (m, 12H), 4.03 

(s, — CH2Ph), and 2.70 — 3.44 (symmetrical m , — CH2CH2 —).
C22H20O2 (316.5). Calcd. C 83.51; H  6.37. Found  C 83.87; H  6.42 %.
E vaporation of th e  ethereal solution gave a gum m y m ixture, p a rt of which was separa t­

ed on preparative TLC plates (Silica gel G, M erck; CHC13). The m ajor com ponent, m .p . 
86 — 88 °C, colourless needles from ethanol, was iden tified  as 3-(2-benzyl-benzyI)phthalide (5 ).

IR : r max 1750, 1580, and 1060 cm -1 .
NMR: ô 7 .7 0 -8 .0 0  (m, 7-H), 6 .9 5 -7 .6 8  (m , 12H), ôx  5.46 (t), ôA 3.15 (d), ( J AX 6.5 

H z, - C H 2- C H X= ) ,  and  4.08 (s, CH2Ph).
C22H 180 2 (314.4). Calcd. C 84.05; H  5.77. Found  C 84.51; H  5.21 %.

l-Benzyl-10,ll-dihydrodibenzo[a,d]cyclohepten-5-one (6)

The acid 4 (4.0 g) was converted to th e  acid chloride by trea tm en t w ith SOCl2. A fte r 
evaporation of the excess reagent, polyphosphoric acid (0.25 g) was added to  the residue and  
th e  m ixture was heated  a t  200 °C for 25 hrs. I t  was diluted w ith chloroform, ex tracted  w ith  
d ilu te  alkali, the chloroform  solution evaporated  and the residue chrom atographed on 
silica (80 g, benzene). T he m ain fraction (2.1 g; 55 %; m.p. 80 — 84 °C) was purified for analysis 
by  several recrystallizations from ethanol to  ob ta in  colourless hexagonal prisms of m .p . 
92 — 93 °C.

IR : rmax 1660, 1600 and 1300 cm “ 1.
NMR: ô 7 .7 3 -8 .2 5  (m, 6-H), 4.21 (s, CH2Ph), and 3.17 (s, CH2CH2).
C22H 180  (298.4). Calcd. C 88.56; H  6.08. Found  C 88.77; H  6.09; M (mass spectrum ) 298.
On the front a hydrocarbon, C22H 18, w as eluted, colourless prisms from ethanol, m .p. 

1 4 9 -1 5 1  °C.
IR : rmax 3000, 2900, 1700 (w), 1650 (w), 1600 (m), 1485 (s), 1450 (s), 1380 (w), 1360 (w)v 

1320 (w), 1260 (m), 1150 (w), 1100 (w), 945 (m ), and 885 cm -1 ;
NMR (100 M Hz): ô 6 .9 7 -7 .5 2  (m, 11H, arom atic-H ), 4 .6 0 -4 .9 7  (m, 1H), 4 .1 2 -4 .5 7  

(m, 2H), 3.67 — 4.12 (m , 2H) and 3.22 (unsym m etrical t, 2H).
MS: m/e (rel. in t.) 282 (100), 281 (24), 267 (17), 265 (23), 178 (19), 142 (11), 136 (11), 

135 (11), 91 (30), 85 (17) and 83 (27).
C22H 18 (282.4) Calcd. C 93.57; H  6.43. Found  C 93.85; H  6.42 %.

l-Benzyl-5H-dibenzo[a,d]cyclohepten-5-one (1)

An in tim ate m ix tu re  of the ketone 6 (1.0 g) and  10 % palladium  on charcoal (1.0 g) w as 
heated  under nitrogen a t  220 °C for 2.5 hrs. A fter separation from  the cata lyst by  extraction , 
th e  product was chrom atographed on silica (40 g; benzene—ligroin (b.p. 40 —60°C ) 1 : 1). 
The first product e lu ted  was identified as l-benzyl-51i-dibenzo[a,d]cycloheptene (2), a fte r  
w hich fractions of th e  starting  material and m ixtures thereof w ith the product, and finally  
th e  pure ketone (1) were eluted (0.25 g; m.p. 109— 112 °C). Thin colourless plates (from ethanol), 
m .p. 1 1 2 -1 1 4  °C.

IR : vraax 1640, 1580, and 1305 cm -1 .
NMR: <5 7 .7 9 -8 .1 4  (m , 6-H), 6 .9 0 -7 .6 1  (m , 7H), and 4.25 (s, CH2).

l-Benzyl-5H-dibenzo[a,d]cycloheptene (2)

The ketone 1 (100 mg) and hydrazine h y d ra te  (0.2 ml) were gently boiled in  digol (2 m l) 
for 10 min. Po tassium  hydroxide (0.1 g) was added and boiling was continued for 1 hr. The 
m ix ture  was d ilu ted  w ith  w ater, extracted w ith  benzene, the benzene solution evaporated  and
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the  residue purified by  prepara tiveT L C  (Silica gel G; benzene—ligroin (b.p. 40 — 60 °C), (1 : 1). 
The p roduct was recrystallized  from  ethanol to obtain  colourless hexagonal plates (27 mg) 
of m .p. 85 — 86 °C.

№ : r max 1570, 1460, and 1410 c m '1.
NMR: <5 7 .3 1 -6 .8 5  (m , 9H ), 4.10 (s, 1-CH2), and 3.69 (s, 5-CH2).
C22H 18 (282.4). Calcd. C 93.57; H  6.43. Found C 94.05; H  6.47 %. M (mass spectrum) 282,

10-(l-Hyclrcxisopropyl)-5H-dibenzo[a,d]cycloheptene-5-one (14)

T o a so lu tic n  cf 10-l.ron:o-5,5-dimethoxy-5.Hr-dibenzo[a,d]cycloheptene (7) [17] (6.0g) 
in dry ether (50 ml) hu ty llith ium  (11.3 ml of а 15 % solution in  hexane) was added a t — 70 °C. 
A fter stirring for 20 m in., acetone (2 ml) was added. The reaction  m ixture was allowed to  
w arm  up to room tem peratu re , ex tracted  w ith water, and evaporated. In  order to hydrolyze 
the dim ethyl-ketal grcup, th e  residue was trea ted  overnight w ith  80 % aqueous isopropanol 
(12 ml) containing hydrochloric acid (0.2 ml). After neutralization  w ith  sodium m ethoxide 
solution and evaporation, th e  crude p roduct crystallized when tr itu ra ted  w ith n-hexane. 
Colourless rectangular prism s from  ether, (3.24 g; 50 %), m .p. 133— 135 °C.

IR : r max 3500, 3400, 1650, 1490, and 1300 c m '1.
NMR: <5 8 .3 5 -8 .6 8 , (m, 9-H), 7 .8 9 -8 .1 7  (m, 4,6-H), 7 .5 0 -7 .8 9  (m, 6-H), 3.06 (s„ 

broad, OH), and 1.95 [s, (CH3)2C)].
Ci8H 160 2 (264.3). Calcd. C 81.79; H  6.10. Found C 81.95; H  6.00 %. M (mass spectrum )

264.

10-[1 -Methoxyisopropyl] -5H-dihenzo[a,d]cyclohepten-5-one (15)

To a solution of the  hydroxyketone 14 (300 mg) in m ethanol (30 ml) cone, hydrochloric 
acid (0.2 ml) was added. A fter standing overnight, the solution was neutralized w ith sodium 
m ethoxide, evaporated and  th e  residue chrom atographed on silica (6 g, benzene). The e th e r 
15 (200 mg) was eluted firs t, followed by  some starting  m aterial, colourless prisms (from 
m ethanol), m .p. 102—104 °C.

NMR: <5 8.25 -  8.27 (m , 9-H), 7.63 -  7.95 (m, 4,6-H), 7.20 -  7.63 (m, 6H), 5.26 (s, 0C H 3) 
and 1.54 [s, (CH3)2COH].

C19H 180 2 (278.3). Calcd. C 81.89; H  6.52. Found C 82.10; H  6.53 %. M (mass spectrum )
278.

10-(l-n-PropyIoxy)-5H-dibenzo[a,d]cyclohepten-5-one (16)

A solution of th e  hydroxyketone 14 in propanol (13 ml) containing 5 drops of cone, 
hydrochloric acid was k e p t 3 days a t  room  tem perature.

A fter neutralization  w ith  sodium m ethoxide and evaporation, the resulting m ixture 
was separated  by p reparative TLC (Silica gel G, Merck; benzene), giving two m ain products. 
The less polar fraction was the  isopropenylketone 17 (50 mg), th e  n ex t one the propyl ether 16 
(120 mg), a colourless oil.

NMR: ô 8 .3 3 -8 .5 9  (m , 9-H), 7 .6 4 -7 .9 4  (m, 4,6-H), 7 .1 9 -7 .6 4  (m , 6H), 3.35 (t, J  6.5 
Hz, OCH2-), 1 .6 3 -2 .0 6  (m, 2’-CH3) 1.54 [s, (CH3)2C] and 0.90 (t, J  6.5 Hz, 3’-CH3).

C21H 220 2 (306.4). Found  M (m ass spectrum) 306.
16 was followed by its  isomer, 10,ll-dihydro-10-propyloxy-ll-isopropylidene-5H-dibenzo- 

[a,d]cyclohepten-5-one (25) (23 mg), colourless prisms from benzene—ligroin (b.p. 40—60 °C), 
m.p. 1 3 8 -  140 °C.

NMR: ô 8 .1 4 -9 .0 7  (m , 8H), 5.27 (s, b r„  10-H), 3.45 (t, J  6.7 Hz, OCH2), 1.39 and 1.65 
[pair of singlets, (CH3)2C = ] ,  and 1.01 (t, J  7 Hz, У-СН3).

C21H220 2 (306.4). Calcd. C 82.32; H  7.24. Found C 82.23; H  7.63 %.

10-IsopropenyI-5H-dibcnzo[a,d]cyclohepten-5-one (24)

W hen the hydroxyketone 14 (200 mg) was treated  w ith cold isopropanol containing a 
trace of hydrochloric acid, no reaction  took place. Refluxing for 1 hr. gave rise to  a complex 
m ixture of products from w hich only the  isopropenylketone 17 could be isolated in  an am ount 
sufficient for characterizing. The same p roduct could be obtained in  a simpler way by refluxing 
the hydroxyketone 14 w ith  a m ix ture  of ethanol and cone, hydrochloric acid (17 : 1) for 1 h r. 
E vaporation  of the m ixture gave the isopropenylketone 17 as a pale yellow oil.
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H 2C =  )

IR : r max 1650, 1490, 1315 and 932 c m " 1.
NMR: ô 7 .8 6 -8 .1 5  (m , 4,6-H), 7 .1 4 -7 .7 5  (m, 6H), 7.13 
, and 1.94 (s, b r ., CH3).
C18H 140  (246.1045). Found  (mass spectrum ) 246.1045.

(s, - H C = ) ,  5.31 (s, br.,

10-(l-Hydroxyisopropyl)-5H-dibenzo[a,d]cycloheptene (17)

10,ll-D ibrom o-10,ll-dihydro-5fi-dibenzo[a,<i]cycloheptene [12] (2.3 g) was refluxed 
for 1 hr. with a solution of sodium hydroxide (0.8 g) in m ethanol (40 ml). A fter acidification 
w ith  acetic acid and evaporation , the residue was extracted w ith m ethylene chloride. Evapora­
tion  of the extract gave an  oil (1.5 g) th a t  was purified by chrom atography on silica (20 g; 
benzene-hexane 1 : 1). T he firs t fraction (0.8 g) afforded pure 10-bromo-5H-dibenzo[a,d]cycIo- 
heptene (9) (0.2 g), as colourless plates of m .p. 128—131 °C.

NMR: ô 7.29 (s, 8H ), 7.03 (s, - H C = )  and  3.63 (s, CH2).
Due to rapid decom position, no satisfactory  analyses could be obtained. A further 

am o u n t of less pure m ateria l (0.4 g) was recovered from the m other liqour. The foregoing 
brom o compound (0.5 g) w as trea ted  w ith ra-butyllithium and acetone in  ether as described for 
th e  brom oketal 7. The crude product was chrom atographed on Silica gel G (5 g; CHC13) yielding 
an  oil th a t crystallized from  ether-hexane as colourless needles (200 mg), m .p. 88 — 91 °C.

IR : rmax 3600, 3400, and 1490 c m " 1.
NMR: (3 7.70 -  8.00 (m , 9-H), 7.39 (s, HC =  ), <SA 3.72 (d), <5B 3.40 (d) (AB system , J  12.7 

H z, CH2), 1.87 (s, OH), 1.62 and 1.68 [pair of singlets, (CH3)2C].
Ci8Hi80  (250.3). Calcd. C 86.36; H  7.25. Found C 86.57; H 7.32 %. M (m ass spectrum)

2 50.

5-Methylene-10-(l-hydroxyisopropyl)-5H-dibenzo [a,d]cyeloheptene (18)

10-Brom o-5-methylene-5ff-dibenzo[a,d |cycloheptene [8] (1.7 g) was trea ted  w ith n-butyl- 
lith ium  and acetone as described for the brom oketal 7. The crude product was chrom atographed 
on silica (20 g) using for elu tion  successively ligroin (b.p. 40 — 60 °C), benzene-ligroin (1 : 1) and 
benzene-chloroform (5 :1). The last solvent eluted the heptafulvene 18, colourless plates (0.62 g) 
from  hexane-benzene, m .p . 120—122 °C.

IR : i>max 3600, 3400, 1620, 1490, 910 cm 4 .
NMR: ô 8 .8 1 -9 .0 7  (m, 9H), 7 .2 1 -7 .3 5  (m, 8H), 5.26 (s, br., CH2= ) ,  1.87 (s, OH), 

1.56 and 1.64 [pair of singlets, (CH3)2C]. NM R (C6D5N 0 2) : dA 5.22 (d), and dB 5.16 (d) (AB 
system , J  1.8 Hz, CH2 =  ), 2.40 (s, O il), 1.63 and 1.72 [pair of singlets, (CH3)2C].

C19H 180  (262.3). Calcd. C 86.98; H  6.91. Found C 87.17; H  6.98 %. M (mass spectrum)
262.

10-(l-Hydroxyisopropyl)dibenzo[b,f]oxepin (19)

10-Bromodibenzo [b ,f]  oxepin [9] was trea ted  w ith n-butyllithium  and acetone as describ­
ed for the brom oketal 7. The crude p roduct was crystallized from  ether giving the hydroxy- 
oxepin 19 (0.5 g) as colourless neddles of m .p. 118—121 °C.

IR : r max 3550, 3400, 1480, and 1435 cm -1 .
NMR: ô 7 .8 1 -8 .0 6  (m, 9-H), 7 .0 0 -7 .3 3  (m, 8H), 2.21 (s, OH), and 1.61 [s, (CH3)2C]. 
C „H 160 2 (252.3). Calcd. C 80.77; H  6.58. Found C 80.77; H  6.58 %. M (mass spectrum)

252.

5 -Ethyl-10-bromndihenz| b.f]azejin (13)

To a solution of 5-acetyl-10-brom odibenz[b,/]azepin [10] (6.9 g) in  d ry  ether (50 ml) 
lithium  aluminium hydride  (0.8 g) was added in  portions. The reaction becam e soon vigorous 
and  was complete w ith in  10 min. The excess reagent was decomposed w ith  w et ether, the 
ethereal solution washed w ith water, dried and evaporated. The crude p roduct was crystallized 
from  acetone-chloroform (1 : 1) giving th e  bromoazepin 13 as yellow rods (3.1 g) of m.p. 
1 4 9 -1 5 1  °C.

IR : rmax 1580, 1560, 1460, and 1440 cm -1 .
NMR: ô 6 .4 2 -7 .6 6  (m, 9H) 3.71 (q, J  7 Hz, CH2), and 1.13 (t, J  7 Hz, CH3).
C16H I4BrN (300.2). Calcd. C 63.97; H  4.70; Br 26.62; N 4.66. Found C 64.17; H 4.50; 

B r 24.64; N 4.99 %.
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5-Ethyl-10-(l-hydroxyisopropyl)dibenz[b,f]azepin (20)

The brom oazepin 13 (0.9 g) was tre a ted  w ith  n-butyllithium  and acetone as described 
for the b rom oketal 7. T ritu ration  of th e  crude product w ith hexane gave the alm ost pure 
hydroxyazepin 20 (0.6 g; 70 %), m .p. 126— 129 °C. Colourless rectangular p lates (0.42 g) when 
recrystallized from  ether-pen tane, m .p. 128— 129 °C.

IR : vmax 3600, 1590, 1575, 1470, and  1445 cm -1 .
NM R: ô 7.67 — 7.90 (m, 9-H), 6 .88—7.30 (m, 8H), 3.40 — 4.04 (m, overlapping AB p a rt 

of A BX 3 system , CH2), 2.00 (s, OH), 1.63, and 1.59 (pair of singlets, (CH3)2C) and 1.17 (t, J  7 
Hz, CH3CH2).

C19H 21NO (279.4). Calcd. C 81.86; H  7.58; N 5.01. Found C 82.07; H  7.40; N  5.29 %. M 
(m ass spectrum ) 279.

10-(l-Hydroxyisopropyl)dibenzo[b,f]thiepin (21)

10-Brom odibenzo[b,/]thiepin [11] (1.5 g) was treated  w ith n-butyllithium  and acetone 
as described for th e  brom oketal 7. C hrom atography of the crude product on silica (11 g, 
benzene) gave th e  hydroxythiepin 21 (0.9 g; 67 %) as a pale yellow oil.

IR : r max 3400, and 1460 cm -1 .
NMR (C6F6) : ô 7 .6 9 -7 .9 2  (m, 9-H), 7 .0 6 -7 .5 9  (m, 8H), 2.46 (s, OH), 1.54 and 1.13 

(pair of singlets, (CH3)2C).
C17H 16OS (268.4) Calcd. C 76.10; H  6.0; S 12.93. Found C 76.51; H  6.11; S 12.84 %. 

M (mass spectrum ) 268.

10-(l-Hydroxyisopropyl)dibenzo[b,f]thiepin-5-oxide (22)

To a solution of the hydroxythiepin 21 (400 mg) in  benzene (10 ml) perlauric acid (80 %; 
400 mg) was added. After standing overnight a t 0 °C, the solution was evaporated  and th e  
residue tr itu ra te d  throughly w ith n-pentane. The product soon crystallized in  colourless 
needles (360 mg; 130— 147 °C).

R epeated  crystallization from benzene gave the pure sulfoxide (22), m.p. 151— 153 °C.
IR : r max 3500, 3350, and 1460 cm -1 .
NM R (100 MHz): ô 7 .0 0 -8 .0 0  (m, 9H), 3.26 (s, OH), and 1.62 (s, [CH3)2C].
C17H 160 2S (284.4). Calcd. C 71.82; H  5.67; S 11.28. Found C 71.60; H  5.78; S 11.35 %. 

M (mass spectrum ) 284.

10-(l-Hydroxyisopropyl)dibenzo[b,f]thiepin-5,5-dioxide (23)

To a solution of the hydroxythiepin 20 in  benzene (5 ml), 80 % perlauric acid (230 mg) was 
added. A fter stand ing  a t room tem perature overnight, the solution was evaporated, the residue 
tr itu ra ted  thoroughly  w ith pentane and crystallized from ether-pentane. Colourless prism s 
(200 mg) of m .p. 1 3 8 -1 4 0  °C.

IR : vmax 1460, 1305 and 1165 cm -1 .
NM R: Ô 7 .9 7 -8 .2 5  (m, 4,6,9-H), 7 .3 6 -7 .7 0  (m, 6H), 3.27 (s, broad, OH) and 1.66 

[s, (CH3)2C],
C17H ie0 3S (300.4). Calcd. C 67.99; H  5.37. Found C 67.86; H  5.21 %. M (mass spectrum )

300.

10-(l-Hydroxyphenylethyl)dibenzo[b,f]oxepin (26)

To a solution of 10-bromodibenzo[b,/]oxepin [9] (1.09 g) in dry ether (20 ml) n-butyl- 
Iithium  (2.66 m l of a 15 % solution in hexane) was added a t — 70 °C. After stirring for 20 min., 
acetophenone (0.72 g) was added and the reaction  m ixture was allowed to w arm  up to room  
tem perature. The p roduct (0.72 g; 57 %; m .p. 203— 206 °C) th a t crystallized directly  from  the 
reaction m ixture was separated and recrystallized from  benzene to  obtain long colourless 
prisms (0.63 g) of m .p. 208—208.5 °C.

IR : vmax 3450, 1490, and 1440 cm “ 1.
NM R (d6-DMSO, 100 MHz): <5 2 .9 9 -1 .5 7  (m, 7H), 2 .6 3 -2 .8 9  (m, 4,6-H), 3.63 (s, OH), 

and 1.81 (s, CH3).
C22H 180 2 (314.4). Calcd. C 84.05; H  5.77. Found C 84.01 ; H  5.68 %. M (mass spectrum ) 314.
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10-(1 - Phenylvinyl)dibeii7.(>[b.f ] oxepin (27)

A suspension of th e  alcohol 26 (400 mg) in  m ethanol (10 ml) containing four drops of 
cone, hydrochloric acid w as stirred a t room  tem pera tu re  un til complete dissolution (60 hrs). 
The solution was evapo ra ted  and the residue crystallized from  pentane. Colourless needles 
(106 mg) of m.p. 7 7 — 79 °C.

IR : rmax 1590, 1560, 1430, and 896 cm -1 .
NMR (100 MHz): <5 8 .9 3 -7 .6 0  (m, 16H), dA 5.72 (d), and <5B 5.42 (d), ( J AB 2 Hz, 

A B-system, CH2 =  ).
C22H 160  (296.4). C 89.16; H 5.44. Found C 89.10; H  5.37 %. M (mass spectrum ) 296.

10- (1 -Phenylethyl)dibenzo [b,f] oxepin (28)

The crude v inyloxepin  27 (0.35 g) was hydrogenated  in  ethyl acetate in the presence of 
palladium  on charcoal u n ti l  the  uptake of 1 m olar equivalent of hydrogen. The usual work-up 
afforded long, colourless needles (from n-hexane) (0.20 g), m .p. 128— 129 °C.

IR : vmax 1595, 1560, 1475, and 1435 cm “ 1.
NMR (100 M Hz): <3 6 .9 0 -7 .5 0  (m, 8H ), 6.70 (s, - H C = ) ,  4.29 (q, J  7 Hz, H C ^ , and 

1.61 (d, J  7 Hz, CH3).
C22H 180  (298.4). Calcd. C 88.56; H  6.08. Found  C 88.68; H  5.83 %. M (mass spectrum )

298.

l,3-Dihydro-l,3-dimethoxy-8H-dibenzo[a,e]furo[3,4-c]cycIohepten-8-one (30)

To a suspension o f 8H-dibenzo[a,e]furo[3,4-c]cyclohepten-8-one (29) [13] (7.0 g) in 
m ethanol (150 ml) anhydrous potassium acetate  (5.5 g) and brom ide (5.0 g in 50 ml m ethanol) 
were added in portions a t  0 °C. The starting m ateria l dissolved by  the end of the addition and 
soon crystals (5.9 g; 67 %; m .p. 100 — 103 °C )precip itated , which proved to be a m ixture of the 
cis and trans acetals.

NMR: ô 7.42 — 8.17 (m , 8H), 6.52 (s, trans-1,3-H), 6.39 (s, cis-l,3-H), 3.48 (s, cis-OMe) 
and 3.42 (s, trans-OMe).

Several recrystallizations from m ethanol gave the pure trans isomer as colourless cubes 
of m.p. 140—141 °C.

IR : i>max 1650, 1490, and 1305 cm -1 .
NMR (100 M Hz): ô 7.97 -  8.13 (m, 4.12-H ), 7 .7 7 -7 .9 7  (m, 7,9-H), 7.43 -  7.72 (m, 5.6.10. 

11-H), 6.53 (s, 1.3-H), an d  3.40 (s, OMe).
The m other liquor was evaporated, th e  residue taken  up in chloroform and washed 

w ith  water. On prolonged standing large pale yellow plates (1.4 g) of the hydrolysis product 
described nex t separated .

Ci9H 160 4 (308.3). Calcd. C 74.01; H 5.23. Found  C 73.90; H  5.26 %. M (mass spectrum ) 308.

Acid hydrolysis of l,3-dihydro-l,3-dimethoxy-8H-dibenzo[ a,e]furo[3,4-c]cyclohepten-8-one

The acetal 30 (500 mg) was refluxed w ith  a m ixture of ethanol (10 ml) and 10 % hydro ­
chloric acid (2 ml) for 48 hrs. The crystalline p roduct (410 mg; m.p. 236— 238 °C) was separated 
and recrystallized from  dim ethyl sulfoxide to  ob ta in  colourless plates, m.p. 237 —239 °C. 

IR : r max 1750, 1650 and 1300 cm “ 1.
NMR (CF3C 02H ): <5 7 .63 -8 .30  (m, 8H), and 5.62 (s, 2H).
MS: m/e (rel. in t.)  262 (100), 234 (16), 233 (82), 205 (62), 177 (29) and 176 (30).
Found C 77.58; H  3.66. (C17H10O3)x requires C 77.85; H 3.4 %.

5H-Dibenzo[a,d]cyelohepten-5-one-10,ll-dicarboxylic anhydride (31)

A solution of th e  acetal 30 (3.75 g) in  acetic acid (60 ml) was heated to 100 °C, 10 % 
sulfuric acid (10 ml) w as added, followed im m ediately by  an aqueous solution of chrom ium 
trioxide (6.0 g in  12 m l of water). After heating  for about 5 min., the reaction m ixture was 
cooled, whereupon a m ix tu re  of the anhydride (31) and the preceding hydrolysis p roduct 
crystallized. A fter separation , the m ixture was ex tracted  several times w ith chloroform. 
E vaporation of the e x tra c t gave the anhydride (1.1 g; m .p. 197—205 °C). Colourless needles 
(from  ethanol), m .p. 203 — 205 °C.
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IR : vmax 1840, 1760, 1560 and 1300 c m '1.
NMR (100 MHz): <5 8 .3 5 -8 .5 0  (m , 1,9-H), 7 .9 0 -8 .0 7  (m , 4,6-H), and 7 .6 5 -7 .8 6  (m, 

2,3,7-H, 8H).
C17H80 4 (286.3). Calcd. C 73.91; H  2.92. Found C 74.12; H  3.16 %. M (mass spectrum)

286.

l,4-Epoxy-l,4-difcydro-l-ethyl-9H-tribenzo[a,c,e]eyclohepten-9-cne (32)

10-Brom o-5ff-dibenzo[a,d]cyclohepten-3-one[18] (15 g), 2-ethyIfurane [17] (24 ml) 
and potassium  i-butoxide (8 g) were stirred in  dry  ether (100 ml) under nitrogen for 16 hrs. 
The reaction m ixture was evaporated, th e  residue treated  w ith  w ater and ex tracted  w ith 
chloroform. The chloroform solution was washed throughly  w ith  w ater, the solvent 
evaporated  and the residue chrom atographed on silica (150 g; CHC13). A fter some starting  
m aterial, impure (10 g) and a t  last the pu re  epoxide (32) was eluted. R ecrystallization from 
carbon tetrachloride gave, a fter processing of th e  m other liquors, a to ta l yield of 7.75 g (50 %) 
of th e  pure epoxide, pale yellow needles, m .p . 148— 150 °C.

IR : rmax 1640, 1580 and 1495 cm -1 .
NMR: <5 7 .8 3 -  8.15 (m , 8,10-H), 7 .2 6 -7 .6 7  (m , 8H), 5.90 (s, h r., 4-H), 2.50 (q, J  7 Hz, 

CH2) and 0.97 (t, J  7 Hz, CH3).
C21H 1G0 2 (300.3). Calcd. C 83.98; H  5.37. Found C 83.84; H  5.56 %. M (mass spectrum )

300.

l,4-Epoxy-l-ethyl-l,2,3,4-tetrahydro-9 H -tribenzo[a,c,e]«yelctepten-9-ciie (33)

A solution of the epoxide (32) (2.1 g) in  ethy l acetate (20 ml) was hydrogenated in  t  e 
presence of palladium on charcoal until up tak e  of one molar equivalent of hydrogen. The usual 
w ork-up and recrystallization of the crude p roduc t from ethy l ace tate  gave 32 (1.7 g) as 
colourless rods of m.p. 169—171 °C.

IR : r max 1650, 1590 and  1305 cm -1 .
NMR (100 MHz): <5 7 .8 7 -8 .0 6  (m, 8,10-H ), 7 .2 6 -7 .6 3  (m, 6H), 5.42 (d, J  5 Hz, 4-H), 

1 .7 0 -2 .7 0  (m, 6H), and 0.88 (t, CH3).
C21H 180 2 (302.4). Calcd. C 83.42; H  6.00. Found C 83.73; H  5.85 %. M (mass spectrum )

302.

l-Ethyl-9H -tribenzo[a,c,e] cyclohepten-9-one (34)

The dihydroepoxide 33 (1.1 g) was refluxed  in  toluene (20 ml) w ith p-toluenesulfonic 
acid (0.2 g) for hr. The toluene solution was w ashed w ith w ater, evaporated  and the residue 
recrystallized from ethanol to  ob tain  34 as colourless prisms or th in  rec tangular plates of m .p. 
1 5 0 -1 5 1 .5  °C (0.93 g).

IR : r max 1670, 1600, 1295 and 930 c m - 1.
NMR (100 MHz): <5 7.00 — 7.80 (m, 10H), 1 .5 0 -1 .8 6  (m, CH2), and 1.11 (t, J  7 Hz, CH3). 
C21H leO (284.3). Calcd. C 88.70; H  5.67. Found  C 98.55; H  5.66 %. M (mass spectrum )

284.
Fractional crystallization of the m other liquor from carbon tetrachloride-cyclohexene 

gave rise to a small am ount of 3-ethyl-4-phenylfluorenone (38), yellow prisms of m.p. 188 — 
190 °C.

IR : r max 1700, 1490, 1395 and 970 cm ’ 1.
NMR (100 MHz): <5 7.00 — 7.82 (m, 11H ), 6.00 (unsymm. q u arte t, 5-H), 2.45 (q, J  7 Hz, 

CH2), and 1.06 (t, J  7 Hz, CH3).
C2iH i60  (284.3). Calcd. C 88.70; H  5.67. Found  C 88.40; H  5.52 %. M (mass spectrum )

284.

9H-Tribenzo[a,c,e] cyclohepten-9-one (35)

1. 4- Epoxy- 1, 2, 3, 4 - tetrahydro- 9H- tribenzo [a,e,e] cycIohepten-9-one [15] (1. 2g), 
[colourless prisms (from ethy l acetate), m .p. 163—165 °C 

IR : vmax 1640 cm -1 .
NMR (100 MHz): <5 8 .0 0 -8 .1 4  (m, H-8,10), 7 .2 0 -7 .7 0  (m, 6H ), 5.62 (q, J 1 6 Hz, J 2 3Hz,

1,4-H), 2 .00—2.60 (m, exo-2,3-H), and 1.50—2.00 (m, endo-2,3-H)*] was refluxed w ith  p-

* Assigments were m ade b y  comparison w ith  the spectrum  of the exo-2,3-dideutero 
com pound (singlets a t <5 1.67 and 5.65).
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toluenesulfonic acid (0.5 g) in  toluene (20 ml) for 15 hrs. E vaporation  and crystallization from 
ethano l gave rise to  tribenzocycloheptenone (35) (0.85 g; 76 %), m .p. 175—177 °C (lit. [15] 
m .p. 176 .5-177 .5  °C).

Ci9H u 0 2 (274.3). Calcd. C 83.20; H  5.17. F o u n d  C 83.57; H 5.34 %. M (m ass sp ec tru m )
274.

l-Ethyl-9H-tribenzo[a,c,e]cycloheptene (36)

The tribenzoketone 34 (1.1 g) was refluxed w ith hydrazine hyd ra te  (1 ml) in ethanol 
(10 ml) for 3 hrs. The solution was evaporated  to dryness and the residue stirred  w ith potassium  
t-butoxide (1 g) in dim ethyl sulfoxide (20 ml) for 3 hrs. and then  heated slowly to  90 °C. A fter 
d ilu tion  w ith w ater th e  product was ex trac ted  w ith benzene, the benzene washed several 
tim es w ith  water, evaporated  and the residue chrom atographed on silica (20 g; benzene-hexane 
1 : 1), affording an oil (100 mg), th a t  crystallized from m ethanol as colourless rods of m.p. 
76 — 79 °C.

IR : vmax 2950, 1480, 1420, 1290 and 840 cm -1 .
NMR (100 M Hz, in  diphenyl a t  80°): dA 3.11, <5B 2.90 and 1.11 (t), (A BX 3 system , 

Ja x  =  JB X  7.5 Hz, J Aß 15 Hz, CH3CH2).
C21H 18 (270.4) Calcd. C 93.29; H  6.71. Found C 93.15; H  6.70 %. M (mass spectrum) 270.

9 H-Trihenzo [a,c,e] cycloheptene (37)

Tribenzocycloheptenone (35) (2.72 g) in diethylene glycol (15 ml) was refluxed w ith  
hydrazine hydrate  (3 ml) for 10 min. Potassium  hydroxide (2.7 g) was added and boiling was 
continued for 1 hr. The product was ex trac ted  w ith benzene, the benzene solution washed, 
dried and evaporated to  give crude 37 (1.4 g), which on recrystallization  from  ether yielded 
colorless crystals (0.6 g) of m.p. 118—119 °C.

IR : vmax 3000, 1470, and 1430 c m - 1.
NMR: ô 7 .1 8 -7 .8 0  (m, 12H), and 3.68 (s, CH2); in  C6D5N 0 2 a t  100° dA 3.16 and dB 

3.41 (AB system, J  12.5 Hz, CH2).
C19H 14 (242.3). Calcd. C 94.18; H  5.82. Found C 94.29; H  5.91. M (m ass spectrum) 242.

*

The author is grateful to  Professor \Y . D. Ol l is  (Sheffield) and to Professor 
I. O. Su th er la n d  (Liverpool) for the ir encouragem ent and for helpful discussions.
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Structure and Bonding. Volume 28.
Electrons in  Oxygen- and Sulphur-Containing Ligands

E d ito rs : J .  D. D u n i t z , P . H e m m e r i c h , R .  H . H o l m , J . A. I b e r s ,

C. K . J o r g e n s e n , J .  B . N e i l a n d s ,  D. R e i n e n , R .  J .  P . W i l l i a m s

Springer Verlag, Berlin, Heidelberg, New York. 1975

Volume 28 of this book series is of great in terest from the aspect of structural chemistry, 
since i t  deals w ith compound types having oxygen- and sulphur-containing ligands in  the 
framework of three smaller monographs.

R. W. Erskine and B. O. Field are presenting in their m onograph entitled “ Reversible 
Oxygenation” an evaluating survey of com pounds of im portance from  both theoretical and 
practical aspects, of complexes of transition m etals containing dioxygen ligands. Though from 
the aspect of bond theory the complexes containing dioxygen ligands are still no t definitively 
satisfactorily treated , recently  there  was a possibility for drawing some general conclusions in 
relation to  these compounds by  the synthesis and  structure investigation  of a num ber of model 
compounds. One of the m ost im portan t questions, the reversible or irreversible nature  of 
oxygenation can be solved unequivocally according to our p resen t knowledge. The reversible 
nature  can be enhanced by increasing the electron density of the cen tral atom , by substitu tion  
w ith a ligand of higher donor capacity  or by an  exchange of the central atom , and thus it  is 
possible to plan previously the  oxygen transferring  catalysts. The bond distance 0 - 0  is a 
structural param eter by means of which the reversible-irreversible na tu re  of a given dioxygen 
complex can be established alm ost unequivocally. The monograph deals briefly also w ith the 
oxygenation reaction of hemoglobin and synthetic porphyrin w hich reaction is of im portance 
from  the aspects of both theoretical and practical biology. On sum m arizing i t  can be stated  
th a t  this short critical survey m ay  be a useful reading for chemists and also for biologists.

K. Dahnicke and A. F . Shihada are dealing in  their short survey titled 
“ S tructural and Bonding A spects in Phosphorus Chemistry — Inorganic D erivatives of 
Oxohalogeno Phosphoric Acids”  w ith a compound type of great in te rest from the aspect of 
structural chemistry. H alophosphates w ith a sm aller electrostatic charge show, in contrast to 
P 0 43’having a symmetrical te trahed ra l structure, an anisotropy of th e  bond system , and the 
structural difference of these species is due to th is fact. The survey is a valuable source also for 
research workers studying problem s of structu ral chemistry.

J . Willemse, J. A. Cras, J . J . Steggerda and C. P. Keijzers are discussing in their 
m onograph titled  “ D ithiocarbam ates of Transition Group E lem ents in  ’U nusual’ Oxidation 
S tates” a type of compounds of in terest from the aspect of bond theory. I t  is known th a t the 
dithiocarbam ate is a polydentate ligand stabilizing th e  central atom s of complexes of transition 
m etals a t a higher oxidation s ta te . The m onograph presents a sum m ary of our knowledge 
concerning the theoretical in terp re ta tion  of this effect, giving a concise b u t complete survey of 
the synthesis of the d ithiocarbam ate complexes of transition m etals, and on our present knowl­
edge concerning their redox properties and structure . The survey includes also the field of 
d ithiocarbam ate complexes containing also other ligands and having a central atom  w ith a
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low er oxidation number. The m onograph is particularly  valuable since i t  contains the complete 
lite ra tu re  of this special field  of them es, and thus i t  represents an extrem ely useful work of 
reference.

B .  C sÁ K V Á R I

L a n d o l t  — B ö r n s t e i n : N umerical Data and Functional Relationships 
in  Science and Technology

N ew  Series, E d ito r  in  Chief: K . - H .  H e l l w e g e . G roup I I :  A tom ic  an d  M olec­
u la r  Physics. Vol. 7: S tru c tu re  D a ta  of F ree  P o ly a to m ic  M olecules. J .  H .  

C a l l o m o n , E . H i r o t a ,  K .  K u c h i t s u , W .  J .  L a f f e r t y , A. G. M a k i , C .  S .  P o t e ; 

w ith  th e  assistance o f I .  B u c k  an d  B .  S t a r c k . E d s.: K . - H .  H e l l w e g e

a n d  A. M. H e l l w e g e

Springer-V erlag Berlin-Heidelberg-New Y ork 1976

This volume presents a com pilation of the geometric param eters — bond lengths, bond 
angles and angles of in ternal ro ta tion  — of free (vapour-phase) polyatom ic molecules determ in­
ed by experimental techniques. (The bond lengths of diatom ic molecules are given in Landolt- 
B örnstein, New Series I I /6 .)

The book has been looked forw ard to for a long tim e, ever since th e  last similar work 
appeared in 1965 compiling the re levant da ta  up to 1959 inclusive [1]. The present volume 
covers the period betw een 1960 and Ju n e  1974 w ith some la ter studies included as well. Some 
journals seem to fare b e tte r  th an  others as regards the closing date. I t  is also true, however, 
th a t  for some journals th e  date of actual publication is often delayed as com pared w ith the  
cover date indicated on the journal.

The material collected is p ractically  complete, w ith painstaking efforts I  could find  
only three molecules w hich were ignored. They are am m onium  chloride [2], 3-oxo-3-chloro- 
1,3-thiaphosphetane [3], and chlorom ethyl thiophosphonic dichloride [4].

The short and concise in troduction  is w orth a tten tion  for users of structu ral inform a­
tion  as well for those who are ju s t in terested . I t  summarizes the m ost im p o rtan t fundam entals 
of the  experimental techniques employed for molecular geom etry determ ination  in the vapour 
phase. They are electron diffraction and spectroscopy (microwave, infrared, Ram an, u lt ra ­
violet). Special emphasis is given to  the physical meaning of the geometric param eters and to  
th e ir  uncertainties.

In addition to  the ground sta te  structures, those determ ined for excited states (electron­
ic) are also collected.

The system atic com pilation is divided into two parts.T he first lists 355 molecules contain­
ing no carbon atom  (inorganic). The second gives 848 molecules w ith one or more carbon 
atom s (organic).

The volume is concluded by a subject index referring not only to th is volume bu t also 
to  o ther data com pilations on free molecules.

Each entry in the system atic parts  provides the gross form ula, nam e, sym m etry, 
schem atic structure form ula, experim ental technique(s), structure param eters w ith uncertain­
ties and some comments. The com m ents usually concern the error estim ation and conform ation­
al properties. I t  is also indicated if observed mean v ibrational am plitudes are given in  th e  
original paper. F inally, the references follow. The first of them  refers to the paper from w hich 
th e  da ta  cited were taken . I t  is not described in detail how a selection was m ade when the sam e 
experim ental technique was used by  different groups on the same subject. Obviously critical 
considerations had to be applied. A lthough it  is very difficult, if possible a t all, to make such 
decisions w ithout any bias, the emerging general picture seems to be convincing. A detailed 
checking would need trem endous work. In  any case making these decisions, i.e. to select the 
struc tu ra l param eters for the users, p u t a great responsibility onto the particu lar editor dealing 
w ith  a given technique. The question occurs whether it  would not be more appropriate, although 
certainly more troublesom e, for these decisions to be made by a small group of scientists ra th e r 
th a n  by a single scientist.
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By ju s t glancing th rough  the pages i t  appears how m any interesting and often “ surpris­
ing” structures have been determined especially among the  inorganic and metal-organic 
compounds. I t  is also w o rth  notice th a t some molecules continue to  be repeatedly inves­
tigated, often by the sam e technique. This is seldom caused by  parallel work. Most often 
repeated investigations are  due to im proved experim ental techniques or scientific argu­
ments.

The way the uncerta in ties of the s tru c tu re  param eters are given in this book calls for 
comments. To my know ledge i t  is unique in  the au thorita tive  Landolt-B örnstein series to  
subject the data  to  critical considerations in  order to  change the original uncertainties when 
felt necessary. Reviewing th is  volume i t  seems to  me th a t  I  should no t avoid to make a stand  
on this question.

The simplest cases are  those, of course, when no num erical da ta  are cited. There are 
polar molecules which had  been earlier studied by infrared and R am an spectroscopy and later, 
more accurately, by  m icrow ave spectroscopy. In  such cases the  infrared and R am an da ta  
were no t compiled. A re la tive ly  large num ber of electron diffraction studies are cited w ithout 
data . Among them  are all th e  studies by the visual technique. A lthough several visual determ i­
nations are known to have  w ithstood com parison w ith up-to-date  methods, i t  is true  th a t 
generally they  do no t correspond to present requirem ents. D ata  were om itted also for several 
ra ther complicated molecules, usually w ith low  sym m etry even though the experim ent was 
performed w ith up-to-date techniques.

Consider now those cases when the compilers changed th e  uncertainties of the cited 
param eters as compared w ith  the original d a ta . The different experim ental techniques have 
to be examined separately.

Extrem ely high resolution  may be achieved in microwave spectroscopy. The frequencies 
of ro tational transitions and , accordingly, th e  ro ta tio n  constants can be determ ined w ith great 
accuracy. Except for th e  sim plest molecules, however, th is is no t the determ ining factor of 
the uncertainties. If  da ta  from  the necessary num ber of isotopic species are available, the rs 
substitu tion  param eters can  be determined and  the uncertain ties given for rs reflect their 
consistency when data  from  m ore than the necessary num ber of isotopic species are available. 
The contribution of the v ibra tional-ro ta tional in teractions to  the uncertain ty  is usually taken  
into account empirically. T he compilers of th is  Volume have cited the original uncertainties 
of the rs param eters w ithou t change. They have usually increased the uncertainties in  those 
cases, however, where r0 param eters could be obtained only, viz. when there were less isotopic 
species available than  necessary for determining th e  substitu tion  param eters. The uncertainties 
have also been increased in  those cases where th e  experim ental d a ta  had to  be supplem ented 
by  certain  assumptions to produce geometric param eters.

The caution is ju stified . The problem is th a t  although the experim ental errors of the 
ro tation  constants are sm all and  well determ ined, i t  is very difficult to estim ate the effect of 
various assumptions, and th e  error caused b y  them  m ay be several times larger than  the 
experim ental one.

In  a way the previous statem ent applies to  electron diffraction as well as regards the 
uncertainties introduced b y  various assumptions. The choice of th e  molecular model m ay be 
the origin of erroneous resu lts and  its danger m ay  be more probable for complicated molecules 
of low sym m etry. Even w ith  a correct model as regards the overall configuration, i t  m ay 
happen th a t a structure from  a false minim um in  the least-squares procedure is accepted. In  
th is review, we are no t dealing w ith  the ways of avoiding such erroneous results b u t considering 
the way of critical reporting  of the uncertainties only.

A lthough the experim ental systematic erro r is determ ined in  a straightforw ard m anner 
in  the electron diffraction stru c tu re  analysis, and  i t  is fairly  constan t in  a given laboratory 
employing standard  technique, nevertheless i t  happens quite often th a t th is error is ignored 
in  the error estim ates and only  the standard deviations from  th e  least-squares procedure 
(they are in fact random  errors) are considered. The compilers of this Volume aimed to cite 
uncertainties containing b o th  system atic and random  errors. They have often increased the 
errors given in  the original papers, emphasizing a t  the same tim e, th a t  even these ‘reasonable’ 
errors m ay no t he free of h idden  systematic errors. I t  is also pointed ou t th a t  in the worst 
cases the original conclusions m ay be qualitatively  wrong.

This is a very im p o rtan t warning. I t  is th is  very point, however, where to m y view, the 
compilers were not consistent enough. The original errors were doubled in  some cases or even 
tripled. To me, however, citing three times the original errors, indicates th a t the whole analysis 
is suspect and it  would have been more consistent no t cite the relevant param eters a t all, 
similarly to  some other cases m entioned above. My fear is th a t  citing these param eters w ith 
three times the original errors creates a false feeling of security in  the user of these structural 
data.
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Since closing the d a ta  collection for th is Volume, there have been perform ed reinvesti­
gations and some of the cited results w ith th ree times the original errors m ay now be tested  
against the new results.

Two examples are given here to  am plify the point made above. Item  17 among the 
organic molecules is trichlorom ethyl sulphonyl chloride. The geometric param eters from an 
electron diffraction study  are cited w ith three tim es the original errors. Thus, e.g. I l l  ±  6° is 
given instead of the original 111 ±  2° for the bond angle 0 =  S =  0 . The experim ental system at­
ic error certainly played no role in  increasing this error, since the experim ental system atic 
erro r for a bond angle is probably negligible a t an uncertain ty  of 2°. In  the course of our own 
studies on other sulphone molecules, we have also become suspicious concerning the structu ral 
d a ta  com m unicated for th is im portan t molecule. Thus we also performed an electron diffraction 
analysis which yielded, am ong others, <  0  =  S = 0  =  121.5 ±  0.9° [5].

In  the other exam ple, the authors of the original study have reanalyzed their own data , 
p robab ly  w ith good reason. Item  796 am ong organic molecules is bis(cyclopentadienyl)- 
zirconium  dichloride. The original paper reported  2.309 ±  0.005 Â for the Z r— Cl bond length. 
This was changed to 2.309 ±  0.015 Á in the com pilation. According to the reanalysis, r(Z r— Cl) 
=  2.459 ±  0.015 Â [6].

The above examples are probably and hopefully extreme. Hopefully also, because a 
few earless studies m ay dam age the credibility of m any others. The above examples support th e  
suspicion of the compilers in  a dram atic way. They also dem onstrate, however, th a t  increasing 
th e  original errors even by drastic  m agnitudes does no t solve the problem in such cases.

U nfortunately i t  would usually require a new investigation or a t least reanalysis of th e  
d a ta , to  establish quan tita tive ly  th a t the conclusions of a study are in error, or to estim ate 
m ore realistic error lim its. In  case of suspicion, and provided th a t the param eters are neverthe­
less to  be cited, the following approach m ight be considered: to cite the original conclusions 
and  in addition to m ake com m ents and criticism . Checking the original conclusions and making 
fu rth e r tests would be facilita ted  by depositing experim ental in tensity  data , parallel to publish­
ing a structure analysis, in  suitable way to  m ake them  available for everybody.*

The considerations concerning the error reestim ation are also m eant to give weight to  
th e  im portance of going back to critically exam ining the original papers, depending, of course* 
on the purposes of the user of structural da ta .

An im portant and some less im portan t inaccuracies from the book are listed below.
A paper on the bond angle in A1C13 [7] is misrepresented in the discussion under item  4, 

inorganic molecules. The paper in question provides evidence fo r  the p lanar or nearly p lanar 
bond configuration of th e  A1C13 molecules in  disagreem ent w ith bond angles Cl —A l—Cl of 
110—112° suggested in a spectroscopic study.

Item  45, organic molecules, rs(C —Se) is 1.708 Â in the original paper ra th e r th a n  
1.709 Á as cited.

Item  619, organic molecules, ra(C—H) is 1.100 Â in the original paper ra ther th a n  
1.000 Á as cited.

Item s 388, 611, 625, etc., organic molecules, for halogenated propane derivatives i t  is 
s ta ted  th a t the errors given are twice the original errors. However, the sum maries of th e  
original papers list the  same errors as given in  the compilation.

The above rem arks do not by any m eans alter my opinion about this Volume as being 
a unique compilation produced with exceptional care and effort.

The book is an invaluable tool firs t of all for the structural chemists, b u t it  is also a rich  
pool of useful data  and references for w orkers in other branches of chem istry and physics. 
I would also like to call the attention  of lecturers in both inorganic and organic chem istry to  
th is book as a convenient source of up -to -date  and interesting structural inform ation.

Special appreciation is due to the compilers and editors of this Volume. The book is a 
woorthy product grown from  the activities of the Sektion für S truk turdokum entation , U n iversitä t 
U lm  directed by B arbara  Starck. Involving outstanding scientists from the special branches 
m ade this activity  complete. I t  is felt th a t  th e  critical revaluation of the original data  was a 
trem endous task and Eizi Hirota and Kozo Kuchitsu are m entioned here as those responsible 
for microwave spectroscopy and electron diffraction, respectively. The editors and compilers 
as well as the publisher are to  be congratu lated  for this Volume.

* This is already practiced by some authors and some journals.
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I . H a r g i t t a i

N. W . T i e z  (Editor). W . T .  C a r a w a y , E . F .  F r e i e r , J .  F .  K a c h m a r  and  
H .  M. R a w n s l e y  (Editorial Com m ittee)

Fundamentals o f Clinical Chemistry

W. B. Sounders Com pany, Philadelphia-L ondon-T oronto, 1976. 1263 pages

The book contains 15 chapters. The first five are devoted to  general methodology: 
laboratory principles and procedures; statistics, norm al values and quality  control; analytical 
procedures and instrum en ta tion ; autom ation; laboratory  computers.

In  the rem aining chapters the specific problems of clinical chem istry are discussed in  
great detail: carbohydrates; proteins and amino acids; hemoglobin, hemoglobin derivatives and 
myoglobin; porphyrins and re la ted  compounds; lipids and lipoproteins; vitam ins; enzymes; 
endocrine function; thyroid function; blood gases and electrolytes; acid—base and electrolyte 
balance; renal function; analysis of calculi; liver function; gastric, pancreatic and intestinal 
function; analysis of drugs and toxic substances; am niotic fluid. E ach p a rt includes a b rief 
biochemical, physiological in troduction , a discussion of th e  chemical mechanism of the recom­
mended assay(s), together w ith  their detailed description and finally the evaluation of their 
clinical significance.

The book is com pleted w ith  an appendix conatining very useful tables, conversion 
charts, nomograms, etc.

I t  is always a great pleasure to  take in hand the new edition of a textbook, which has 
achieved an established repu ta tion  as a standard source of inform ation. One is interested to see 
how far the new trends emerging during the time which elapsed between the two editions have 
been included and w hat could be om itted as superfluous. N aturally , the opinion, especially 
concerning the details, will be different of each reader. Therefore, only some points of general 
interest should be m entioned.

Owing to  the rapid spread of autom ation, the m ost widely used system s are reviewed 
in considerable length together w ith  a highly useful extension on laboratory  computers. The 
other two additions describing the methods of rad ioactiv ity  m easurem ent and im m uno­
chemical principles testify  how deeply radioim muno-assays have become a p a rt of the general 
clinical laboratory  practice. A utom ation is only economic in  big units. Smaller laboratories try  
to im prove their services w ith th e  in troduction of precise, simple micro m ethods. Interestingly, 
this developm ent is not adequately  represented in the book. Some of the recom mended methods 
are old-fashioned, requiring several milliliters of serum; e.g. in the case of th e  creatinine method 
2.0 ml protein  free filtra te  of plasm a is needed.

In  recent years all leading scientific organizations have accepted and decided th e  
in troduction  of the new standardized S. I. system for expressing laboratory  results. Enormous 
effort is needed to make the new units accepted in the general practice. U nfortunately the 
Editorial Committee did not take the full burden of th is difficult task , thus frequently in the 
book, and throughout the m ost im portan t tables of norm al values the old system  is used. The 
main help for the reader in th is transition  is a tabulation  of factors used to  convert traditional 
into new units.

In  spite of these small shortcomings the book has m aintained its  high scientific standard  
and practical value. Therefore, i t  is warmly recommended to specialists of clinical chemistry.

S .  K e r p e l - F r o n i u s
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S t e p h e n  G. S c h u l m a n : Fluorescence and Phosphorescence Spectroscopy ; 
Physicochemical Principles and Practice

Pergam on Press, Oxford 1977

This book belongs to  the series which aim s a t giving a review of the physical m ethods 
used in  structure  elucidation and determ ination  of chemical composition. In  w riting his book, 
th e  au thor, who is associated w ith the Pharm aceutical Chemical D epartm ent of the U niversity 
o f F lorida, has considered readers less exercised in  higher m athem atics and quantum  chem istry. 
N everheless, a detailed and illustrative in te rp re ta tion  is presented of the m ethod based on the 
in te rac tion  of molecular m atte r in  molecular environm ent w ith light.

The im portance of fluorescence and phosphorescence spectroscopy lies in  its  high 
sensitiv ity  and in the low prices equipm ents.

The book comprises 213 pages of te x t and  49 pages of tabu la ted  data . I t  is divided into 
four chapters; a t the and of each a detailed list of references is given, covering altogether 500 
papers and 20 handbooks. There are 15 figures in the book. Photographic reproduction of the 
typew ritten  tex t and of the linear figures has been used.

The individual chapters are as follows:
1. Photophysical processes in  isolated molecules. (The electronic structure  of molecules, 

lig h t absorption by molecules, v ibrational relaxation  and in ternal conversion, therm al equi­
lib rium  of inolecules in  excited electronic sta tes, deactivation of the lowest excited singlet 
level in  thefm al equilibrium), 44 pages.

2. Photophysical processes in  molecules in solution. (The effects of solvents on the electron 
spectra , acidity effects, photo-tautom erism , molecular luminescence, coordination w ith  metal 
ions, influence of concentration, fluorescence and phosphorescence of nucleic acids, polari­
zation  of fluorescence and phosphorescence), 89 pages.

3. Instrumentation. (E xcitation  sources, m onochromators, sample holders, detectors, 
readers, spectrum  converters, low -tem perature fluorescence and phosphorescence m easure­
m ents, sample holders and solvents, m easurem ent of fluorescence quantum  yield, m easurem ent 
of lum inescent life-time, m easurem ent of concentration, time-resolved fluorim etry, m odulation 
separation  method, m icrospectrofluorim etry, list of solvents for phosphorim etry), 39 pages.

4. Application  (Exam ination  of organic substances by direct and indirect methods, 
exam ination  of inorganic compounds by d irect and indirect m ethods, some special applica­
tions), 40 pages.

Tables (Direct and indirect fluorim etric methods for organic molecules, phosphori- 
m etric  m ethods for organic molecules, fluorim etric methods, bo th  direct and indirect, for 
inorganic substances), 49 pages.

The book intends to  provide a clear explanation of all the phenom ena appearing in the 
field , and i t  is, in the main, successful in th is respect. There are some m isprints in  some of the 
form ulae (e.g., (2.1), (2.4) and (2.12), b u t th e  general aim of the author, th a t  is, offering an 
in troduction  to biochemists and analytical chem ists into the use of fluorescence and phosphor­
escence methods, can be regarded as achieved within the given limits.

G y . V a r s á n y i

G. H e n r i c i - O l i v é  and  S. O l i v e : Coordination and Catalysis 

Verlag Chemie, W einheim —New York, 1977 310 pages

The book has been published in th e  series “ Monographs in  Modern C hem istry” (series 
edito r: H ans F. E bel) as the 9 th  volum e. E ach volume of the series deals w ith  different 
special topics and recent problems in chem istry.

The general and theoretical in troduction  takes about one th ird  of the review. In  this 
pa rt, all principles needed for la te r understanding are collected. This sum m ary consists of six 
chapters, starting  w ith an in troduction  (only 3 pages, w ith 13 references), which outlines the 
topics to be discussed. The basic principles are collected in C hapter 2 (18 pages) entitled  as 
“ Atom ic O rbitals” . This chapter is based on an excellent sum m ary published in  Journal of 
Chemical Education, b u t some additional readings are suggested, too.

Acta Chim. Acad, Sei* Hung, 96, 1978



RECENSIONES 411

C hapter 3 is a short survey, from  theoretical point of view, of the transition  m etal ions, 
14 pages w ith 7 references.

C hapter 4 (20 pages) deals w ith  the problems of sym m etry and  group theory and has 
th ree  special appendices, too: one abou t matrices and two tables, as “ C haracter Tables of 
Som e R elevant Groups”  and “ Splitting of Terms, arising from d u Configurations” .

The ligand field theory  is well sum m arized in the next chapter, regarding firs t of all, 
o f course, the problems of the electronic spectra and magnetic m om ents of transition  m etal 
com plexes. These problems are discussed on 25 pages and the references (24) give fu rther 
possibilities for b e tte r understanding.

The last (6th) chapter of this p a rt, about the molecular orb ita l (MO) theory for transition  
m etal complexes, has even higher num ber of pages (27), references (19) and suggested additional 
readings (8). N ot only the concepts of MO theory  and the MO description of relevant ligands 
and  substrates are discussed, b u t the MO description of transition  m etal complexes and the 
(experim ental) evidences for covalent bonding, too.

As it  can be seen, th e  authors tried  to dem onstrate their special subject also in the general 
chapters. Between these and th e  la te r chapters, which sum marize the different reactions 
catalyzed by complex compounds, C hapter 7 entitled  as “ General Aspects of Catalysis w ith 
T ransition  Metal Complexes” gives th e  transition . This is one of the biggest and best chapter 
o f th e  book. I t  s ta rts  w ith  the general questions of the coordinative bonding and catalysis, 
goes on w ith sum maries of transition  m etal — carbon a bonds; key reactions in  catalysis; active 
species and ligand influences. These problems are discussed on 48 pages and have 124 well- 
selected references.

The further five chapters deal w ith  special system s like C hapter 8, which summarizes 
th e  (catalyzed) reactions of olefines (54 pages w ith  108 references): the ir isom erization; hydro­
genation; oxydation; dim erization, oligom erization, polym erization and disproportionation 
(m etathesis).

In  C hapter 9 (24 pages w ith  47 references), the reactions of conjugated diolefins are 
separately  discussed, where the m ain topics are: selective hydrogenation to monoens; dim eri­
zation and oligomerization to open-chain products; со dim erization w ith  monoens; cyclo- 
dim erization and -oligom erization; polym erization.

Chapter 10 (32 pages w ith 60 references) summarizes the reactions of carbon monoxide, 
f irs t of all the carbonylation reactions of unsatu ra ted  hydrocarbons and the hydroform ylation.

The volumes of the two las t chapters are smaller b u t they  seem the m ost interesting 
p a rts  of the book w ith the m ost recen t results and references (some of them  were published in 
1976), sum marizing the up -to-date  knowledges on the dioxygen and dinitrogen complexes. 

T he title  of Chapter 11 is: “A ctivation of Molecular Oxygen” and i t  gives a good survey on the 
following problems: models for n a tu ra l oxygen carriers; bonding of dioxygen to the m etal; 
(non-catalytic and cataly tic) reactions of coordinated dioxygen. This chapter takes only 23 
pages, b u t the num ber of references is 78, so it  is ra ther concentrated, similar to C hapter 12 
(15 pages w ith 41 references) en titled  as “ A ctivation of Molecular N itrogen” . Two main p rob­
lem s are sum marized: th a t  of the dinitrogen complexes of transition  m etals (preparation, 
structu re , etc.) and reactions of coordinated N2. Regarding the im portance of this type  of 
com plexes, the authors close this chapter (and the whole book) w ith an “ Outlook” .

The book is completed w ith subject and catalyst formula (only 23 compounds! indices.
The book is very interesting and a good survey. Its  title , however is too general and 

regarding also its  volum e, i t  follows, th a t  th is book can not be a com plete monograph: i t  is 
somewhere betw een a m onograph and a textbook.

A fter all, the  theoretical p a rt is well summarized and the exam ples are well selected and 
im portan t. I t  is w orth to read for all those who are interested in the topics discussed or who 
w an t to be fam iliar w ith the given special problems.

L. B a r c z a

R o b e rt J .  A n g e l i c i : Synthesis and Techniques in Inorganic Chemistry 

W. B. Saunders Co., Philadelphia, London, Toronto 1977 

This is the second edition of a notebook on laboratory practice.
The aim of this book and the attached  laboratory practice is to familiarize advanced 

studen ts in chemical engineering w ith m odern m ethods of synthesis, research, purification and 
identification  of inorganic compounds. A t the same tim e this book helps the students to  gain
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a n  insight into fundam ental theoretical knowledge and to  acquire skills in  observation, system ­
atiza tion  and logical th inking, w hich is indispensable for research in  chem istry.

The book provides a m eans of practice and train ing in the following methods.
a) Syntheses and techniques w ith the exculsion of air and m oisture high-vacuum and 

high-tem perature techniques w ork in non-aqueous media (N H 3, N20 4), reactions under high 
pressure in autoclaves and electro ly tic oxidation

b) Methods of purification , viz. ion-exchange TLC and column chrom atography vacuum 
sublim ation, extraction, recrystallization , etc.

c) Characterization of com pounds by IR , UV, NMR and m ass-spectrom etry, optical 
ro ta tio n  magnetic susceptib ility  by  the study of chemical reactiv ity , the determ ination of 
reaction  rates; m easurem ent of ionic conductivity.

The book present 20 increasingly difficult exercises. For the m anual w ork in the laboratory 
ab o u t three hours are needed for one exercise, except when noted otherwise.

Each experim ent is described according to the following scheme. A theoretical in tro ­
duction  is given, which explains th e  synthesis and the mechanism of the reaction th a t yields 
the  desired compound. The properties of the com pound obtained are then  given, its struc­
tu re  is shown, and the theories of the physical and physicochemical m ethods of its analysis 
are reviewed. A very precise, stepwise direction concerning the experim ental work to be done 
follows; figures of the appara tu s needed are shown; the purification of the chemicals and 
solvents to be used is described. The spectroscopic m ethod suitable for th e  determ ination of the 
s truc tu re  of the product or m ethods for other tests are discussed. Finally the principal directions 
of how a laboratory notebook should be composed are given.

There are some ten  questions in this book, to  be answered after the completion of each 
exercise, concerning the product, its  chemical and physical properties, structure  and spectro­
scopic behaviour. I f  the p reparation  is a more difficult or som ewhat hazardous process, im por­
ta n t  safety precautions in  the laboratory  are pointed out.

A selection of relevant m a tte r summarized under the title : “ Independent Studies” at 
th e  end of each p a rt and supplem ented w ith references to the literatu re  invites the studen t to 
go more deeply into the problem s raised.

Every description of an exercise in this book ends w ith a sum m ary of references to the 
literature .

The book begins w ith safety regulations to be observed in the exercises and ends w ith 
tab les of data m ost helpful in  th is work; indeed i t  is an indispensable help to students to 
carry  out these experim ents.

This book is also a very  good guide to th e  teaching of applied inorganic chemistry. 
I t  stim ulates factual thinking and  purposeful activ ity , sharpens the power of observation and 
suggests combined application of the methods acquired. I t  will p robably  be of considerable 
in te rest to those engaged in  teaching chemistry.

J .  N a g y
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РЕЗЮМЕ

Образование продуктов фотолиза масляного альдегида
Ш. ФЕРГЕТЕГ, Т. БЕРЦЕШ и Ш. ДОБЕ

Описывается экспериментальная техника и приводятся первые результаты деталь­
ного исследования фотолиза масляного альдегида при 313 нм. Было идентифицировано 
двадцать продуктов фотолиза в паровой фазе и в изооктане. Приводятся квантовые выходы 
образовании продуктов при температуре 298°К и интенсивности светооблучения 3 • 10“10 
моль фотон см~2сек-1, а также обсуждаются основные пути образования продуктов. Было 
установлено семь фотохимических первичных процессов, протекающих как в паровой фазе, 
так и в растворе.

Ультразвуковое исследование молекулярных взаимодействий 
в жидком состоянии

Ш. Г1РАКАШ, О. ПРАКАШ, К. С. ДВИВЕДИ и С. СИНГ

Молекулярные взаимодействия в бинарных системах н-бутанол этиленгликоль 
(при 303,15°К) и н-бутанол +  изоамилов >гй спирт (при 303,15°К) были исследованы на 
основе измерений скорости ультразвука. Приводятся адиабатическая сжимаемость, меж­
молекулярная свободная длина, колярный объем и возможные изменения объема в за­
висимости от состава. Результаты обсуждаются в свете молекулярных взаимодействий.

Корреляция геометрических и колебательных параметров групп S 0 2
в молекулах сульфонов

Й. БРУНВОЛ и И. ХАРГИТТАИ

Приводятся переработанные эмпирические корреляции между геометрическими и 
колебательными параметрами молекул серий простых сульфонов. С этой точки зрения 
рассматриваются расчеты силовых постоянных и усреднение частот валентных колебаний 
S ■= О.

Структурная модель воды, II

С т р у к т у р а  а м о р ф н о г о  л ь д а .  С т р у к т у р н ы е  з а в и с и м о с т и  в о д ы  
и  о т д е л ь н ы х  м о д и ф и к а ц и й  л ь д а  н а  о с н о в е  т е т р а г о н а л ь н о й  

к л а с т е р н о й  м о д е л и
Ф. ХАЙДУ

Основные идеи тетрагональной кластерной модели воды предложенной ранее 
(Хайду, 1977) оказались применимыми и для отдельных модификаций аморфного льда. 
Экспериментальные результаты Нартена, Венкатеша и Райса (1976) могут быть интерпре­
тированы с помощью кубической кластерной модели. На основе предложенной модели



может быть построена качественная физическая картина и объяснение получают последо­
вательность по температуре и превращения структур двух модификаций аморфного льда, 
модификаций 1с и 1Л кристаллического льда и воды. Геометрические изменение в молекуляр­
ном строении вытекают из относительных изменений силы водородных мостиков между 
ближайшими соседами и вандервалсовских взаимодействий между вторыми и последу­
ющими соседами.

Исследование конформации изобразпирилиевых солей с помощью 
13С—ЯМР и на основе квантово-механических расчетов, VIII

И з о б е н з п и р и л и е в ы е  с о л и
М. ФАРКАШ, В. ВЁЛЬТЕР и М. ВАЙДА

Химические сдвиги спектров 13С- ЯМР некоторых алкокси-замещенных 1-арилизо 
бензпирилиевых солей коррелируются с плотностями заряда по всем валентностям для раз 
личных атомов, рассчитанными по методу Дэль Бене Джяффе. На основе полученных 
данных корригируются отдельные спектральные отнесения. Было также показано, что 
плотности заряда и сдвиги находятся в хорошей корреляции, при том условии, если ва­
лентная ориентация sp3 находится на атоме С-1.

Синтез алкалоидов винка и родственных им соединений, IV

С и н т е з  а н а л о г о в  ( ± )  в и н к а м и н а ,  с о д е р ж а щ и х  д у т и л ь н ы е  г р у п п ы
ДЬ. КАЛАУШ, П. ДЬЁРИ, Л. САБО и Ч. САНТАН

Присоединение метилового эфира а-ацетоксиакриловой кислоты к энамину со стро - 
ением 7 с дальнейшим восстановлением, приводит к стереоселестивному одразованию 
сложного эфира спирта 9Ь. Окисление последнего соединения дает рацемат- 16-дезетил-16-н- 
-бутилвинкамина (lb).

Синтез дибензо(а, б)циклогептена, трибензо(а,с,е)циклогептена 
и гетероциклических аналогов с целью конформационных

исследований
М. НОГРАДИ

Описывается синтез дибензо [a, d] циклогептена, дибензо [b, f] азепина, дибензо 
[b, f] оксепина, дибензо[ЬД] тиепина и трибензо [а, с, е] циклогептена, содержащих прохи- 
ральный заместитель и используемых в качестве маркера в конформационных исследова­
ниях методом ЯМР.

Синтетическое исследование 2-0-/3-0-галактофуранозил-0- 
арабинитола (Умбилицина)

М. М. А. АБДЕЛЬ-РАХМАН

2-0-Д-0-Галактофураиозил-0-арабинитол (умбилицин) был синтезирован вза­
имодействием 1,3,4,5-тетра-0-бензил-0-арабинитола (спиртового компонента в глюкозид- 
ном синтезе) с 3,5,6-три-0-ацетил-1,2-0-метилортоацетил-а-0-галактофуранозой в при­
сутствии бромистой ртути с последующим удалением защищающих групп. С помощью этого 
синтеза была определена структура умбилицина.
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