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The di-я-m ethane and oxa-d i^ -m eth an e  rearrangements h ave been  
thoroughly in vestigated  in  various system s including hom ocyclic com pounds
[1]. This typ e o f  photoreaction has, except in  one case [2], not been observed  
in  system s containing carbon-nitrogen double bonds. Therefore we in ten d ed  to  
synthesize som e six-m em bered iV-heterocycles conta in ing  the aza-d i^ -m eth an e  
structure and to  stu d y  their photochem ical behavior.

First som e 2,5(4 ,5)-d ihydro-l,2 ,4-triazines (1 —3) were synthesized  by  
slight m odification o f  published m ethods [3]. Com pound 1 may th eoretica lly  
ex ist in  tw o annular tautom eric forms, l a  and l b .  According to  the U Y  spectra  
o f com pounds 1 — 3, the cross conjugated la ,  w hich  contains the aza-d i-я- 
m ethane partial structure, is the predom inant tautom eric form.

иe

Ph

R' R2

1 a H h- CHa—CH*-OH . .I b H
2 (’Hi 3 C H ,

Ph Ph

4 R'= H
5 R1 CHj

P h , P ' 4
'Y 'N^ n r '

H s L f  V  +  CHa— CH— OH — Z  J c ,,hPh-">Y ’V ''P h p Y X C H — OH
/  \ R2 1

R2 H CHa

7 G

R ' =  H; R2 OHj
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2 NAGY, NYITRAI: NOVEL PHOTOCHEMICAL RING CONTRACTION

Com pound 1 in  ethanolic solution w as insensitive to  irradiation  b y  a 
m ed iu m  pressure m ercury lam p (Philips, H P K , 125) through P y rex . Since  
en ergy  dissipation o f the trivalent n itrogen atom  was considered one possible 
reason  for the ph oto in activ ity  o f  com pound 1 , th e  m onoprotonated conjugated  
acid o f  th e  latter (prepared b y  reaction w ith  one equivalent o f  hydrogen  chlo­
ride) w as irradiated under similar conditions. The conjugated acid proved to  be 
p h o to a ctiv e , and on irradiation it gave 3,4,5-triphenylpyrazole (4) as th e  main  
prod u ct in  25% yield; i.e. a novel photochem ical ring contraction to o k  place 
rather th a n  an aza-di-7r-methane rearrangem ent.

T he protonated forms o f com pounds 2 and 3 have also been irradiated in  
eth a n o l, whereupon com pounds 5 (yield: 30% ) and 4, (yield: 12% ), respec­
t iv e ly , w ere isolated; i.e. th e  nitrogen atom  from position 4 o f  th e  1,2,4- 
tr iazin e  ring was expelled.

A u th en tic  4 and 5 were prepared;by th e  m ethod described in  th e  litera­
ture [4].

A  second product (6) w as also obtained  from  the irradiation m ixture of 
m onoprotonated  3 in 21%  yield  besides o f  th e  expected pyrazol (4). It  is 
su ggested  th at 4 and 6 are form ed via  the sam e interm ediate (7) w hich  m ay be­
com e stab ilized  either b y  ring contraction or b y  photoaddition.

A ll new com pounds described here gave satisfactory m icroanalyses. Their 
variou s spectra were in  agreem ent w ith  th e  assum ed structures:

(a) UV spectra in ethanol [Лтах (log e)]: 1: 241 (4.34), 317 (3.85); 2: 232 
(4 .30), 318 (3.89); 3: 245 (4.05), 339 (3.86).

(b) Ш - N M R  spectra (d, TMS): 1 ( D M S 0 - d 6): 6.0 (s, 1, С Я ), 7 .2 - 8 .0  
(m , 15, A r ii);  2 (CDC13): 3.35 (s, 3, N - C H 3), 5.94 (s, 1, СЯ), 7 .1 - 8 .0  (m , 15, 
A r f/) ;  3 (CDClj): 3.07 (s, 3, N - С Я з ) ,  5.23 (s, 1, СЯ), 7 .1 6 -8 .0 2  (m , 15, АгЯ); 
4 (D M SO  —de): 7.3 (m, 15, А гЯ ); 5 (CDC13): 3 .87 (s, 3, NCЯ 3), 6 .9 - 7 .5  (m , 15, 
А гЯ ); 6 (DMSO —d6): 1.21 (d, 3, СЯ3- С Н ) ,  2 .54  (s, 3, N -С Я ,,) ,  4 .1 - 4 .3  (m, 1, 
C H 3— С Я - О Н ) , 4.87 (s, 1, СЯ), 6 .9 - 7 .5  (m , 15, АгЯ).

(c) 13C—NM R spectra (<5, TMS): 2 (CDC13): 41.60 ( N - C H 3), 56 .69 (CH), 
1 2 6 .5 1 -1 4 0 .7 0  (А гЯ ) ,  143.42 [C -C (P h ) =  N - N ] ,  154.01 [N =  C ( P h ) - N ] ;  
3 (CDC13): 39.52 (N —C H 3), 57.63 (CH), 1 2 6 .4 8 -1 3 7 .3 1  (А гЯ ) ,  148.22 [ C -  
C(Ph) =  N - N ] ,  153.10 [N -C (P h )  =  N ]; 6 (D M S O -d 6): 18.73 (C H 3- C H ) ,  
59.22 (C5), 63.60 (C3), 66.35 (CH3- C H )1 2 6 .5 8 -1 4 1 .2 3  (А гЯ ) ,  145.53 [ C -  
C (Ph) — N  =  N —].

(d) MS (70 eV, 150 °C) m je: 3 325 (M + ), 324, 310, 248, 222, 221, 178, 119, 
118 (100% ), 103, 77; 6 371 (M + ),  326 (100% ), 209, 208, 178, 167, 120, 119, 118, 
104.

*

The authors are grateful to  Mrs. I. B alo gh— В а тта  and staff for the m icroanalyses and 
for th e  UV spectra, to Dr. P . K o lo nits  for the NM R, and  to  Mrs. A. Ge r g e l y  and  Dr. J . T amás 
for th e  m ass spectra.
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Dielectric m easurem ents on brom oform  and  1-nitronaphthalene have been 
m ade in liquid sta te  a t  tw o microwave frequencies (6.0 and 9.3 GHz) and  in  carbon 
tetrachloride solution a t  9.3 GHz over th e  tem p era tu re  range of 10 to 70 °C. R elaxation  
tim es, d istribution  param eters and therm odynam ic param eters have been determ ined 
using th e  m easured dielectric data  for th e  pu re  liquid and in solution. The results 
indicate th a t  brom oform  in CC14 solution shows complex form ation and  a second 
dispersion region is expected  for 1-n itronaphthalene in the mm and fa r in frared  region 
in th e  pure state.

Introduction

From dielectric relaxation  studies on d ilu te  solutions of brom oform  in  
cyclohexane, benzene, m esity lene, and 1,4-d ioxane, B o u l e  [1] has show n  
com plex form ation betw een  bromoform and m esitylene, and 1 ,4-dioxane. 
A  literature survey show s th a t very little  w ork on dielectric studies o f  brom o­
form in carbon tetrachloride has been reported . It would be in teresting  to  
check com plex form ation betw een bromoform and CCI4. L e r o y  et al. [2] have  
reported dielectric relaxation  studies on pure bromoform at 25 °C, b u t no 
tem perature variation  has been reported.

R a m p o l l a  and S m y t h  [3] have reported dielectric relaxation stud ies on
1-nitronaphthalene in  th e  pure state at 60 °C and in dilute benzene solution  
at 20, 40 and 60 °C. The 1-nitronaphthalene m olecule is rigid having a dipole  
m om ent o f  about 4 D eb ye . A tem perature dependent dielectric relaxation  
study is likely  to  give inform ation about dipolar interaction  in the liquid sta te . 
A study o f 1-nitronaphthalene in dilute CC14 so lu tion  and its com parison w ith  
the pure liquid m ay help understand so lu te-so lven t interactions.

In v iew  o f the ab ove facts the tem perature dependence o f d ielectric  
relaxation in  bromoform and 1-nitronaphthalene in the pure liquid sta te  and 
in dilute CC14 solution  are reported in th is paper.

* This paper represents p a r t  of the work su b m itted  by  A. K. Sharm a  to  the M eerut 
U niversity  in partia l fu lfillm ent of the requirem ents fo r th e  degree of D octor of Philosophy 

** To whom correspondence should be addressed 
*** In  final form accepted May 13, 1981
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6 SHARMA, AGARWAL: DIELECTRIC RELAXATION STUDIES

Experim ental

T he chemicals used in  th e  present study  are com m ercially available w ith  sufficient 
p u rity . All chemicals except l-n itronaph tha lene  were fractionally  distilled. 1-N itronaphthalene 
w as recrystallized  from d iethy l ether. The sources o f chemicals, their boiling po in ts and  re­
frac tiv e  indices are sum m arized in  Table I.

Table I

Source, quality, boiling point, melting point and refractive index o f the substances used

Substances Source and quality
Boiling point (°C) Refractive index a t 20 °C

Observed Literature* Observed Literature*

Brom oform E. Merck, E x tra  pure 148.5 149.5 1.6000 1.5976
1-N itronaphthalene H igh pu rity  chemi­

cals, ex tra  pure M.P. 57.5 58.5 + _ _
Carbon tetrachloride B D H , ANALAR 76 76.54 1.4590 1.4601

* H andbook of Physics and Chemistry (The Chemical Rubber Co., Cleveland, Ohio), 
(1 9 7 2 -7 3 ).

+ Beilstein

Dielectric perm ittiv ities and  losses of brom oform  and  l-n itronaphthalene in  th e  liquid 
s ta te  w ere m easured a t frequencies o f 6.0 and 9.3 GHz in th e  tem perature range of 10 to  50 °C 
(brom oform ) and  60 to  70 °C (l-n itronaph thalene). The dielectric perm ittivities and  losses are 
ev a lu a ted  using P o l e y ’s [4] m ethod. The dielectric p e rm ittiv ity  (; 0) was determ ined a t  1 MHz, 
using a “ W ayne— K err bridge”  ty p e  B602; refractive indices were also m easured a t  th e  above 
tem pera tu res.

T he distribution param eter (a) of l-n itronaph thalene  in  benzene is about 0.1 [3], while 
for brom oform  in dilute solution i t  is nearly zero [1], so th a t  th e  single frequency concentration  
v a ria tio n  m ethod can be successfully used for the determ ination  of relaxation  tim es. The 
d ielectric  measurem ents on d ilu te solutions of brom oform  and  l-n itronaphthalene in  CC14 
h av e  been m ade a t 9.3 GHz a t  20, 35 and 50 °C. S m y th ’s [5] m ethod has been used for the 
ev a lua tion  of s ' and s". The dielectric perm ittiv ity  (e0) a t  100 K H z and refractive indices of 
th e  solu tion  a t  the above tem p era tu re  were also m easured. The accuracy of m easurem ents a t 
all frequencies were the sam e as described earlier [6].

Results

The measured values o f  dielectric p erm ittiv ity  ( e ') ,  dielectric loss (e"), 
sta tic  dielectric p erm ittiv ity  (e0), and the h igh frequency dielectric p erm ittiv ­
i ty  ( e „  =  no) for brom oform  and l-n itronaphthalene for the pure liquid  
s ta te  and in  carbon tetrachloride solution  at different tem peratures are given  
in  T ables II  and III  respectively .

A n a ly s is  o f  experimental data

The data for the pure liquid  state  o f  brom oform  and l-n itronaphthalene  
w ere exam ined in term s o f Cole-Cole arc p lots [7]. All these p lots are of 
D e b y e  typ e with sym m etric distribution o f relaxation . R epresentative curves

Acta Chim. Acad. Sei. Hung. 109, 1982



SHARMA, AGARWAL: DIELECTRIC RELAXATION STUDIES 7

Table П

Dielectric permittivity (s '), dielectric loss (c"), static dielectric permittivity (e ,), extrapolated 
permittivity on the high frequency side (e„), square o f refractive index (re£>), distribution parameter 

(a) and relaxation time (r)  o f  bromoform and l-nilronaphthalene

Temp.
°C

/ =  6.0 GHz f= 9.3 GHz

e ' 6* e' e ' e0 nD a
rx io 1’

(Be0)

Bromoform

10.5 3.612 О.663 3.27, 0.603 4.48, 2.82 2.57, 0.22 32.2

2 0 3.63, 0.578 3.402 0.76, 4.41, 2.78 2.56, 0.29 24.4

35 3.74, 0 .6 8 g 3.42, 0.78, 4.25, 2 .6 6 2.53, 0.17 18.2
50 3.67, 0.37, 3.50, 0.69, 4.13. 2.73 2.50, 0.27 13.3

1 -N itronaphthalene

60 6.70, 4.920 5.56, 4.17, 20.50, 3.83 2.69, 0.31 (0.23)** 103 (69.5)**
65 6.30„ 4.83J 5.37, 5.18, 19.90, 3.62 2.67, 0.36 99.6
70 6.12, 4.75s 5.50, 3.80, 19.38, 3.78 2.66, 0.24 90.8
75 6.463 5.12, 6.15, 3.58, 18.85, 3.60 2.65, 0.30 81.7

* Obtained from Co l e -Cole plots 
** Ref. [3]

at 10.5 °C for bromoform and at 60 °C for 1-nitronaphtalene are show n in 
F ig . 1. The relaxation  tim es ( t ) ,  d istribution  parameters (a), and extrapolated  
perm ittiv ities on the high frequency side (£„), obtained from C o l e -C o l e  arc

Fig. 1. Co l e -Cole p lo ts  fo r b ro m o fo rm  an d  1 -n itro n ap h th a len e
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Table III

Variation o f dielectric permittivity (e'), dielectric loss (e"), static dielectric permittivity (e0) and high frequency dielectric permittivity (еда =  no) with
concentration (x2) o f bromoform and 1-nitronaphthalene in  carbon tetrachloride solution

** 20 °C 35 °C °C
(mole frertion)

eo e' S(X> e0 t e' Eco e0 e e" e®

Bromoforr in carbon tetrachloride

0.0285 2 23 2.28, 0.01, 2.14j 2.20, 2.25, o.oi, 2.114 2.16, 2.22, 0.014 2.08,

0.0501 2.27, 2.32, 0-02, 2.14» 2.23, 2.28, 0.024 2.12, 2.204 2.25, 0.02, 2.09,

0.0669 2.308 2.339 0.03, 2.15, 2.264 2.30s 0.034 2.12, 2.23, 2.28, 0.03, 2.10,

0.0972 2.364 2.374 0.05, 2.166 2.31j 2.344 0.04, 2.13e 2.28, 2.31, 0.042 2.11,
0.1106 2.388 2.394 0.055

i“H 2.33, 2.366 0.05, 2.144 2.30j 2.34, 0.04, 2.11,

1-Nitronaphthalene in carbon tetrachloride

0.0045 2.30, 2.30, 0.03, 2.134 2.26, 2.27, 0.03, 2.11, 2.204 2.254 0.03, 2.08,

0.0090 2.38, 2.33, 0.08, 2.14j 2.34, 2.31, 0.07, 2.11, 2.30, 2-29, 0.074 2.094
0.0174 2.56, 2.38, 0.13, 2.14, 2.50, 2-37, 0.14, 2.12, 2.44, 2.36, 0.14, 2.09,
0.0271 2.754 2.45, 0.17, 2.15, 2.68, 2.444 0.18, 2.13, 2.62, 2.44, 0.18, 2.10,
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SHARMA, AGARWAL: DIELECTRIC RELAXATION STUDIES 9

p lots for bromoform and 1-nitronapthalene in the pure liquid sta te  are also 
given  in  Table II.

Smyth et al. [5] have observed experim entally  for d ilute so lu tions o f  a 
polar solute in non-polar so lven ts th a t the dielectric p erm ittiv ity  (s') and 
loss (e*) are proportional to  th e  solute concentration:

e' =  £ x  +  a'x2 ( la )

e" =  a" x2 (lb )

€ 0  =  £iq “ h  a ox 2 ( lc )

£  CO ------ ^ 1  CO 1 ^  CO X>2 (Id)

H ere £„ is the dielectric p erm ittiv ity  o f  the solution at in fin ite  frequency, 
w hich is taken  equal to  the square o f refractive index (e«, =  reD). Subscript 1 
refers to  the solvent (CC14). The coefficients in  Eq. (1), o', a", a 0 and a„ , 
w hich  are called “ slopes” , are obtained b y  p lotting  e', £*, £0 and th e  square 
o f  th e  refractive index (no) o f  th e  solutions against the concentration  x2 
in  m ole fraction.

For a system  w ith  a single relaxation  tim e, the D eby e  eq u ation  for d ilute  
solutions [8] can be w ritten  in  the follow ing form

a =  a 0 — r(coa’) (2)

and

« ' = « »  +  ( « »  1/r (3)

E q u ation  (2) has been used for calculating r in  v iew  of the fact th a t cannot 
be m easured correctly as these rigid m olecules show a far infrared absorption.

The Guggenheim  [9] equation  has been used for calcu lating th e  dipole 
m om ent (/1 ) in  the solution  sta te . The values o f a 0, a', o', a„  and /x are given  
in Table IV.

Discussion of results

The relaxation tim e (r) for brom oform  at 35 °C was about 25%  higher 
th an  the reported value o f  chloroform [10] at 30 °C .The higher values o f r in 
brom oform , as compared to  chloroform , m ay be attributed to  th e  higher v is­
co sity  and m om ent o f inertia o f  brom oform . The relaxation tim e for 1-nitro- 
naphthalene at 60 °C was about 50%  higher than the reported va lu e [3]. 
This m ay be due to  the d ifferent purity  o f the sample used b y  us, as our 
va lu e o f e0 at 60 °C is about 10%  higher than  the reported value [3].

Acla Chim. Acad. Sei. Hung. 109, 1982



10 SHARMA, AGARWAL: DIELECTRIC RELAXATION STUDIES

Table IV

Values o f  a0, a', a", a„ , т  and fJ, fo r  bromoform and 1-nitronaphlhalene in  carbon tetrachloride

Temp. rxlO11 axlO18
°c0 °00 (sec) P )

Bromoform in CC14

20 1.86 1.25 0.48 0.37 21.8 (9.2)* 1.12 (0.98)*
35 1.58 1.26 0.42 0.36 13.3 0.97
50 1.63 1.33 0.43 0.36 12.0 1.01

1-Nitronaphthalene in CC14

20 20.0 6.36 5.45 0.92 42.8 (22.8)* 3.99 (4.0)*
35 18.6 7.59 6.26 0.88 29.9 3.97
50 17.5

1
8.27 6.23 0.85 25.3 4.08

* Refs [1] and [3]

The relaxation tim es (r) at 20 °C for brom oform  and 1-nitronaphthalene  
in  d ilu te  solution of carbon tetrachloride are higher th an  in benzene, as shown  
in  T able IV. This m ay be due to the higher v isco s ity  o f  CC14 than CeH 6. The 
dipole m om ent (ц) o f brom oform  and 1-nitronapthalene in CC14 are com parable  
to  th e  reported values [1, 3] in  CeH 6. B o u l e  [1] has m ade dielectric m easure­
m ents o f relaxation tim es on dilute solutions o f  brom oform  in cyclohexane, 
benzene, m esitylene and 1,4-dioxane, and found th e  ratios o f relaxation tim es 
for com plexes to the re la x a tio n  tim es of brom oform  in cyclohexane to  be as 
fo llow s: 1.3 for brom oform -benzene, 3.3 for brom oform -m esitylene, and 2.6  
for bromoform 1,4-d ioxane. From  this, he has concluded on com plex form ation  
o f  brom oform  w ith m esity len e  and 1,4-dioxane. W e h ave calculated the ratios 
o f reduced relaxation tim es (t/ij) of brom oform  in  various solvents w ith  
cycloh exan e, using th e  d a ta  o f B o u l e . These are as follows: bromoform- 
b enzene 1.7; brom oform -m esitylene 3.5; and brom oform -l,4-d ioxane 1.7. Our 
m easurem ents on C H Br3 in  CC14 give th is ratio to  be 2.96, which indicates  
com p lex  form ation o f brom oform  in carbon tetrachloride (reduced relaxation  
tim es for CHBr3 in cyc loh exan e  have been tak en  from  B o u l e ’s data). For 
brom oform  and 1-n itronapthalene in pure liqu id  and solution  state, the relaxa­
tion  tim e decreases w ith  increasing tem perature (Tables II  and IV ). The 
decrease o f relaxation tim e  (r) w ith increasing tem perature in  pure liquid  
and solution  is partly due to  the decrease o f v isco sity . A  similar behaviour has 
been  observed by m an y  workers [3, 11 —14].

The extrapolated d ielectric p erm ittiv ity  at th e  high frequency end o f  
th e  Co l e -Cole plot is m uch  larger than the square o f  the refractive index

Acta Chim. Acad. Sei. Hung. 109, 1982
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(Table II). This ind icates that a second dispersion region ex ists at mm  and far 
infrared region. L e r o y  et al. [2] h ave already reported th e  absorption and 
dispersion of brom oform  at 25 °C. I t  is expected  that 1-nitronaphthalene in  
th e  liquid state w ill also show a sim ilar behaviour.

The therm odynam ic param eters for dipole orientation o f brom oform  and 
1-nitronaphthalene in  pure liquid and in solution for the activated  state  have  
been calculated using E y r i n g ’s th eory  [15] o f  chem ical rate process. These 
param eters are given  in  Table V. The free energy of activation  (A F )  increases

Table V

Thermodynamic parameters fo r bromoform and 1-nitronapthalene in pure liquid and solution

A F AS AH
Compound (°C) (kj/mol) (J/mol K) (kj/mol)

Bromoform 10.5 12.4 8.41
20 12.2 8.87
35 12.2 8.41 14.8
50 12.0 8.41

Bromoform in Carbon tetrachloride 20 11.9 6.70
35 11.4 8.12 13.9
50 11.8 6.49

1-Nitronaphthalene 60 18.2 17.2
65 18.4 — 17.6
70 18.5 17.4 12.5
75 18.5 17.3

l-N itronapthalene in carbon tetra- 20 13.6 11.7
chloride 35 13.5 10.9 10.1

50 13.8 11.4

w ith  the size of the m olecules, i.e. on going from bromoform to  1-nitronaphtha­
lene. This am ounts to  saying th at th e  increase in m olecule size increases the 
am ount o f energy required for dipole orientation [16]. The increase in A F  
also decreases the probability  of a jum p from one orientation to  another with  
a consequent increase in  the relaxation  tim e. The m ost probable enthalpies 
o f activation  (AH )  for 1-nitronaphthalene in pure liquid and in solution are 
found to  be less th an  th e  corresponding free energy of activa tion  (A F ) ,  but for 
bromoform in pure liquid  and in solution  the values o f A H  are found to be 
greater than the corresponding values o f AF.  The entropy o f activation  (zlS), 
both in  pure liquid and in solution , is found to  be negative for 1-nitronaphtha­
lene and positive for bromoform. The sm all values o f AS  prohibit the determ i­
nation  of the exact sign  because A H  AF.  The value o f  ZlS should be negative
because the activated  state should be more ordered. H ow ever, i f  there is 
com plex form ation and in the activa ted  state the dipole can disengage itse lf
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12 SHARMA, AGARWAL: DIELECTRIC RELAXATION STUDIES

from  th e com plex than  it m ay have more freedom and random  state available, 
g iv in g  rise to a positive ZlS [17]. Since th is is happening in  bromoform in  
w h ich  evidence for com plex form ation had clearly been show n [1], the positive  
va lu e m ay  not be due to  experim ental uncertain ity alone.

Conclusions

From  the above stu d y  th e  follow ing conclusions h ave been drawn.
(i) Bromoform in carbon tetrachloride solution  show s com plex form ation.

(ii) A second dispersion region is expected for 1-nitronaphthalene in  
th e  m m  and far infrared region in  the pure sta te .

*
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Titanium (IV ) and zirconium(IV) d ithiocarbam ato complexes o f th e  types- 
[Cp2M(S2CNRR')Cl] and  [CpM(S2C N R R ')3] where M =  Ti(IV) or Zr(IY) an d  R =  H, 
R ' =  C5H9 (cyclopentyl) or C,H13 (cycloheptyl) or R  =  —C2H 5 (ethyl), R '=  
— C6H 4CH3 (m -tolyl) groups have been prepared by  the reaction of dichlorobis-(cyclo- 
pentadienyl) titan ium (IV ) or zirconium(IV) w ith sodium salts o f iV,iV'-ethyl, m-tolyl 
or IV-cyclopentyl or JV-cycloheptyl dithiocarbam ic acid in refluxing dichlorom ethane. 
All these complexes have been characterized by  elem ental analysis, electrical conduc­
tance , magnetic susceptib ility  m easurem ents, m olecular w eight determ ination  and 
spectral (infrared, electronic and proton nm r) data . These com pounds are found to be 
monomeric nonelectrolytes in  which d ith iocarbam ate behaves as a b id en ta te  ligand. 
Therefore coordination num bers of “five”  and “ seven” have been assigned to  the 
m etals in these complexes. P roton m agnetic resonance studies suppo rt th e  findings of 
th e  i.r. spectral studies.

Introduction

A  number o f transition  m etal dithiocarbam ates have been  synthesized  
and characterized in th e  recent years [1 — 3]. In v iew  o f the in teresting  synthetic  
and structural aspects o f  these com plexes, interest in  the stu d y  o f  dithiocarba­
m ate com plexes continues to  increase. H ow ever, only a few  dithiocarbam ato  
com plexes of organom etallic derivatives have been studied [4, 5]. The special 
interest in  the stu d y  o f m etal dithiocarbam ates aroused because o f  the diversi­
fied  application o f d ithiocarbam ates. T hey can be used as accelerators in 
vulcanization , as high pressure lubricants in industry, and also as fungicides 
and pesticides. Further, dithiocarbam ate ligands have been know n to  stabilize 
the higher coordination states o f m etals due to their low  charge and their 
rela tively  small “ b ites”  (2 .8— 2.9Á ). A lso the organom etallic com pounds of 
titan ium  and zirconium  have been found capable o f activatin g  molecular 
nitrogen [6, 7]. H ence, it  was considered w orthw hile to  in vestiga te  dithio­
carbam ato com plexes o f  typ es [Cp2M(S2CNRR')Cl] and [CpM(S2C N R R ')3] 
w ith  various R, R' groups since any change in  the groups attached  to  nitrogen 
m ay affect the spectral properties o f the com plexes.

* To whom correspondence should be addressed
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14 KUMAR, KAUSHIK: DITHIOCARBAMATO DERIVATIVES

Experimental

M ateria ls and methods
Sodium  dith iocarbam ates N aS2CNRR' were prepared  by  the m ethod reported  by 

Kx o p p in g  and K e e k  [8] and  d ried  in vacuum over phosphorus pentoxide. Dichlorobis-(7i- 
cyclopentadienyl)titanium (rV ) a n d  zirconium(lV) were p repared  by reacting titanium (IY ) 
or zirconium(TV) tetrachloride w ith  sodium cyclopentadienide in T H F  [9, 10]. Dichloro- 
m e th a n e  was dried by refluxing i t  fo r 24 hrs over calcium hydride. N itrobenzene was purified 
fo r conductance m easurem ents b y  th e  method of F a y  et al. [11]. All operations were carried 
o u t u n d e r  anhydrous condition.

T itan ium  and zirconium  w ere determined gravim etrically  as oxides, and chloride as 
AgCl. N itrogen was estim ated b y  K je ld ah l’s method and sulphur as barium  sulphate.

M olecular weights were determ ined  ebullioscopically in  benzene using a Gallenkemp 
(U .K .) ebulliometer. C onductance m easurem ents were m ade in  nitrobenzene a t  30° using a 
H eck m an n  conductivity Rridge M odel No. RC-18A. Solid sta te  infrared spectra were recorded 
(K B r Pellets) in the 4000—200 c m -1  region on a Perkin — E lm er 621 grating spectrometer. 
M agnetic  measurem ents were perfo rm ed  by Gouy’s m ethod using m ercury(II) te trath ioeyanato- 
c o b a lta te ( I l)  as a calibrant. T he electronic spectra of the complexes were run on a Perkin -  
E lm e r 4000 Á instrum ent in th e  400 — 750 nm range. The p ro ton  nm r spectra of the ligands 
(in D 20 )  and  of the complexes (in  CDC1S) were recorded on a P e rk in —Elm er R-32 spectrom*

Table I

A nalytical data o f the compounds

Compounds
Mol. wt. Percentage: Found (Calc.)

Found (Calc.)
C H N S M Cl

Cp2Ti(S2C N R R ')aCl 370.0
(373.4)

51.0
(51.4)

5.0
(5.3)

3.5
(3.7)

17.0
(17.1)

12.6
(12.8)

9.2
(9.5)

CpTi(S2C N R R ')| 590.0
(592.9)

46.2
(46.5)

5.6
(5.9)

6.8
(7.0)

32.2
(32.4)

7.8
(8.0)

—

Cp2Zr(S2C N R R ')aCl 415.0
(416.72)

45.7
(46.0)

4.6
(4.8)

3.2
(3.3)

15.0
(15.3)

21.8
(21.9)

8.2
(8.5)

CpZr(S2C N R R ')a 635.0
(636.22)

43.0
(43.4)

5.2
(5.5)

6.5
(6.6)

29.8
(30.1)

14.1
(14.3) —

Cp2Ti(S2C N R R ')bCl 400.0
(401.4)

53.6
(53.8)

5.9
(6.0)

3.2
(3.5)

15.5
(15.9)

11.7
(11.9)

8.5
(8.8)

C pTi(S,C N R R ')b 675.0
(676.9)

51.0
(51.4)

6.8
(6.9)

6.0
(6.2)

28.0
(28.4)

6.8
(7.0) —

Cp2Zr(S2C N R R ')bCl 444.0
(444.72)

48.2
(48.6)

5.2
(5.4)

3.0
(3.1)

14.0
(14.4)

20.3
(20.5)

7.8
(8.0)

CpZr(S2C N R R ')b 718.0
(720.22)

48.0
(48.3)

6.2
(6.5)

5.5
(5.8)

26.4
(26.6)

12.6
(12.7) —

Cp2Ti(S2CNRR')|C l 420.0
(423.4)

56.0
(56.6)

5.0
(5.2)

3.0
(3.3)

14.8
(15.1)

11.0
(11.3)

2.3
(2.4)

CpTi(S2CNRR')§ 740.0
(742.9)

56.0
(56.5)

5.0
(5.5)

5.1
(5.6)

25.5
(25.8)

6.3
(6.4) —

Cp2Zr(S2C N R R ')cCl 465.0
(466.72)

51.0
(51.4)

4.0
(4.7)

2.8
(3.0)

13.3
(13.7)

19.2
(19.5)

7.0
(7.6)

CpZr(S2CNRR')c 784.00
(786.22)

53.0
(53.4)

5.0
(5.2)

5.0
(5.3)

24.2
(24.4)

11.2
(11.6) —

a w here R  =  H, R ' =  - C 5H 9; b where R =  H, R ' =  -  C7H 13 and c where R  =  - C 2H5, 
R ' =  C6H 4CH3
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eter a t  a sweep w idth  of 900 Hz. The magnetic field  sweep was calibrated w ith  a standard  
sam ple of H 20  and TMS (1% ) in D20  and also w ith  a standard  sample of CHC13 and TMS 
(1% ) in CDC13.

Preparation o f the complexes

All these complexes were prepared in a sim ilar manner. Dichlorobis (jr-cyclopenta- 
dienyl)titanium (IY ) and zirconium (rV) were refluxed separately in CH2C12 (~ 1 0 0  rnL) with 
anhydrous sodium IV,iV'-ethyl, m-tolyl or sodium IV-cyclopentyl or sodium iV-cycloheptyl 
d ithiocarbam ates in 1 : 1 or 1 : 3 m etal to  ligand m olar ra tio  for 18 — 24 hrs. T he solution was 
then  filtered  and its volume was reduced to ca. 20 m L. Yellow orange or w hite crystals appeared 
on the addition  of petroleum  ether ca. 30 m L to the concentrated  filtra te  and allowing the mix­
tu re  to  s tan d  overnight. The product was filtered and dried under vacuum  a t room  tem perature.

Results and D iscussion

D ichlorobis-(jr-cyclopentadienyl)titanium (IV ) and zirconium (IV ) react 
w ith  the sodium dithiocarbam ates in refluxing  dichlorom ethane in  both  1 : 1 
and 1 : 3 molar ratios. The reaction w ith  1 : 2 molar ratio h ave also been 
performed hut in such cases too  only 1 : 1 product could be iso la ted . The 
m ethods used for preparing and isolating these com plexes y ield  m aterials of 
good purity . The titanium (IV ) dithiocarbam ato com plexes are yellow ish  
orange in colour whereas zirconium (IY) com plexes are w hite. T h ey  are soluble 
in benzene, dichlorom ethane, chloroform, nitrobenzene, carbon disulphide, 
dim ethyl form am ide and dim ethyl sulphoxide. They are quite stab le  as solids 
in air but their solution hydrolyze rather rapidly. E lectrical conductance  
data in nitrobenzene indicate th at they  are nonelectrolytes. M olecular weight 
determ inations in benzene indicate th at all com plexes are m onom eric.

Magnetic moments and electronic spectra

M agnetic susceptib ility  values at room tem perature show  th a t these  
com plexes are diam agnetic. The electronic spectra of all the dithiocarbam ato  
com plexes of d ichlorobis-(jt-cyclopentadienyl)titanium (IV ) and zirconium (IY) 
were recorded in  chloroform and acetone. A ll com plexes show a single band in 
the region 24700 — 24300 and 25000 — 24400 cm -1 , respectively, for titanium (IV ) 
and zirconium (IV) com plexes which can be assigned to  the charge transfer 
hand [12] and is in accordance w ith  their (re— l)d °  ns° electronic configuration.

Infrared spectral study

Infrared spectral studies have not been carried out in detail, since, it is 
quite d ifficu lt to  assign all o f  the hands because m ost o f them  are h igh ly  coupled. 
The m ain aim for the preparation of these com pounds is their stereochem istry, 
which is closely related to  the nature o f attachm ent o f the d ithiocarbam ate
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16 KUMAR, KAUSHIK: DITHIOCARBAMATOJDERIVATIVES

ligan d  to  the metal. The d ifferent resonance structures o f  dithiocarbam ate can  
be represented as

^ ‘S © / sS  
R2N— СГ —-------- *- R2N— C' -«-------»- r 2n = c.

Nse N  x se

( • )  (b) (C)

N a k a m o t o  [13] rep orted  th a t resonance form  (c) does contribute to  the  
stru ctu re to  a considerable ex te n t. I f  all these d ithiocarbam ate ligands are bi- 
d en ta te , as in Mo(NO)((S2C N R 2)3 (R  =  Me [14] or n-B u [15]) and the cyclo- 
p en ta d ien y l group occupies one coordination site , coordination number “ f iv e ”  
and “ seven ” can be assigned  to  [Cp2M(S2C N R R ')C l] and [CpM(S2C N R R ')3] 
M =  T i(IY ) or Zr(IV), resp ective ly . F ay  et al. [16] h ave reported on the X -ray  
d iffraction  of [CpZr{S2C N (C H 3)2}3] in which because o f the relatively  sm all 
size o f  th e  cyclopentadienyl group it is considered to  occupy single axial  
coord ination  site in a p en tagon al bipyram idal structure. B y  this analogy, it  
is assum ed  that cyclop en tad ien y l group in  th e  com pounds reported in  this 
com m unication  occupies a single  coordination site . H ow ever, the more com ­
m on coordination num ber o f  s ix  would result in  1 : 3 com plexes i f  one o f  the  
dith iocarbam ate ligands b eh aves as an S-bonded m onodentate ligand, as in  
[R u(N O ) (S2CNR2)3] (R  =  Me [14]). The tw o bonding possibilities can be 
d istin gu ish ed  by i.r. spectroscop y  [17]. The [Sn(S2CN E t2)4] which has been  
show n b y  X -ray analysis to  be a 6-coordinate com p lex  having tw o m onoden­
ta te  S2CN E t2 groups [18], exh ib its two C — N  bands (1512 and 1471 c m -1 ) 
and tw o  C—S bands (1008 and 989 cm -1) [19] w h ile  the 8-coordinate 
[Ti(S2CN E t2)4] shows on ly  one C —N band (1503 c m -1 ) and one C—S band  
(1001 c m - 1) [19, 20].

Im portant i.r. bands for all the com plexes prepared are given in  Table II. 
The “ th iureide” band (C -^ N ) near 1500 cm -1  is v e r y  characteristic o f  dithio- 
carbam ates. The frequency o f  th is band lies b etw een  th at for C—N  (1250 — 
1350 c m -1 ) and C = N  (1640 — 1690 cm -1), w hich suggests th at th is bond has 
som e double bond character [22]. In all these com plexes this band sh ifts to  
higher frequency ( ^ 1 0  — 15 c m -1 ) indicating the b identate behaviour o f  the  
ligand  [22] which is further supported by the appearance o f a single C — S 
band. Coordination through sulphur has been confirm ed b y  the appearance 
o f n ew  bands in the far i.r. region ca. 370 — 385 and 360 — 370 c m ' 1 in  the  
titan iu m (IY ) and zirconium (IY ) com plexes, resp ectively , which can be assigned  
to  i>(M — S). In the m onochloro-bis(^-cyclopentadienyl)titanium (IV ) and zirco- 
n iu m (IV ) complexes add ition a l bands for M—Cl m ode appear in the region  
385 — 400 and 380—390 c m -1 , respectively. F urther, the absorption bands 
occuring at ^ 3 1 0 0  c m -1 , (C — H  stretching) ~ 1 4 3 0  c m - 1 (asym m etric ring
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Tabic П

Characteristic i.r. bands (cm -1)

Compound » (C ^ N ) p(C-LHS) v(M—S) v(M—Cl) r(C -H ) >>(C—C) 
asym

v(C—H) 
inplane

(C -H )
out-of-
plane
(def.)

*»(C—N—C)

Cp2Ti(S2CNRR')aCl 1500s 1005s 375w 395m 3105m 1445m 1025s 815vs 1150m

Cp Ti(S2CNRR')j} 1495s 1000s 370w — 3105m 1440m 1015s 810 vs 1140m

Cp2Zr(S2CNRR')aCl 1505s 995s 365w 385w 3100m 1440m 1020s 810vs 1145m

Cp Zr(S2CNRR')5 1500s 1000s 360w — 3105m 1440m 1020s 810vs 1145m

Cp2Ti(S2C NRR')bCl 1485s 1010s 380w 395w 3110m 1450m 1025s 815vs 1142m

Cp Ti(S2CNRR')b 1490s 1005s 375w — 3105m 1430m 1025s 825vs 1148m

Cp2Zr(S2C N R R ')bCl 1490s 1015s 362w 380m 3105m 1425m 1025s 825vs 1142m

CpZr (S2CNRR')b 1490s 1000s 360w — 3115m 1430m 1015m 810vs 1145m

Cp2Ti(S2C N R R ')cCl 1480s 1020s 385w 400m 3095m 1440m 1020s 820vs 1140m

CpTi (S2CNRR')§ 1490s 1015s 375w — 3100m 1450m 1020s 820vs 1145m

Cp2Zr(S2C NRR')cCl 1495s 1000s 370w 390m 3110m 1430m 1015s 825vs 1145m

Cp Zr(S2CNRR')b 1495s 1010s 365w — 3105m 1445m 1015s 815vs 1150m

a where R  =  H , R ' =  —C5H 9; b where R  =  H , R ' =  — C7H 18 and 0 where R  -  C2H6,
R ' =  C6II,CH 3; vs - very strong, s =  strong, m  =  medium and w =  weak.

breathing), -~1030 c m -1 (C — H  deform ation of C5H 5 ring) and ^--815 cm -1 
(C— H  bending out-of-plane deform ation) indicate [23] the presence o f jr-bond- 
ed cyclopentadienyl ring in  all the com plexes.

From the above discussion it is evident that in  th ese com plexes, the 
three new  dithiocarbam ate ligands, chosen for the present stu d y , act as biden- 
ta te  ligands and coordination to  m etal takes place through sulphur. Therefore, 
fiv e - and seven-coordinate structure are proposed for th e  compounds 
[Cp2M(S2CNRR')Cl] and [CpM(S2C N R R ')3], respectively.

h if nmr spectral study

1H  nmr spectral studies o f the ligands and the com plexes were carried oat 
in  D 20  and CDC13, respectively , sim ply because of difference in  their solubil.ty. 
The in ten sity  o f the resonance signals were determ ined b y  plani metric in te­
gration . The integrated proton ratios correspond to  [Cp2M(S2CNRR')Cl] and 
[CpM(S2C N RR')3] stoichiom etries, where M = T i(IV )  or Zr(IV); R =  H, 
R' =  — C5H9 or CVH 13 or R =  — 0 ,115, R' = C eH4.CH3 and Cp =  - C 5H 5 
groups. Chemical shifts for the protons in different chem ical environm ents are 
presented in Table III . A general low  field  shift in the values o f  d ppm for 
R , R' protons in  all these com plexes in com parison to  the <5 ppm  values for 
th e  respective protons in  the ligand indicate that on coordination  with the

2 Acta Chim. Acad. Sei. Hung. 109, 1982
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Table III

1H  nmr chemical shifts data (<5 ppm)

Compounds C,H, C.H, NH —CH, Cyclo alkyl 
C jH , o r  C ;H ||

Cp2Ti(S2CNRR')aCl 6.5b 6.95t, 7.15d, 7.2s — 2.25s, 1.2t, 4.25q —

Cp Ti(S2CNRR')a 6.5s 7.0b, 7.15b, 7.25d — 2.3d, 1.15m, 4.3m —

Cp2Zr(S2CNRR,)aCl 6.22s 7.0t, 7.2d, 7.3s - 2.28s, 1.25t, 4.3q —
Cp Zr(S2CNRR')a 6.45s 7.2b, 7.22b, 7.3d — 2.32d, 1.2m, 4.28m —

Cp2Ti(S2CNRR’)bCl 6.4s 4.65s 1.85b
Cp Ti(S2CNRR')b 6.6s 4.70s 1.85d
Cp2Zr(S2CNRR ')bCl 6.42s 4.68s 1.8b
Cp Zr(S2CNRR')b 6.35s 4.7s 1.9d
Cp2Ti(S2C NRR')cCl 6.5s 5.0s 1.65b
Cp Ti(S2CNRR')!= 6.65s 5.05s 1.7b, 1.3s
Cp2Zr(S2C N R R ')cCI 6.6s 5.0s 1.7b
Cp Zr(S2CNRR')3c 6.55s 5.0s 1.72d
NaS2C N R R 'a 4.62s 2.0Sh, 1.6b
NaS2C N R R 'b 4.95s 1.75b, 1.43s
NaS2C N R R 'c 6.92t, 7.12d, 7.22s 2.22s, 1.05t, 4.20q —

“ where R  =  - C2II5, R ' =  СвН 4СН3; b where R  =  H , R ' =  C4H9 and 0 where R  =  H , R ' =  - C,H13; S =  Singlet, d =  doublet, 
t  =  triplet, q  =  quadruplet, m  =  m ultiplet, Sh =  shoulder and b =  broad.
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m etals, the R , R' protons becom e less sh ielded due to the m ovem ent o f  the  
electron clouds tow ards th e  concerned m eta l atom  in the com plex m olecule. 
The spectra o f the com plexes of the type [Cp2M (S2CNRR')Cl] favour a trigonal 
bipyram idal [5] structure (with the tw o cyclopentadienyl groups in trans 
positions). Further, it  is not possible to  exp la in  the stereochem ical r ig id ity  or 
nonrigidity in the d ithiocarbam ate part o f  th e  com plexes due to  th e  sym m etry  
involved in the above structures, since the sam e number of resonance signals 
for R , R' groups w ill be observed whether th e  S2 C—N  bond rotation  is slow  
or fast. In  the case o f  com plexes of the ty p e  [CpM(S2CNRR')3] tw o  d istinct 
resonance signals for each set of R, R' protons are observed due to (a) protons 
on R, R' groups o f  the tw o  S2CNRR' m oiety  trans  to  each other (sim ilar m ag­
netic environm ent) and (6) one S2CNRR' m o eity  trans to я-С5Н5 ring (different 
m agnetic environm ent in  comparison to  th e  other two m entioned above) 
w ith  relative in ten sities 2 : 1 .  The appearance o f  a single sharp cyclop en ta­
dienyl resonance is attributed  to rapid ro ta tion  o f the ring around the m etal 
ring axis. Thus, th e  seven-coordinate com plexes [CpM(S2C N R R ')s] have  
pentagonal b ipyram idal structures. The structure is slightly d istorted due to  
the presence o f a cyclopentadienyl group in  th e  molecule.

R'

M =  Ti(lV) or Zr(lV)

*
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R eaction products of a-(l,3-dioxoindane-2-yl)-ethylidene-p-toluidine w ith  N i2+, 
Co2+, Mn2+, Zn2+ , U 0 2+ and T h4+ are reported. The ligand, H L, forms complexes of 
the type ML2.2CH3OH(M =  Ni2+ , Co2+ and Mn2+), ZnL? U 0 2(L)C1.CH30 H  and 
T hL 2.Cl2. These m etal chelates were characterized on the basis of elem ental analysis, 
molecular weight, electrical conductivity , IR , far-IR , electronic spectra and  magnetic 
susceptibility m easurem ents. Infrared spectral measurements revealed th e  mono- 
protic b identate nature of the ligand coordinating through azomethine n itrogen and 
enolic oxygen. The magnetic susceptibility da ta  o f the complexes a t 300 К  suggested 
the param agnetic nature  of N i2+ , Co2+ and Mn2+  complexes and the diam agnetic nature 
of Zn2+, U O |+, and T h4+ complexes. The electronic spectral assignm ents consistent 
w ith the tetrahedral stereochem istry for Zn2+ complexes and the octahedral environ­
m ent for the rest of the m etal chelates. The complexes are monomers and  nonelec­
trolytes.

Introduction

A perusal o f literature revealed that a lo t o f m atter is available p erta in ­
ing to the transition m etal com plexes o f anils [1 — 7] but there is no report 
about the synthesis o f m etal chelates o f oc-(l,3-dioxoindane-2-yl)-ethylidene- 
-jj-toluidine. In th is paper we wish to  report a few  hitherto unknow n N i2+, 
Co2+, M n2+, Zn2+, U 0 2+ and Th*+ com plexes o f a bidentate ON donor ligand  
a-(l,3-d ioxoindane-2-yl)-ethylidene-p-tolu id ine. The ligand is capable o f  e x is t­
ing  in th e  keto-enol tautom eric form [8] I and II as the later form  produces

I II

* To whom correspondence should be addressed: D epartm ent of C hem istry, K uruk- 
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th e  m etal chelates b y  loosing enolic proton. The precursor o f Sch iff base
2-acyl-l,3 -indaned iones h a v e  been tested  as a blood coagulant [9]. H ence  
th e  m etal chelates o f  th is ligand m ay be o f  b iophysica l and biological in terest.

Experimental

Materials
Nickel acetate te tra h y d ra te , cobalt acetate  m om ohydrate, manganese aceta te  te tra - 

h yd ra te , zinc acetate d ih y d ra te , anhydrous d ioxouranium  dichloride and anhydrous thorium  
te trach loride used were th e  products of BDH.

Physical Measurements
Nickel was determ ined gravim etrically as bis(dim ethyglyoxim ato)nickel(II). The m etal 

co n ten t of the complexes o f Co2+, Mn2 + and Zn2+ w as determ ined by  EDTA titra tio n s  using 
X ylenol Orange or E riochrom e Black-T as an ind icator. T horium  and uranium  conten ts were 
determ ined as their respective oxides, T h02 and U 30 8, gravim etrically. The chloride analysis 
was perform ed by  Y olhard’s m ethod. Microanalyses w ere obtained from the analy tical ser­
vices of Delhi U niversity, Delhi. The molecular w eight m easurem ents were done ebullioscopi- 
cally  by  a Gallenkamp ty p e  CM.82T was used for co n d uc tiv ity  measurem ents. The infrared 
and  fa r infrared spectra w ere recorded in nujol m ull on a  Beckm an IR-20 infrared spectro­
pho tom eter from K u ru k sh e tra  U niversity, K urukshetra . T he elektronic spectra were recorded 
on a Beckm an DU spectrophotom eter. The m agnetic susceptib ility  of the complexes were 
m easured by the G o u y  m ethod  using m ercury(II)-te tra th iocyanocobalta te(II) as'a  calibrant.

Preparation o f the ligand
2-acetyl-l,3-indanedione (1.88 g, 0.01 mole) and  p-toluidine (1.05 g, 0.01 mole) were 

dissolved in absolute e thano l (20 mL) and the m ix tu re  w as refluxed in the presence of a ca ta ­
ly tic  am ount of acetic acid on a w ater bath  for 3 hrs. O n cooling a green solid com pound sepa­
ra te d  ou t which crystallized from  ethanol in the form  of green needles (yield 62% , m.p. 140°).

Preparation o f the complexes
A ppropriate m sta l sa lts  (0.01 mole) dissolved in  50 m L  m e th iio l a id  the l i g u d  (0.92 

mole) dissolved in 30 m L m ethanol were refluxed on a w ater b a th  for 3 - 4  hrs. The solid eon - 
pounds were obtained on p a rtia l evaporation of th e  so lven t a t  room tem perature. T ie  com­
pounds were suction filtered , w ish ed  and reerystallized from  m e t 'iim l a id  d r i l l  i i  v u m .  
(Yield: 4 0 —50%, appearance: yellowish greei to b ro w i.)  Tue re s ilts  of e lam e itil m iy s i s  
are given in  Table I.

Results aud D iscussion

The elem ental analyses (Table I) in d icate  a 1 : 2 (m etal to ligand) sto i­
ch iom etry  for the N i2+, Co2+, Mn2 + , Zn2+ and T h 4+ and a 1 : 1 sto ichiom etry  
for th e  U 0 2 + com plexes. These compounds are insoluble in water and benzene  
but soluble in m ethanol, ethanol and acetone. T he electrical conductance data  
for m ethanol indicate th a t all the com plexes are nonelectrolytes. The m olec­
ular weight data in d icate  th e  monomeric n ature o f the com plexes.

Infrared Spectra

The N i2+, Co2 + , M n2+ and U 0 2+ com plexes form associates w ith  
m ethanol as evidenced  b y  the existence o f  a broad band r(OH) strecth  and 
v(C — 0 )C H 30 H  at around 3400 cm "1 and 990 — 1000 cm -1 respectively [10 —
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T a b le  I

Elemental analysis molecular weight, electrical conductance o f complexes o f a-(l,3-dioxoindane-2-yl)-ethylidene-p-toluidine

Compound Mol. formula
Mol. Wt. 

Cal cd. 
(found)

Colour
Conduc­

tance 
Л -1 mol-1 

cm*

Elemental analysis, Calcd. (Found)

c% H% N% M% Ci%

DET 1̂8̂ 1î 02 277 Green — 77.98 5.42 5.05 — —

(275) (78.20) (5.29) (4.89)

Ni(IIXDET)2.2 CH3OH CsAeNANi 674.7 Yellow-Green 10 .5 67.59 5.34 4.15 8.70

(671) (67.32) (5.56) (4.01) (8.51)

Co(II)(D ET)2.2 CH3OH 3̂8̂ 36-̂ 2̂ 6̂ ° 674.9 Yellow 8 .7 67.57 5.33 4.15 8.73 —
(671) (67.80) 15.02) (4.43) (8.97)

Mn(IIXDET)2.2 CH3OH 3̂8̂  36-̂ 2̂ 6̂ -n 670.8 Brown 3.5 67.97 5.37 4.17 8.18 -

(681) (67.56) (5.30) (4.35) (8.37) —

Zn(IIXDET)2. 3̂6̂ -28̂ 2̂ 4̂ n 617.4 Light-Green 1 1 .8 69.97 4.54 4.54 10.59

(602) (69.51) (4.63) (4.30) (10.88)

U 0 2(VI)C1(DET).CH30 H C18H I8N 05UC1 601.5 Brown 7 .4 35.91 2.99 2.32 39.57 5.90

(600) (36.23) (3.31) (2.11) (39.28) (6.11)

T h(IV )a2(DET)2 CseHjaNjOJhClj 855 Yellow-Green 8 .3 50.53 3.27 3.27 27.13 8.30

(852) (50.30) (3.10) (3.54) (27.58) (8.59)

* DET =  <x-(l,3-dioxoindane-2-yl)-ethylidene-p-toluidene
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11]. In  th e  present com plexes the downward shift o f r(C—0 )  band o f  CH3OH  
occurring at 1034 cm -1  further confirm ed the coordination o f m ethanol in  
th e  com plexes [12 —13]. T he com plexes do not loose w eight on heating at 
120 °C for 3 — 4 hrs and th is  also confirm s the coordination o f CH3OH to 
N i2 + , C o2+, Mn2+ and U O |+ ions.

I n  th e  infrared spectra o f  th e  ligand tw o bands were observed one at 
1690 c m -1  and another at 1650 c m -1  assignable to  r (C = 0 ) .  In  all th e  m etal 
ch ela tes  th is former band persists at the same position  but the second band 
d isap p ears and a new band a t 1230 —1240 c m -"1 is observed. The ex isten ce of 
th e  form er band reveals th e  nonparticipation in  coordination o f  the keto  
group. T he appearance o f the hand in the later region suggests th a t th e  coordi­
n a tio n  tak es place via  deprotonation  o f enolized oxygen  of the ligand.

T h e medium intensive r (C = N ) stretch o f the ligand occurs at 1620 c m -1 . 
This h a n d  is decreased by 5 — 15 c m -1  in all the com plexes along w ith  changes 
in  deform ation , wagging and rocking azom ethine vibrations and th ese  suggest 
th a t th e  metals are coordinated through the azom ethine nitrogen atom . In  
th e  fa r -IR  spectra the bands assigned to  r (N i—N ), r(Co — N ), r(Mn — N) and 
r (U — N ) at 460, 435, 305 and 300 c m -1 in the com plexes also confirm ed the  
m ode o f  m etal-nitrogen linkage [14— 16].

T h e  com plex o f dioxouranium (Y I) exhibits a strong band at 900 c m -1  
ch aracteristic  of vas (OUO) and the vs (OUO) occurs at around 810 c m -1  also 
co m p a tib le  with the earlier work [17—19]. The region 290 — 325 c m -1 is 
ch aracteristic  of m eta l-oxygen  stretching vibrations [20]. The w eak hand

Table П
Im portant assignments o f IR , fa r -IR , magnetic susceptibility and electronic spectra o f  the transition

metal compounds

Compound v(C =0)
(cm-1)

y(C=N)
(cm-1)

r(C—OH) 
enolic (cm-1)

v(M—0) 
(cm-1)

*(M—N) 
(cm-1)

Mtsfi 
B.M. 

(300 K)
vmai

(cm-1)

D ET 1690 1620 — — — — —

N i(II)(D E T )2.2 CH3OH 1690 1590 1235 430 460 3.26 25,000
300 15,600

9,400
Co(II)(D E T )2.2 CHjOH 1690 1590 1230 415 435 4.85 20,500

290 18,000
8 ,0 0 0

M n(H )(D E T )2.2 CHjOH 1690 1600 1235 425 305 5.90 29,850
295 33,000

Z n(II)(D E T )2. 1690 1595 1230 325 - Diaraag. —
U 0 2(VI)C1(DET)2.CH30H 1690 1580 1235 - 300 Diamag. 22,000
Th(IY)Cl2(D ET)2. 1690 1590 1230 480 — Diamag. —
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observed at 300, 290, 195 and 325 c m -1  in  the spectra o f  respective m etal 
com plexes m ay be assigned as p(N i—0 ) ,  v(Co — O), r(Mn — 0 ) ,  and v (Z n —O) 
stretch [21 — 22]. In  th e  thorium (IY ) com plex the weak hand appeared at 
480 c m -1 is due to com bined frequency o f p(Th — O) and j»(Th— N ) stretch
[23]. Another set of new  bands appear in the region 415—460 c m -1  [21] and 
the com plexes o f N i2 + , Co2+ and M n2+ exhib it at 430, 415, 425 c m -1 , respec­
tiv e ly . They are originated from m etal oxygen  stretching linkages [24].

The far-infrared spectral m easurem ents indicated the presence o f  a 
m edium  intensive band at 230 and 245 cm -1  in  the U O |+ and T h 4+ com plexes  
respectively. This band has been assigned to  M —Cl stretching vibrations and 
shows direct coordination o f Cl-  to  the m etal atom  as reported b y  earlier 
workers [25 — 26].

Magnetic and Spectral Studies

The m agnetic m om ents at 300 К  for N i2+, Co2+ and M n2+ com plexes  
are 3.26, 4.85, 5.90 B.M ., respectively . The values are w ithin the range p o stu la t­
ed for high-spin com plexes o f  the respective m etal [27—28]. The values ind i­
cate octahedral stereochem istry. The m agnetic m om ent o f the h igh spin  octa ­
hedral Co2+ com plex is higher than the sp in-only value due to  v ery  large 
orbital contribution arising from orbitally degenerated ground sta tes. The 
high-sp in  Mn2+ com plex has an orbitally nondegenerated 6$ ground term  
[29]. The com plexes o f  Zn2+ are diam agnetic. This is expected  for a 3d10 
system . This com plex is tetracoordinated and a tetrahedral structure w ith  
sp 3 hybridization  is suggested  to  th is com plex. The m agnetic su scep tib ility  
m easurem ents indicate th a t the com plexes o f U O |+ and T h 4+ are d iam agnetic  
as expected  for the 5f° system .

Electronic Spectra

The electronic spectra o f N i2+, Co2+ and M n2+ com plexes w ere recorded 
in  their 0.001 mole solution  in 10 mL m ethanol.

N icke lfI I )  complex

N i2+ com plex exhib its the follow ing absorption bands for th e  corre­
sponding assignm ents: 25,000, 15,600, 9,400 cm ^ 1 for 3A 2l, —*■ 3Tig (P ), 3 A 2s —► 
— 3Tig (F )  and 3A 2g —► 3 T2g, respectively. This confirm s coordination num ber 
six  w ith  an octahedral structure [30—32].

C ob a ltfII )  complex

Co2+ com plex shows the follow ing electronic absorption bands: 20,500,
18,000, 8,000 c m -1 for the corresponding assignm ents of 4>Tie (F )  —► 4T i(, (P )
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(1>з), 4T ig —>-4^2g (^г), 4Txg —*- 4T2g (F ) (vx). This suggests hexa-coordination  
and octahedral environm ent for Co2+ [33 — 36].

Manganese( I I )  complex

The weak absorptions for this com plex w ere observed in the electronic 
spectrum  indicating th e  presence of on ly  se x te t  level 6A ig w ith  th e  low est 
configuration  ?2g eg. N o higher lying sextet is  present and hence the transition  
is sp in  forbidden. H ow ever, due to spin orbital in teraction  these transitions 
appear as very w eak absorption  bands. The w eak band observed at 29,850 cm -1  
and 33,000 cm -1  correspond to eA lg —»- iE g (D)  and eA lg 4Тгg (P)  transi­
tion s, respectively [37].

D io x o u ra n iu m (V I)  complex

The com plex exh ib its  an electronic spectral band at around 22,000 cm -1  
and th is is attributed to  xE f  —*■ 3jru transition  w hich is a typ ical for OUO 
sym m etric stretch for the fir st excited sta te  [38].

*

One of the authors (M .A.O.) is thankful to  UGC, N ew  Delhi for the financial support.

R E FE R E N C E S

[1] M cK e n z ie , S. F. S.: Inorg . Chim. Acta, 26, L-49 (1978)
[2] Ca s s it y , R. P., T a y l o r , L. T .: J . Coord. Chem., 9, 7 (1979)
[3] D e s h m u k h , K. G., В н о в е , R . A.: J . Incrg. N ucl. Chem., 40, 135 (1978)
[4] T it u s , S. J . E ., B a r r , W . M., T a y lo r , L. T .: Inorg . Chim. A cta, 32, 103 (1979)
[5] Co n s ig l io , M ., Ma g g io , F . ,  P izzino , T ., R o m a n o , V .: Inorg. N ucl. Chem. L e tt., 14,

135 (1978)
[6] M a l e y , L. E., Me l l o r , D. P .: N ature, 159, 370 (1947)
[7] Y a m a d a , S.: Coord. Chem. R ev ., 1, 415 (1966)
[8] G u p t a , S. C., Qu r a is h i, M. A ., I h aw an , S. N .: In d ian  J .  Chem., 18, 547 (1979)
[9] S h a p ir o , L., Ge ig e r , K ., F r e e d m a n , L.: J . Org. Chem., 25, 1860 (I960)

[10] L in d o y , L. F ., L in v in g s t o n e , S. E .: Inorg. Chem., 2, 1149 (1968)
[11] N a k a m o to , K .: In fra red  Spectra of Inorganic and  Coordination Compounds, 220 p.

W iley Intersicence, New Y ork , 1969
[12] H e r z b e r g , G.: M olecular Spectra and Molecular S tructu re , N ostrand  D. V., Vol. II,

335 p, New Y ork 1959
[13] A d a m s , D. M.: M etal L igand and Related V ibrations, A r n o l d , E ., London 1967
[14] Se n g u p t a , S. K ., Sa h n i , S. K ., K a po o r , R. N .: A cta  Chim. Acad. Sei. H ung., 104, 89

(1980)
[15] K u n d u , P. C., B e r u , A. K .: Indian  J . Chem., 18A, 62 (1979)
[16] H u t c h in so n , B., T a k e m o t o , J . ,  N akamoto , K .: J .  Am. Chem. Soc., 92, 3335 (1970)
[17] H s ie h , A. T. T., Sh e a h a n , R . M., W e s t , B. O.: A ust. J .  Chem., 28, 885 (1975)
[18] J o n e s , M. M.: J . Chem. P hys., 23, 2105 (1955); Co m y n s , A. E ., Ga t e h o u s e , В. M., W a tt ,

E .: J . Chem. Soc., 1958, 4055
[19] M cGl y n n , S. P ., Sm it h , J . K ., N e e l y , W. C.: J .  Chem. Phys., 35, 105 (1961)
[20] R e e d u k , J .:  Inorg. Chim. A cta , 5, 687 (1971)
[21] Sa n g a l , S. K., R a n a , V. B .: A cta Chim. Acad. Sei. H ung., 104, 29 (1980)
[22] A d a m s , R. W ., Ma r t in , R . L ., W in t e r , G.: A ust. J .  Chem., 20, 773 (1967)
[23] S h a rm a , C. L., Sin g h , A. K ., P a n d e y , S. P .: J .  Ind ian  Chem. Soc., L —VI, 28 (1979)

Acta Chim. Acad. Sei. Hung. 109, 1982



QURAISHI et al.: TRANSITION METAL COMPLEXES 27

[24] M ik a m i , M., N a k a g a w a , I., Sh im a n o u c h i, T.: Spectrochim. A cta, 23A, 1037 (1967);
25A , 365 (1969)

[25] V i j a y , R. G., T a n d o n , J . P.: Indian  J .  Chcm., 17 A, 188 (1979)
[26] D a s h , K. C., Mo h a n ta , H .: Transition M etal Chem., 2, 6 (1977)
[27] Co t t o n , F. A., W il k in s o n , G.: A dvanced Inorg. Chem., 752 p. In terscience Publishers,

Inc., New York, 1962
[28] F l u k u d a , Y., So n e , K .: J . Inorg. Nucl. Chem., 34, 2315 (1972); 37, 455 (1975)
[29] Sa h n i, S. K., R a n a , V. B .: Indian J .  Chem., 15A, 890 (1977)
[30] S in g h , P. P., Sriv a sta v a , A. K., P a t h a k , L. P .: J . Coord. Chem., 9, 67 (1979)
[31] F ernelius, W. C., Manch, W.: J. Chem. Educ., 38, 192 (1961)
[32] M ic h a e l . J ., W a l t o n , T. A.: .1. Inorg. Nucl. Chem., 37, 71 (1975)
[33] Cl a r k , R. J . H ., W il l ia m s , C. S.: J .  Chem. Soc., A, 1966, 1425
[34] L e v e r , А. В. P ., L e w is , J .,  N y ho lm , R. S.: J . Chem. Soc., 1962, 1235
[35] G o o d w in , H. A., Sy l v a , R. N.: Aust. J .  Chem., 20, 217 (1967)
[36] L e v e r , A. B. P .: J .  Chem. Educ., 45, 711 (1968)
[37] Ch a u d h u r y , G. R ., D a s h , K. C.: Ind ian  J .  Chem., 17A, 364 (1979)
[38] M cGl y n n , S. P., S m it h , J . K.: J . Mol. Spectrosc., 6, 164 (1961)

M. A. Q ura ish i 
B . K um ar  
D . S h arm a

D epartm ent o f  C hem istry, G overnm ent Science College, 
Jabalpur, M .P., India

Acta Chim. Acad. Sei. Hung. 109, 1982





FLUORESCENCE, TRANSMITTANCE AND LIGHT 
SCATTERING STUDIES ON SOLUBILIZATION 

OF ANTHRAQUINONE

R. C. BlIARDWAJ, Y . N. MlSHRA and R. C. KAPOOR*

(Department o f  Chemistry, University o f Jodhpur, Jodhpur, Raj., In d ia )

Received Septem ber 2, 1980 

A ccepted for publication F eb ruary  4, 1981

The solubilization action of surfactants on an thraquinone has been stud ied  w ith 
th e  help of fluorescence and transm ittance spectroscopy. The fluorescence peak  heights 
a t  385 and 405 nm  increase on increasing th e  concentration  of su rfac tan t solution 
reaching lim iting values. The solubilization phenom enon was also confirm ed by  light 
scattering  m easurem ents, since a large decrease in  scattering flux  occurred on increasing 
th e  concentration of surfactants. The results have been attribu ted  to  m icelle form ation 
action of surfactants.

Introduction

Solubilization caused  by surfactant m icelles had been review ed earlier 
b y  K l e v e n s  [1] and M c B a in  [2]. The process o f so lubilization  caused by  
surface-active agents has also been investigated  by E l w o r t h y  and coworkers
[3]. Solubilization o f proteins, water insoluble hydrocarbons and som e pheno­
lic com pounds by surfactants has been studied  by H s i n -C h o u  C h a i n g  [4], 
F r i b e r g  [5], D o n b r o w  [6] and coworkers. O g in o  and coworkers [7] studied  
th e  solubilizing action  o f some anionic surfactants. K a p o o r  and M is h r a  
[8, 9] have studied the solubilization of 9,10-diphenylanthracene in  surfactant 
solutions em ploying a fluorescence technique and have interpreted their  results 
in  term s of micells form ation. Solubilization o f anthracene by surfactant solu­
tions have recently been  investigated  by M is h r a  and coworkers [10]. H a u t a l a

[11], S c h o r e  [12], G e i g e r  [13] and coworkers have em ployed naphthalene, 
pyrene and indole lum ophore as fluorescent probes to  exam ine th e  structure 
and dynam ics o f so lu tions of com m on m icelle-form ing detergents.

W e report here investigations on the solubilization o f anthraquinone 
occurring in the presence o f surfactant solutions, em ploying fluorescence and 
transm ittance m easurem ents and light scattering studies.

Experimental

Fluorescence studies were made on a Perkin-E lm er Spectrofluorim eter model 204A 
w ith  a xenon lam p as th e  ligh t source. The slit w idth  for the excitation and  em ission spectra 
was kep t a t 10 nm and  a cell of 1 cm p a th  length was used. The tran sm ittance  in  ultraviolet
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an d  v isib le regions was recorded w ith  a Specord UV-Vis (range 50,000 to 12,500 cm -1) in s tru ­
m e n t m ade by Carl Zeiss Je n a , w ith  a deuterium lam p D 2E  and tungsten filam ent lam p 
6V 30W  as light source for th e  U V  and  visible spectral regions, respectively. Q uartz cells of 
1 cm  p a th  length were used. T he transm ittance  was recorded as a function of w avenum ber.

L ig h t scattering studies w ere carried out w ith a B rice-Phoenix light scattering photom ­
e te r (U SA ) Model 2000A w ith  an  attached  m ultiflex galvanom eter. A m ercury lam p was 
u sed  as th e  light source w ith  a b lue  interference filter of 436 nm  for the incident light; m easure­
m en ts  w ere made a t 90° angle to  th e  incident light.

T he stock solution of an a ly tica lly  pure an thraquinone (SISCO Chem.) was prepared in 
p u re  e thanol. All the experim ents w ere carried out a t  room  tem perature  (23 to  28 °C) in  5% 
e thano lic  medium, keeping th e  fin a l concentration of an thraqu inone a t 5 x lO - 6 M.

T he following su rfactan ts w ere used for the study.
(A ) A N IO N IC :

(i) Dodecyl benzene sodium  sulfonate (DBSS).
(ii) Dioctyl sodium sulfo succinate  (DSSS).

(B ) CATIONIC:
(iii) C etyltrim ethylam m onium  brom ide (СТАВ)
(iv) Cetyldim ethylbenzylam m onium  chloride (CDBAC)
(v) Cetylpyridinium brom ide (СРВ)

(C) N O N IO N IC :
(vi) Polyoxyethylene te ro c ty l phenol (Eq-10) (Tx-100)

(vii) Polyoxyethylene so rb itan  m onopalm itate (Tween-40)
(viii) Polyoxyethylene so rb itan  m onosterate (Tween-60)

(ix) Polyoxyethylene so rb itan  mono-oleate (Tween-80)
(x) Polyoxyethylene (E 23) lau ry l ether (Brij-35).

All surfactants were “ Sigm a”  USA product, except Brij-35 which was a B D H  product, 
an d  w ere used as such. The p u rity  o f surfactants was checked b y  determ ining the ir cmc values 
b y  surface tension m easurem ents employing the drop w eight method.

Results

Fluorescence studies

T he excitation spectrum  o f anthraquinone gave peaks at 356 and 375 nm« 
T h e em ission  spectrum caused  b y  excitation at 356 nm  in solution containing  
5%  eth an ol showed tw o p eak s, at 385 and 405 nm .

A ll the nonionic and anionic surfactants caused enhancem ent in  fluores­
cen ce  in ten sity , while ca tion ic  surfactants show ed an increase during in itia l 
a d d itio n  only. Subsequently at higher concentration a decrease in  fluorescence  
in te n s ity  was observed. Observ ations made w ith  nonionic, anionic and cationic  
su rfactan ts are given in  F igs 1 — 3 respectively.

In  5% ethanolic m edium  the peak heights at 385 and 405 nm increased  
on increasing the concentration  o f nonionic and anionic surfactants and reached  
a lim itin g  value. On the other hand with the cation ic surfactant СТАВ the  
decrease in fluorescence in ten s ity  started to  occur at .008%  and reached a 
m in im u m  value at 0.12%  concentration. R eadings could not he taken  at 
h igh er concentrations w ith  som e cationic and anionic surfactants due to their 
lim ited  solubility at room tem perature. Therefore, th e  lim iting values o f fluores­
cen ce  peak heights could n o t be reached w ith  th ese  surfactants.
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Fig. 1. Emission spectra; a. anthraquinone (5 x  10_e M ), b . anthraquinone -j~ 0.10% Tween-80, 
c. an th raqu inone -}- 0.22% Tween-80; Ag* =  356—358 nm

Effect o f  ethanol

Enhancem ent in fluorescence in ten sity  w as also observed on adding  
ethanol to  the so lu tion  o f anthraquinone. The peaks heights at 385 and 405 nm  
increased on increasing th e  concentration o f  ethanol and reached their m axi­
m um  values in the presence o f 80% ethanol. E nhancem ent in fluorescence in ten ­
sity  on increasing th e  concentration o f ethanol from  10 to 80% is g iven  in  
Fig. 4. The in fluence o f  varying the concentration  o f ethanol on th e  peak  
heights o f anthraquinone are given in Table I.

Transmittance studies

The transm ittance spectrum  of anthraquinone gave four peaks, at 340, 
356, 375 and 392 nm . The addition of nonionic, anionic and cationic surfac­
tan ts resulted in a decrease in transm ittance, disappearance of th e  peak at
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Fig. 2. Em ission spectra; a. anthraquinone ( 5 x l 0 -6 M ), b. anthraquinone +  0.01%  DSSS, 
c. an thraquinone -f- 0.25% DSSS; Aex =  356—358 nm

Fig. 3. Em ission spectra; a. anthraquinone ( 5 x l 0 ~ e M ), b. anthraquinone +  0.004%  СРВ, 
c. an thraqu inone +  0.016% СРВ, d. anthraquinone +  0.16% СРВ; Яех =  356 nm
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F ig . 4 . Emission spectra; a. anthraquinone (5 x  10 _s M )  in 5% ethanolic m edium , b. anthra- 
qninone in  30% ethanolic medium, c. anthraquinone in 80% ethanolic m edium ; Aex =  356 nm

392 nm  and increase in  peak heights at 340, 356 and 375 nm . A  red shift o f  
2 —3 nm  was observed in  all the peaks. The changes observed during addition  
o f  nonionic (Tween-60, T x-100), anionic (D B SS, DSSS) and cation ic (СТАВ, 
СРВ) surfactants are illustrated  in  Figs 5 — 7.

Light scattering studies

The scattering in ten sity  was m easured in  terms o f a galvanom eter  
deflection. It was observed th a t th e  galvanom eter deflection  decreased and 
reached a minim um  value in  each case on progressive addition  o f each surfac­
ta n t. The observations made w ith  Tween-80 (nonionic), D B 3S  (anionic) and

3 Acta Chim. Acad. Sei. Hung. 109, 1982
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Table I

Variation o f  fluorescence intensity vs. ethanol concentration

No. % o f
Ethanol

Fluorescence intensity 
(arbitrary units)

385 nm 405 nm

l . 5 8 9

2. 10 9 11

3. 20 12 14

4. 30 39 45

5. 40 42 47

6. 50 45 53

7 . 60 56 67
8. 70 63 73

9. 80 70 80

10. 90 70 80

11. 100 70 80

F ig. 5. Transm ittance spectra; (I) a. anthraquinone (5 x  10-6 M ), b . anthraquinone -)- 0.02% 
Tw een-60, c. anthraquinone +  0 .10%  Tween-60. (II) a. an th raqu inone (5 x  10~e M ), b. an th ra ­

quinone -f 0.02% TX -100, c. anthraquinone -f- 0.05%  TX-100; Aex =  356 nm
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Wavenumber x I0 '3 (cnv1) Wavenumber x lO 'M cm '1)

Fig. 6. T ransm ittance spectra; (I) a. anthraquinone (5 x  10_e M ), b. anthraquinone -f- 0.20% 
DSSS, c. anthraquinone +  0.35% DSSS. (II) a. anthraquinone (5 X l0 _e M ), b. an th ra ­

quinone - f  0.05% DBSS, c. an th raqu inonej+ [0 .10%  DBSS

СТАВ (cationic) are given in  Fig. 8. It was noted  that after centrifuging the  
solution  at 16,000 RPM  for tw en ty  m inutes, th e  galvanom eter d eflection  reach­
ed zero value w hich was in itia lly  100 before centrifuging the sam e solution. 
This clearly indicates th at the deflection  w as due to insoluble particles present 
in  th e  solution o f anthraquinone which were later removed by centrifuging.

Discussion

These observations can be explained on the basis o f the solubilizing action  
o f the surfactants. The enhancem ent in th e  fluorescence in ten sity  and the 
disappearance o f  the peak at 392 nm in th e  transm ittance spectrum  appears 
to  be due to the solubilization  o f suspended particles of anthraquinone in 
surfactant m icelles. This is also supported by light scattering studies since the 
scattering of incident light b y  suspended particles decreases on addition  of 
surfactants (m easured as galvanom eter deflection). It is notable th a t the  
sam e concentration o f surfactant was needed for (i) disappearance o f  the peak 
from  the transm ittance spectrum , (ii) for ligh t scattering to reach a m inim um  
level and (iii) for fluorescence intensities to  reach their m axim um  value. The 
solubilization  action is also confirm ed by observing the effect o f  ethanol on

3* Acta Chim. Acad. Sei. Hung. 109, 1982
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Fig. 7. T ransm ittance spectra; (I) a. anthraquinone (5 x  10_e M ), b. anthraquinone +  0.08%  
СТАВ, c. anthraquinone +  0.10%  СТАВ. (II) a. an th raqu inone ( 5 x l 0 -6 M ), b. an th ra- 

quinone +  0.02%  СРВ, c. an thraquinone +  0.08% СРВ

Fig. 8. P lo t o f %  Surfactant vs. sca tte ring  intensity
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the fluorescence o f anthraquinone. The peak heights increased on th e  addition  
o f ethanol in a m anner sim ilar to  th at observed with the surfactants. In  80% 
ethanol anthraquinone appeared to  he fu lly  solubilized at th e  concentration  
em ployed.

It is apparent th at anthraquinone is not fully solubilized in  5%  ethanolic 
m edium . The suspended particles o f anthraquinone solubilize on addition of 
surfactants or on increasing th e  ethanol concentration. T he disappearance 
of the peak at 392 nm in transm ittance spectrum  is also due to  th e  solubiliza­
tion  o f the suspended particles. Thus there appears to  he a straightforward  
correlation betw een solubilizing action and enhancem ent in  fluorescence 
em ission. The value o f  th e  lim iting concentration of each surfactant is found 
to  be higher than its critical m icelle concentration.

•
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The structures of the title  compounds have been established by X -ray  crystallog­
raphy  from diffractom eter data. Crystals o f 1 are monoclinic, space group P 2 ,/c  w ith 
cell dimensions a =  685.6 (1), b =  2106.3 (1), c =  1044.9 (1) pm , ß  =  117.82 (1)°, 
Z  — 4. Crystals of 2 are also monoclinic, space group P2,/c w ith cell dim ensions a =  
=  658.5 (4), b — 1250.7 (6), c =  1605.4 (6) pm , ß  =  91.61 (2)°, Z =  4. B o th  struc tu res  
were solved by  d irect m ethods and refined b y  least-squares calculations to  R  values 
of 0.033 for 1730 reflexions for 1 and 0.076 fo r 1633 reflexions for 2. The characteristic  
features of the conform ations of these com pounds in  comparison w ith  those of the 
analogous com pounds reported  hitherto are discussed.

r Introduction

The synthesis and stereochem istry o f  b icyclic saturated heterocycles  
w ith  condensed skeleton containing two heteroatom s have been the subject 
o f our study for a long tim e. The main aim s o f  our work can be sum m arized  
in  the following: a, Synthetic  work including the investigation  o f th e  ring 
closure o f alicyclic 1,3-bifunctional com pounds and the study of som e reactions 
of the products; b, Conformational analysis b y  spectroscopic (IR , NM R) 
m easurem ents and X -ray  diffraction; c, A  pharm acological screening o f the 
synthesized  com pounds.

In  Table I are collected  the types o f  com pounds investigated . A  large 
num ber of stereoisom eric homologous and analogous derivatives were syn th e­
sized , therefore, a com parative evaluation w as also possible.

Continuing th is work, now we report th e  results of X -ray analysis o f 
2-(p -n itrophenyl)-cis-5 ,6-tetram ethylene-2 ,3 ,5 ,6-tetrahydro-l,3-oxazine (1) and 
2-(p -n itrophenyl)-cis-4,5-tetram ethylene-2,3,4,5-tetrahydro-l,3-oxazine (2). 
The synthesis and spectroscopic study o f 1 and 2 was reported earlier [I].

* P a rt X LV II: G. B e r n At h , F . F ü l ö p , Gy. A n e w , A. KA l m An , P. S o h Ar : T etra ­
hedron L etters 22, 3797 (1981)

** X XV I: L. Fodor, J . Szabó, G. B ernáth, L. P á rk án y i, P . Sohár: T etrahedron  L etters, 
22, 5077 (1981)

* * * To whom correspondence should be addressed
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Table I

Types o f  the investigated heterocycles

n  =  1, 2, 3 ra =  2, 3

w
References

X z
Synthesis

Spectroscopy X-ray

0 NH A r, H H 2 [1, 2] This work
NH 0 A r, H H 2 [b  2] This work
0 NH 0 H 2 [3, 4]
NH 0 0 H 2 [3, 4]
0 N Ar H 2 [5] [5]
N 0 Ar H2 [5] [5, 10]
N NH Ar 0 [6] [11 -1 3 ]
0 NH A r, H 0 [7] [14, 15]
0 NR* Ar, H H 2 [8, 9]
NR* 0 A r, H H 2 [8, 9]

*R  =  CH3, CH2CeH6

X -R ay analysis 

Crystal data

1: From  single crystal d iffractom etry using m onochrom ated CuK* rad ia­
t io n  (A =  154.18 pm) a =  685 .6  (1), b =  2106.3 (1), c =  1044.9 (1) pm , ß  =  
=  117 .82  (1)°, Z  =  4, D c =  1.305 Mg m ~ 3, space group P2x/c from system atic  
ab sen ces.

2 : From  W eissenberg and precession photographs taken w ith  N i-filtered  
C uK a rad iation  (A =  154.18 pm ), a =  658.5 (4), b =  1250.7 (6), c =  1605.4 (6) 
pm , ß  =  91.61 (2)°, Z  =  4, D c =  1.317 Mg m ~ 3 space group Р2х/с from  sy stem ­
atic absences.

Intensity data, structure determinations and refinements

1: Intensities of 2816 independent reflexions were collected in th e  range 
2 0  <  154° b y  a a> — 2 0  scan on an Enraf-N onius CAD-4 diffractom eter w ith  
graphite-m onochrom ated CuKa radiation. Cell constants were determ ined by
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least squares from  th e settin g  angles o f 25 reflexions. After data reduction  
1730 reflexions w ith  I  — 3.0cr(I) >  0 were tak en  as observed. N o absorption  
correction was applied. The structure was so lved  w ith  program M ULTAN  
[16] by use o f 244 norm alized structure factors w ith  E  ^  1.8. An E  map 
com puted from a phase set w ith  the best consistency  gave the positions o f  all 
non-hydrogen atom s (R  =  0.27). Full-m atrix least squares refinem ent o f posi­
tional and vibrational param eters reduced R  to  0 .092. At this stage H  posi­
tions were located  from a difference Fourier m ap. Further anisotropic refine­
m ent of h eavy atom  positions including an extin ction  coefficient w ith  fixed  
H  coordinates gave R  =  0.043. In the last three cycles o f refinem ent the as­
signed H  positions were also refined w ith fixed  ind iv idual isotropic tem perature  
factors. The final R  w as then  0.033 for 1730 observed reflexions (J?w =  0.043). 
Scattering factors were taken  from International Tables fo r  X - r a y  Crystallo­
graphy  [17].

2: In tensity  data were collected on a Stoe sem i-autom atic tw o-circle  
(W eissenberg) diffractom eter. After setting the crystal and the counter in  an 
equi-inclination arrangem ent, the intensities o f  each tw o-dim ensional recipro­
cal layer (Okl —*■ 6 k l)  were measured autom atically , but independently (for 
details see [18]). Cell constants were refined from  Buerger precession photo­
graphs. 1648 independent reflexions were collected . N o absorption correction  
w as applied. The phase problem  for 239 reflexions w ith  E  ^  1.25 was solved  
by program S H E L X  [19]. The .E-map com puted from  the solution  w ith  the 
best figure o f m erit revealed all the non-hydrogen atom s. Full-m atrix isotropic 
and anisotropic refinem ent together w ith  seven  scale factors for Okl —► 6k l 
reduced R  to  the fin a l value of 0.076 (R w =  0 .119) for 1633 reflexions. Prior 
to  the refinem ent, all H  atom s were generated from  assumed geom etries w ith  
X —H  constrained to  108 pm . The positions o f these generated H  atom s were 
checked in a difference Fourier synthesis. A  bonded H -atom  scattering factor  
was em ployed [20] w ith  com plex neutral scattering factors for the rem aining 
atom s [21, 22].

D iscussion o f the m olecular structures

The final coordinates for non-hydrogen atom s o f both isom ers are given  
in  Table II , the param eters for H  atom s in Table III , and bond distances and 
angles in Tables IV  and V. The atom ic num bering, identical w ith th at applied  
in  the case o f the corresponding partially saturated derivatives [5] is given in  
Fig. 1. The corresponding bond lengths and angles agree w ith each other w ithin  
experim ental error (3a). As the results o f th e  saturation of the C(2) — N(3) 
bonds of 12 and 14 [5] the C ( 2 ) - 0 ( l )  [С (в р * )-0 ]  bond lengths 136 .2 (4 )  
and 136.7 (5) pm increased up to  142.5 (2) and 142.1 (4) pm, respectively. The 
even  more pronounced lengthening of the saturated C(2) — N(3) bonds [123.8
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Table U

Fractional coordinates ( X l0 4) fo r non-hydrogen atoms 
E .s .d .’s are in parentheses

1 2
x\a y\b t\c x/a y/b */c

0 (1 ) 3086(1) 1142 (1) 4886 (1) - 3 3 4  (3) 3816 (2) 1759 (1)
C(2) 1370 (2) 681 (1) 4276 (2) 1627 (4) 3343 (3) 1815 (2)
N(3) -8 1 6  (2) 946 (1) 3578 (1) 2893 (4) 3775 (2) 2495 (1)
C(4) -1 1 8 5  (2) 1394 (1) 4519 (2) 1934 (4) 3664 (3) 3306 (2)
C(5) 668 (2) 1881 (1) 5236 (2) - 2 4 8  (5) 4139 (3) 3269 (2)
C(6) 2871 (2) 1528 (1) 5946 (2) -1 4 1 2  (5) 3670 (3) 2517 (2)
C(7) 662 (3) 2388 (1) 4197 (2) - 2 2 1  (5) 5358 (3) 3244 (2)
C(8) 2641 (3) 2831 (1) 4894 (2) 1124 (5) 5835 (3) 3950 (2)
C(9) 4773 (3) 2460 (1) 5520 (2) 3289 (5) 5373 (3) 3947 (2)
C(10) 4849 (3) 1966 (1) 6584 (2) 3249 (5) 4160 (3) 3985 (2)
C (ll) 1788 (2) 284 (1) 3230 (1) 2641 (4) 3454 (2) 993 (2)
C(12) 287 (2) -  184(1) 2420 (2) 4647 (4) 3113 (3) 930 (2)
C(13) 639 (3) -  563 (1) 1480 (2) 5635 (5) 3216 (3) 192 (2)
C(14) 2524 (2) -  468 (1) 1348 (2) 4598 (5) 3642 (2) — 485 (2)
C(15) 4022 (2) 5 (1 ) 2103 (2) 2618(5) 3975 (3) — 444 (2)
C(16) 3657 (2) 365 (1) 3056 (2) 1622 (5) 3872 (3) 304 (2)
N(17) 2928 (2) -  871 (1) 352 (1) 5648 (5) 3755 (3) -1 2 6 9  (2)
0(18) 4625 (2) -  795 (1) 262 (1) 7466 (5) 3579 (3) — 1274 (2)
0(19) 1532 (2) -1 2 7 2  (1) -  356 (1) 4678 (5) 4030 (3) -1 8 8 7  (2)

(4) — 143.8  (2) and 126.8 (5) —► 145.9 (4) pm ] in  both structures is accom ­
p an ied  b y  a significant closure of the bond angle at C(2) [126.7 (3)° —*• 114.2
(2)° and  126.6 (3)° —v 113.1 (4)°]. Consequently, as shown b y  the puckering  
param eters  [23] listed in T able V I in  both isom ers the conform ation of the  
hetero-rin g  changed from a m ore or less distorted sofa [5] (envelope/half chair,
[24] 5 E , 5E/5H6)  shape to  an alm ost perfect chair form  (Fig. 2 ).These alterations 
hard ly  influence, however, th e  nearly identical conform ation of the unsaturated  
and saturated  isomer pairs around the cis-junction depicted in the N ew m an  
projection s (Fig. 3). In  th ese tw o pairs o f  isom ers the hetero atom  0 (1 ) or 
N (3) is axial,  while the m eth y len e group bound to C(5) is equatorial as inferred 
from  XH  NMR studies [1].

T his arrangement is v io la ted  only in tw o related com pounds, 2-p-(chloro- 
phenyl)-cis-4 ,5-pentam ethylene-4 ,5-d ihydro-l,3 -oxazine [10] and 2-p-(chloro- 
phenyl)-crs-5 ,6-pentam ethylene-2 ,3 ,5 ,6-tetrahydro-l,3-oxazin-4-one [15] the  
fu sed  carbocycle of which is seven-m em bered. In both  cases the tw ofold  axis
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Table III

Fractional coordinates (x lO 3 fo r  1) and ( x lO 1 fo r  2) o f hydrogen atoms 
E .s.d .’s are in parentheses

1 2

x/a y/b */c x/a ylb */c

Щ2) 148 (2) 40 (1) 511 (2) 1431 (4) 2508 (3) 1966 (2)

H(3) - 1 0 5  (2) 115(1) 276 (1) 4359 (4) 4141 (2) 2411 (1)

H(41) - 2 5 5  (2) 162 (1) 392 (2) 1793 (4) 2823 (3) 3449 (2)

H(42) - 1 3 6  (2) 114(1) 525 (2)

H(5) 46 (2) 209 (1) 599 (2) -1 0 2 0  (5) 3928 (3) 3831 (2)

H(61) 286 (2) 124 (1) 670 (1) -2 8 7 4  (5) 4057 (3) 2455 (2)

Ш62) -1 6 2 6  (5) 2824 (3) 2619 (2)

H(71) 69 (2) 215 (1) 336 (2) 361 (5) 5612 (3) 2653 (2)

H(72) 68 (2) 261 (1) 390 (2) -1 7 5 3  (5) 5652 (3) 3304 (2)

H(81) 248 (3) 308 (1) 564 (2) 454 (5) 5653 (3) 4540 (2)

H(82) 266 (3) 318 (1) 427 (2) 1201 (5) 6691 (3) 3871 (2)

Щ 91) 611 (2) 274 (1) 598 (2) 4138 (5) 5674 (3) 4482 (2)

H(92) 492 (2) 226 (1) 473 (2) 4018 (5) 5620 (3) 3384 (2)

H(101) 622 (2) 171 (1) 688 (1) 2665 (5) 3923 (3) 4579 (2)

H(102) 484 (2) 219 (1) 744 (2) 4782 (5) 3866 (3) 3932 (2)

Щ 12) 105 (2) -  25 (1) 254 (1) 5437 (4) 2778 (3) 1468 (2)

Щ13) -  41 (2) -  87 (1) 87 (2) 7193 (5) 2958 (3) 147 (2)

Щ15) 534 (2) 7 (1 ) 196 (2) 1828 (5) 4310 (3) - 9 8 2  (2)

H(16) 462 (3) 68(1) 355 (2) 63 (5) 4131 (3) 349 (2)

of the energetically  m ost stable tw ist-chair form  o f the cycloheptane ring
[25] bisects one o f the carbons o f the cis-junction. A ccordingly, the su bstituents  
o f th is carbon atom  are isoclinal.

In the first case the isoclinal m ethylene group is accom panied b y  an 
equatorial N (3) (unusual conform ation) while in  the second case the h etero­
atom  0 (1 ) is isoclinal and the m ethylene group is, as expected, equatorial.

It is w orth noting that the theoretically  so flex ib le  cis-junction in  the  
structures possessing six-m em bered fused rings (the title  com pounds, their  
partially saturated forms [5] and another related com pound, 2-phenyl-cis-5,6- 
tetram ethylene-5,6-dihydropyrim idin-4(3fi)-one [12, 13]) exhibit rather lim ited  
torsional changes in crystalline sta te  (Fig. 3). Som ew hat different am ount of 
rotation around the cis-junction can be seen in  the trim ethylene derivatives  
(in which the hetero-ring is fused w ith  a cyclopentane ring) [14] or the already  
discussed pentam ethylene derivative [10, 15]. To sum m arize, the present work, 
along w ith th ose reported previously, corroborates the notew orthy fact th a t
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Table IV

Bond lengths (pm) fo r  1 and 2 
E .s.d .’s are in parentheses

1 2

0 (1 )—C(2) 142.5 (2) 142.1 (4)
0 ( 1 ) - C(6) 143.7 (1) 143.8 (4)
C (2)-N (3) 143.8 (2) 145.9 (4)
C (2 )-C ( ll) 150.7(2) 150.2(4)
N (3)-C (4) 146.7 (2) 146.9 (4)
C(4)—C(5) 153.0 (2) 155.4 (5)
C (5)-C (6) 152.8 (2) 152.9 (5)
C(5)—C(7) 152.1 (2) 152.5 (5)
C(7)—C(8) 152.3 (2) 153.9 (5)
C (8)-C (9) 151.1 (2) 153.8(5)
C(9)—C(10) 150.5 (2) 151.9(5)
C (10)-C(4) — 150.7 (5)
C(10)-C(6) 151.3(2) -
C (ll)-C (1 2 ) 139.0 (2) 139.4 (4)
C (ll)-C (1 6 ) 138.6 (2) 138.0 (4)
C(12)-C(13) 137.2(2) 137.4 (4)
C(13) —C(14) 137.7(2) 137.5 (4)
C(14)-C(15) 136.9 (2) 137.2 (5)
C(15)-C(16) 137.7 (2) 139.0 (4)
C (14)-N (17) 146.6 (2) 146.0 (4)
N(17) —0(18) 122.1 (2) 121.7 (4)
N (1 7 )-0 (1 9 ) 123.1 (2) 121.5 (4)

th e  predom inant conform ation of the isom ers discussed in the crystalline state  
is  p ractica lly  identical w ith  th at in  solution .

T he substituents o f th e  C(2)-sp3 atom  m ay assume either axial  or 
equatorial  conform ations. In  accord w ith our earlier observation [1, 8], the  
aryl (4-nitro-phenyl) group, in both structures, is linked equatorially (e.g. 
C(4) — N (3) — C(2) — C ( ll)  torsion angles are antiperiplanar  [26], i.e. — 173.5 (2)° 
and — 179.4 (5)°, resp.). The fairly coplanar phenyl rings [m ax dev. from the  
b est p lane ( — 0 .1 6 9 2 X — 0 .6 5 7 4 Y — 0.7343Z  =  —1.7363) for 1 0.9 pm , for 
2 ( — 0 .3 0 4 3 X  — 0.9142 Y  — 0.2677Z =  —4.8837) 0.8 pm] assum e synperi-  
p la n a r  positions relative to  the 0 (1 ) atom s [0(1) —C(2) — C ( ll)  — C(16) are 
4 .0  (2)° and —5.5(5)°]. This can presum ably be attributed to a w eak C(16) — 
H ( 1 6 ) . . . 0 ( l )  interaction and the repulsion betw een H(3) and H (12) atom s
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Table V

Bond angles fo r  1 and 2 
E .s.d .’s are in parentheses

1 2

C (2 ) - 0 ( l ) -C (6 ) 111.8 (2)° 111.3 (4)°

0 (1 ) -C (2 ) -N (3 ) 114.2 (2) 113.1 (4)

0 (1 )—C(2)—C (ll) 107.9 (2) 109.4 (4)

N (3 ) -C (2 ) -C ( l l ) 110.8 (2) 111.4(4)

C (2 )-N (3 )-C (4 ) 112.0 (2) 112.2 (4)

N (3 )-C (4 )-C (5 ) 113.3 (2) 110.5 (4)

N (3 )-C (4 ) C(10) 110.5(4)

C(5) C(4) C(10) 112.5 (5)

C (4)-C (5) C(6) 108.5 (2) 109.0 (5)

C (4 )-C (5 )-C (7 ) 113.3(2) 111.8 (5)

C (6 )-C (5 )-C (7 ) 111.1(2) 111.6(5)

0 (1 ) —C(6) —C(5) 109.6 (2) 111.8 (5)

O (l) -C (6 )-C (1 0 ) 106.9 (2)
C (5 )-C (6 )-C (1 0 ) 113.4 (2)

C (5 )-C (7 )-C (8 ) 112.5 (2) 112.0(5)

C (7 )-C (8 )-C (9 ) 110.8 (2) 111.5 (5)
C (8 )-C (9 )-C (10 ) 111.8 (2) 111.0 (5)
C (9 )-C (10 )-C (4 ) 113.1 (5)

C (9 )-C (10 )-C (6 ) 112.4(2)
C (2 )-C ( ll) -C (1 2 ) 119.9 (2) 118.7(5)

C (2 )-C ( ll) -C (1 6 ) 121.7 (2) 121.4 (5)

C (1 2 )-C (ll) -C (1 6 ) 118.4 (2) 119.9 (5)

C (ll)-C (1 2 )-C (1 3 ) 121.4(2) 120.4 (5)

C (12)-C (13) C(14) 118.3 (2) 118.8 (5)
C (13)-C (14)-C (15) 122.2 (2) 122.1 (5)
C (13)-C (14)-N (17) 118.9(2) 118.8(5)

C (15)-C (14)-N (17) 118.9 (2) 119.1 (5)

C (14)-C (15)-C (16) 118.7 (2) 119.0 (5)

C (1 5 )-C (1 6 )-C (ll) 121.0 (2) 119.8 (5)

C(14)—N(17)—0(18) 118.7 (2) 118.5 (5)

C(14)—N(17) —0(19) 118.2(2) 118.7(5)

0 (1 8 )—N(17)—0(19) 123.1 (2) 122.7 (6)
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Table VI

Puckering parameters (Q, <p, Ű) and the mean endocyclic torsion angles (ё,)

Q 9> H

H I 53.7 pm 130.0° 172.2° 54.4°
11 53.7 9.4 175.9 53.1
Я2 54.5 33.0 1.9 55.2
12 54.3 20.9 177.0 53.2

Fig. 1. A perspective view of molecules 1 and 2 w ith atom ic num bering. A toms are carbon 
unless indicated  otherwise. The num bering  of the hydrogen atom s follow those of the non­

hydrogen atoms
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N 3

13

[N(3) — C(2) — C (ll)  — C(12) torsion angles are synclinal, —51.0  (2)° and
49.5 (5)°, respectively]. The coplanar p a ra -nitro m oiety lies in th e  plane of 
the phenyl ring in 1, w hile in 2 is slightly  (b y  8°) tw isted out o f it . The C(14) — 
N (17) bond lengths [146.6 (2) and 146.0 (4) pm ] are sign ificantly longer than  
e.g. in 2-m ethyl-4-nitro-im idazole [27] in  w hich there is a strong interaction  
betw een  the N 0 2 group and the endocyclic sp 2-N  atom. The sign ifican t differ­
ences in  the internal angles o f the para-disubstituted  benzene rings can be 
attributed  to the superposition o f the independent inductive and resonance 
effects [28]. B y use o f  the angular substituent parameters for N 0 2 and CH3

Acta Chim. Acad. Sei. Hung. 109, 1982
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e f g h

Fig. 3. N ewm an projections perpendicular to the cis-junctions. a: title  compound 1; 6 : title  
com pound 2; c: compound, possessing a five-membered carbocyclic moiety, reported in  [14]; 
d: com pound, having a seven-m em bered carbocyclic m oiety, reported  in [15]; e , f :  com pounds 
12 and  14 reportedin  [5] ;g : com pound reported in [12—13]; h : com pound w ith seven-membered

carbocyclic moiety reported  in  [10]

(th e  la tter  is for C(2)) m oieties suggested b y  D o m e n ic a n o  and M u r r a y — 
R u s t  w e obtained a v ery  good  agreement for th e  m ore accurately determ ined  
1 structure:

Calculated Observed

a t  C (ll)  ©! 118.5° 118.4 (2)°

C(12) & C(16) ©2 121.3° <121.2 (2)°>

C(13) & C(15) ©a 118.5° <118.5 (2)°>

C(14)© 4 122.1° 122.2 (2)°

The less accurately determ ined structure 2 exh ib its some deviation from  
th e  suggested  values.
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ÜBER DEN OXIDATIONSMECHANISMUS UND 
DIE FORMALPOTENTIALE YON REDOXANEN

N . Y. T r o f im o v ,1 A. I. B u s e v 1 und P. N e n n i n g 2*

( ' Chemische Fakultät der Lomonossov-Universität Moskau und 2Sektion Chemie der Karl-Marx-
Universität Leipzig)

Eingegangen am  31. März 1980 

R evidiert 19. Ja n u a r 1981

Zur Veröffentlichung angenom m en am 9. Februar 1981

A nhand spektrofotom etrischer Messungen wird der O xidationsm echanism us der 
Leukobase von R edoxan I I I  d iskutiert, sowie der Einfluß des pH -W ertes au f das For­
m alpotential des Reagenzes. Die E instellung des Potentialgleichgewichtes w ird bestim mt 
durch die U m w andlungsgeschwindigkeit der Farbstofform en ineinander. Die Änderung 
des Form alpotentials der Redoxane in wäßrig-organischen L ösungsm itte ln  entspricht 
den Protonisierungs- und  H ydrolysekonstanten  von Leukobase u n d  F a rb s to ff in diesen 
Lösungen.

B is-(2,3-dim ethyl-l-pheny]pyrazol-5-on-4-yl)m ethane (D iantipyrilm etha- 
ne, R edoxane) sind gut eingeführte analytische Reagenzien. B evorzu gt werden 
sie verw endet zur B estim m ung von M ikromengen Cer [1 — 3 ], V anadin  (4, 5], 
G old [6], Palladium  [7], Cobalt [8] und anderen Elem enten, die le ich t veränder­
bare W ertigkeit haben. Es ist von  Interesse, die elektrochem ischen Eigen­
schaften  der D iantipyrilm ethane zu untersuchen, wobei die B estim m ung ihrer 
R edoxpotentia le und H albstufenpotentiale im  Vordergrund steh t.

Als Beispiel wird B is-(2,3-dim ethyl-l-phenylpyrazol-5-on-4-yl)-4-dim e- 
thylam inophenylm ethan (4-D im ethyl-am inophenyldiantipyrilm ethan, Redo­
xan  III) ausgesucht, das nach [9] hergestellt wird.

H.iC—N—СНз

НзС— C = C -------C------ 0 = 0 — СНз
H

H3C— / 0 = 0  0 = C ' .N—CH3\T X̂T

* Korrespondenz b itte  an diesen A utor richten
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D er pH  der Lösung w ird  m it einer G laselektrode/gesättigte K alom el 
elek trod e  gemessen, die Form alpotentia le mit einer P latinelektrode als Indi­
k atorelek trod e und einer g esä ttig ten  K alom elelektrode als Bezugselektrode  
am  P otentiom eter pH -340. Spektrofotom etrische M essungen im UV und  
sich tb a ren  Bereich werden am  S F  4 A bzw. SF 10 durchgeführt. Nachdem  die 
p otentiom etrische T itration äquim olarer Gemische v o n  Leukobase und Farb­
s to ff  m it  Säure und m it A lk a li ein Absinken des P oten tia ls  bei pH  0,5

Abb. 1. Abhängigkeit des Form alpo ten tia ls  vom pH -W ert im  System  Farbstoff/Leukobase 
des Bis(2,3-dim ethyl-l-phenyl-pyrazol-5-on-4-yl)-4-dim ethylam inophenyl-m ethans

Abb. 2. Existenzform  von L eukobase (a) und Farbstoff (b) des Bis(2,3-dimethyl-l-phenyl- 
pyrazol-5-on-4-yl)-4-dim ethylam inophenyl-m ethans in Lösung in  Abhängigkeit vom pH

Acta Chim. Acad. Sei. Hung. 109, 1982
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anzeigte (Abb. 1), ergab die spektrofotom etrische Untersuchung, daß die  
Leukobase von  R edoxan III  sich in m olekularer, ein- und zweifach proto- 
nisierter Form in Lösung befindet (Abb. 2a). Der F arbstoff tritt in A b h än gig­
keit vom  pH -W ert entgegen der in [9] vertretenen Auffassung in 3 F orm en  
auf (Abb. 2b). Durch Elektrophorese haben wir festgestellt, daß bei pH  ^>11  
der Farbstoff m olekular vorliegt, bei pH  < 1 1  als K ation. Die m olekulare  
Form (pH  11) ist m it CHC13 gut extrahierbar. Bei pH  0,5 —11 wird der 
F arbstoff m it CHC13 nur in Anwesenheit von C10j~, SC N “ oder J -  extrah iert. 
Das V erhältnis der K om ponenten in den extrahierten  Assoziaten ist 1 : 1, 
das Farbstoffkation  ist also einfach geladen. B ei pH  <  0,5 wird der F arb sto ff  
zum zw eiw ertigen K ation  protonisiert. Mit CHC13 läßt er sich je tz t nur bei 
m indestens 2.000-fachem  Reagenzüberschuß extrahieren. Das erklärt sich  
daraus, daß die B ildung eines neutralen Ionenassoziates, das chloroform extra- 
hierbar ist, sterisch ungünstig ist.

Unsere U ntersuchungen gestatten  das A ufstellen  eines Schem as über 
das Vorliegen von  Leukobase und F arbstoff in  Lösung bei verschiedenen  
pH -W erten (Abb. 3).

D ie O xidation der Leukobase kann m an sich wie folgt vorstellen.

Oxidation der zweifach protonisierten Form der Leukobase

In stark saurem Medium wird die m olekulare Form I zweifach p ro to ­
nisiert (Abb. 2,3).

I +  2 H + — III

W irkt ein O xidationsm ittel ein [z. B . Ce(IV)], wird in der Form III  der L eu k o­
base der m ethanständige W asserstoff oxidiert.

I I I  +  2 Ce4+ +  H 20  — V II +  2 Ce3+ + 2 H  +

НзО—N— СНз

VII
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In  dieser Form ist die Verbindung aber n ich t beständig (Abb. 2). Es wird H 20  
abgespaltet und die Verbindung VI en tsteh t.

VII — V I +  H 20

B ei der O xidation werden 2 Protonen frei, aber diese werden für die Protoni- 
sierung der L eukobase I verbraucht und haben keinen E influß au f den pH  
der Lösung.

Oxidation der einfach protonisierten Form der Leukobase 

In m äßig saurer Lösung wird die m olekulare Form I protonisiert (A bb.2,3).

I +  H +  — II

W irken O xidationsm ittel ein, wird der m ethanständige W asserstoff oxidiert.

II  +  2 Ce4+ +  H20  -*  V III  +  2 Ce3+ +  2 H  +

НзС—N —ОНз

ОН

H 30 — N . Л '— ОН ■•■0=С. N—СНз

VIII

W ie aus Abb. 2 ersichtlich, ist dieses K ation  n icht beständig, es dehydratisiert 
in  A bhängigkeit vom  pH  zu Form V (bei p H  =  1,10 bis 0,5)

V III -V V +  H 20

oder zu Form VI (pH  <  0,5):

V III +  H + — V I 4- H 20

B ei der O xidation werden 2 Protonen frei, im  erstgenannten Fall wird eines 
verbraucht zur Protonisierung der L eukobase, durch das andere aber wird
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das Protonengleichgew icht gestört. Im  zw eiten  F all wird eines zur D eh yd rati­
sierung verbraucht, das zw eite wie o.a. zum  Protonisieren der Leukobase, so 
daß das G esam tgleichgew icht erhalten b leibt.

Oxidation der molekularen Form der Leukobase

In schwach saurem M edium (Abb. 2,3) ist die molekulare Form  der 
Leukobase beständig. O xidationsm ittel w irken au f den m ethanständigen  
W asserstoff.

1 +  2 Ce4+ +  H20  — IV +  2 Ce3+ +  2 H +

W enn die O xidation im  pH -E xistenzbereich der Form IV sta ttfin d et, ist sie 
dam it beendet. B ei pH  <  11 erfolgt W asserabspaltung zur Form V.

IV +  H + — V +  H 20

In  diesem  Fall ist die Protonenbalance gestört, denn es werden m ehr H + frei 
als verbraucht.

Aus den erörterten L eukobasenoxidationsprozessen wird das P o ten tia l­
verhalten  bei pH -A nderung der Lösung erklärt. D as Form alpotential, das zu
0.57 V  bestim m t wurde, is t  dann  nicht vom  pH  der Lösung abhängig, w enn im  
O xidationsprozess die Protonenbalance n icht gestört wird, w ie es bei der 
O xidation der protonisierten Leukobasenform  beobachtet wird. D ie O xidation  
der m olekularen Form der Leukobase führt zur Protonenfreisetzung, was m it 
einer Verringerung des Form alpotentials bei steigendem  pH  der L ösung ver­
bunden ist (Abb. 1). D ie E xistenzgrenzen der einzelnen Formen v o n  Leuko­
base und F arbstoff sind durch deren Protonisierungs- und H ydrolysekonstan­
ten  fix iert, folglich ist der E influß des pH -W ertes der Lösung au f die Größe 
des Form alpotentials durch diese K onstanten  (Abb. 3) bestim m t (р К н + =  
=  — 1,10; pK H;+ =  0,25; р К н уС1г =  10,85).

Aus dem O xidationsgleichungen geht hervor, daß die früher festgeste llte
[10] langsam e E instellung des G leichgew ichtspotentials der R edoxane bedingt 
ist durch die U m w andlungsgeschw indigkeit der Farbstoff-Form en ineinander. 
D ie G eschwindigkeit hängt ab von der N atur des Substituenten am  zentralen  
Phenylrest und schw ankt sehr stark [11].

In  organischen Lösungsm itteln ändern sich  die H ydrolysekonstante der 
Farbstoffe [12] und die Protonisierungskonstante der Leukobase [13] erheb­
lich. Das bedingt eine Verringerung der Form alpotentiale in d iesen  Fällen  
[siehe auch 10].
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The system Co2 + —ATP-5' has been studied  both  in solution an d  solid phase. 
T itrim etric, conductom etric, m agnetochem ical and spectroscopic investigations have 
shown th a t the Co2+ ions are a ttached  prim arily  to  the ß.) '-phosphate groups, b u t the 
form ation of a hydrogen bond between the N7 atom  and the Co2+ ion is also possible. 
Isolated CoATPII, • 4H 20  has distorted octahedral structure; w ater e lim ination  and 
th e  increase of pH  prom otes a partia l octahedral -*■ tetrahedral transition .

Introduction

It has been pointed out in our previous paper [1] th a t a lth ou gh  the 
literature o f m etal-adenosine-triphosphate (ATP-5') system s is ex trem ely  rich, 
th e  role of m etal ion in th e  activ ity  o f A TP and the position and nature of 
m etal ion — ATP bond are far from being clear (e.g. [2 — 5]). T h e published  
d ata  pertain alm ost exclu sively  to  m ixtures o f com ponents in  various stoichio­
m etric ratios; very little  a tten tion  has been paid to the iso la tion  o f  metal- 
nucleotide com plexes, and the investigation  o f crystalline products [6, 7].

This paper deals prim arily w ith  the preparation o f crystalline Co-ATP-5' 
com plex and the results obtained by the physico-chem ical in v estig a tio n  of 
th is com pound, thereby contributing to the better understanding o f  its  prop­
erties and structure.

Results

N afATP-5' and CoCl2 • 6 H 20  in  am ounts corresponding to  a molar 
ratio o f 1 : 1 were reacted at 5 °C in  concentrated  aqueous so lu tion , and then  
cooled acetone was added under steady stirring. The suggested com position  
o f the filtered product, w ashed with alcohol and dried over P20 5, is CoA TPH 2 • 
• 4 H 20 ;  d25 =  1.6823 kg • d m -3  [1]. Under different con d ition s Indian  

authors [6] isolated a product o f  com position Na2CoATP • 2 H 20  from a 
solution  o f pH  =  7 (adjusted by NaOH) by m eans of precipitation w ith  alcohol.

* To whom correspondence should be addressed
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The formation o f  1 : 1 com plex is proved b y  literature data [8, 9] as 
w ell as by our pH -m etric titra tion  results. W hen  titrating a 1 : 1 m ixture, 
th e  f ir s t  pH  jump ch aracteristic  of Na2ATP does n o t appear. The buffer range 
ex ten d in g  to the ad d ition  o f  two equivalents o f  alkali shifts to lower pH  
v a lu es , and the second p H  jum p characteristic o f  Na2ATP appears at two  
eq u iva len ts. The same t itr a tio n  curve is obtained w hen  the aqueous solutions 
prepared from the above crystalline product are titra ted  with akali.

The com position su ggested  by us is also p roved  b y  conductom etric data. 
T he aqueous solution o f th e  com plex behaves as a w eak 1 : 2 electrolyte; at 
25 °C in  a 1.2 x lO ~ 3 m o l/d m 3 solution Л м  = 1 6 8  i2 _ 1 m 2 m ol_1 (Table I), 
w h ich  is in good agreem ent w ith  the literature d ate  [6].

Table I

The molar specific conductivity o f solutions with various concentration

i t Am{&~X m* mol“1)

0.034 168

0.0525 154

0.0725 133

0.1195 112

0.164 97

0.263 83

The effect o f com p lex  form ation is unam biguously  reflected in the pola- 
rographic behaviour, to o . T h e Co2 + —► Co red u ction  w ave (0.002 m ol/dm 3 
CoC12:-E1/2 =  —1.166 m V) is shifted in the presence o f  Na2ATP tow ards more 
n eg a tiv e  voltage (0,002 m o l/d m 3 CoCl2 +  0.002 m ol/d m 3 Na2ATP:Hy2 =  — 1.217 
m V ), its  upper region is distorted, and the w a v e  characteristic o f  N a2ATP  
(H 1/2 =  — 1.36 mV) is superim posed on it . T he current vs. voltage curves 
su g g est an irreversible electrode process.

The magnetic m om en t o f  рвм =  4.93 m easured in  solid state indicates 
th e  form ation of a h igh -sp in  hexacoordinated Co2+-com plex w ith sign ificant 
orb ita l contribution.

In  the UV spectrum  o f  the aqueous so lu tio n  o f the substance the bands 
o f  th e  free ligand [10] rem ain  practically u nchanged  (Ax =  208 nm , log  e =  
=  4 .27; A2 =  260 nm , log  e =  4.12). The v isib le  spectra measured in  solution  
and in  solid state are h a rd ly  different (Fig. 1 and Table II). The three d — d 
b an d s characteristic o f  th e  high-spin Co2+-com p lexes appear at 8300, 17500 
and 20000 cm -1 . I t  is s ign ifican t that the colour o f  the solution turns v io let  
u p on  the effect of m ore th a n  two equivalents o f  alkali, and blue at a p H  of 
со. 10.5. The colours o f  th e  solid  samples iso la ted  from  solutions of pH  =  7, 8,
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Fig. 1. 1: 1 : 1 m ixture of the aqueous solutions of CoCl2 and N a2ATP, [Co*+] =  2 x l 0 -2 
m ol/dm 3; 2: aqueous solution of Co-ATP, c =  2 X 10 ~2 m ol/dm 3; 3: the reflection spectrum 

of the m etal salt; 4: the same after 24 hours and 5: the same after 96 hours o f drying

Table II

Measured and calculated spectroscopic data o f the Co2+ complex

Solution Reflection

”l 8,300 cm -1 8,250 c m "1

V2 17,500 c m -1 17,700 c m -1

”3 20,100 cm -1 20,300 c m -1
Л 9,700 cm “ 1 9,500 cm “ 1
В 846 cm -1 883 cm -1

ß 0,76 cm -1 0,79 cm -1
6 332 c m -1 370 c m '1

LFSE 7,760 cm -1 7,600 cm “ 1
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9 and 10 change accordingly; the corresponding m agnetic m om ents are 4.68, 
4 .6 0 , 4.52 and 4.41 BM. T he spectrum of the aqueous solution o f the com plex  
show s characteristic changes betw een pH =  2 and 10 (Fig. 2 and Table III);

Table III

Variation o f extinction with pH

pH ■Е'ЗО.ООО -̂■17,000

2.40 0.536 0.046
3.30 600 048
4.45 740 050
5.45 780 060
6.40 795 085
7.90 850 110
9.00 930 480

10.00 995 1.300

Fig. 2. The spectra of the aqueous solution of CoATP. pH  =  2.4 (1), 4.5 (2), 7.9 (3), 9.0 (4),
10.0 (5)
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w ith  increasing pH a strong band develops at about 17000 c m -1 , and it  is 
characteristic of the blue, tetrahedral Co2 + derivatives.

The infrared spectra o f  NajATP and CoATPH2 • 4 H20  are hardly differ­
ent in the 4000 — 400 c m ~ x region investigated . The га8(Р —О — P) band  
appears at 902 cm -1 , the r (P —О (- C — O) hand at 1080 cm -1, and the r(P  = 0 )  
band at 1260 c m -1 . We assign the hand at 1698 cm ~ x — in agreem ent w ith  
literature data [11] — to the C = N  group (Table IV).

Table IV

Infrared bands and their assignment

ATP.Na, Co** —ATP Assignment

3360 s 3350 s antisym m . H20
3165 s 3150 s NH stretch
1714 s —

1562 m 1968 s C = N  stretch
1616 m 1618 w
1560 w 1570 w skeletal vibrations
1500 w 1519 in of the arom atic ring
1418 w 1432 w
1259 s 1222 s P = 0  stretch
1110 s 1080 s P — 0  +  C—0  stretch
902 in 920 m P О — P  vibration

816 w 824 w
641 in 636 w
520 m 520 m

495 m —

s: strong, m: medium, w: weak band

Discussion

The m ethod described could be used to  prepare a reproducible crysta llin e  
product w ith a com position o f CoATPH2 ■ 4 H 20  as determined b y  С, H , N , Co 
and H 20  analyses [1]. Form ation o f com plexes other than 1 : 1 could n o t he 
detected  e.g. by pH -m etric titration , and the com position of the iso la ted  prod­
uct was always the same, w ith  no regard to the stoichiom etry o f  th e  reagents 
or th e  typ e of Co2+ salt. The identical com position of the dissolved and solid  
iso lated  com plexes is proved, am ong others, by the polarographic data; the
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h alf-w ave potentials m easured in the solution  m ixture and in the aqueous 
so lu tion  of the product are practically the sam e (0.002 m ol/dm 3 Co • A T PH 2 • 
4 H 20 :  F 1/2 =  - 1 .2 1 3  m V).

The results o f spectroscopic investigations indicate a very weak ligand- 
m eta l interaction, th e  spectrum  of the aqueous solution  of Na2ATP is hardly  
changed  by com plex form ation . The two strong hands m ay be assigned unam ­
b igu ou sly  to the n  — 7 1 *  transitions of the adenine, since neither the ribose 
nor th e  phosphate part have significant absorption  in this region, and the  
spectra of adenine and its  phosphates are practica lly  the same. (The spectra 
o f  guanine and cytosin e and their phosphates show  similar property.)

On the basis o f  ligan d  field theory [12, 13], and assum ing octahedral 
coordination,the three bands observed in the v isib le  spectrum m ay he assigned  
to  th e  following tran sition s:

H  =  4i y F )  -  4Tlg(F ) ,  r2 =  *AK(F)  -  4Tlg(F )  and r3 =  4Tlg(P ) -  4Tlg(F ).

The w eak v2 band corresponding to a tw o-electron  transition m ay be found  
on the low energy side o f  v3 (Fig. 1).

The diffuse reflectan ce spectrum o f th e  crystalline substance is hardly  
different from the spectrum  of the aqueous so lu tion  (Table II). The m ixture  
o f  th e  aqueous solutions o f  CoCl2 and Na2A T P has the same spectrum  as the 
aqueous solution o f th e  crystalline substance. T he visible region of the spectra 
does not change upon stan d in g , the in ten sity  o f  the 260 nm band sligh tly  de­
creases, due presum ably to  hydrolysis.

The structure o f absorption spectra in d icates the presence of hexacoordi- 
n a ted , distorted octahedral Co2+ ion, and the sam e is suggested by the m agnetic  
m om ent of 4.93 BM corresponding to three unpaired electrons and a significant 
orbital contribution. On th e  basis of the R A C A H  parameter В  calculated  
from  the spectroscopic data  (e.g. Ref. [13]) under the assum ption of octahedral 
coordination , the bonds in the compound h ave 76 — 80% ionic character, very  
close to  76%, ca lcu lated  for the hydrated ion . Consequently, (a) ATP-5' is 
close to  H 20  in the nep h elau xeth ic  series, and (b) the Co — 0  bonds dom inate  
in  th e  molecule; the ratio  o f  Co — N bonded species is smaller, but their presence 
m ay not be excluded.

The splitting o f  4Fig(F) level due to sp in-orbit coupling is <5 ^  330 — 370 
c m -1 , LFSE is 7600 — 7800 c m -1 . The rule o f  m ean environm ent yields Л =  
=  10 100 cm ~x for A T P , which is close to A  =  9500 cm -1 of [Co(H20 )e] 2 + .

On varying the p H  o f the aqueous so lu tion  o f Co-ATP between 2 and 10, 
a pink  —*■ violet —>- b lue transition  may be observed (see page 58), and this is 
accom panied by a characteristic change in  th e  absorption spectrum  (Table 
I I I ) . The lim iting curve w as obtained around p H  =  10 (Fig. 2). E ven  at this 
a lk a lin ity  no precip itation  occurs, indicating th e  high stability  o f the blue 
species, which is presum ably  a binuclear hydroxo-com pound: [CoATP(OH)]2—.
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Fig. 3

I t  is known th a t [Co(OH)4]2 - is a stable species [14], its absorption at 16 kK  
is close to the band measured b y  us. The spectrum  measured at high p H  is 
characteristic o f  the tetrahedral Co2+ com pounds; th e  probable structure of 
th is species is show n in Fig. 3. I t  is to  be n o ted  th a t the pH vs. ex tin ction  
diagram has a step  at the sam e pH  as the titra tio n  curve. The octahedral —*■ 
tetrahedral transition  with increasing pH is also reflected  in the behaviour of 
m agnetic m om ent m entioned before. The m agnetic m om ent of the products 
isolated at higher pH  drops to ca. 4.5 BM from 4.93 BM owing to the decreasing  
orbital contribution, and this is characteristic o f  tetrahedral Co2+ com pounds.

The infrared spectra o f the ligand and th e  com plex are very sim ilar and 
extrem ely rich in  bands (Table IV).

The m edium  band at 902 c m -1 corresponds to  the antisym m etric stretch ­
ing of P — 0  — P bonds; in the presence of m etal sa lt th is band appears at 20 cm -1  
higher w avenum ber [15]. The overlapping hands o f  P  — О and C — О vibrations  
were observed at 1110 and 1080 c m -1 for th e  ligand and the Co d erivative, 
respectively. The P = 0  stretching frequency o f  1260 cm 1 decreases by  
about 40 cm -1  in  the presence o f  m etal salt. The frequency assigned to  the
C = N  bond o f th e  adenine rings is shifted from  1652 to 1698 c m -1  in  the

+
presence of Co2+ ions, due probably to the change on the C =  N group [15]. 
The N H 2 stretching vibrations can be found a t about 3370 cm -1 . The weak  
bands in the low' wavenum ber region are hard to  assign; the spectrum  in  this 
region is generally structureless in  the presence o f  m etal salt.

On the basis o f  molecular m odels and the experim ental results discussed, 
the following assum ptions m ay be made on th e  structure of the com pound. 
Three types o f  linkages (Structures I —III) m ay  be assumed. Prim arily for 
steric reasons, structure I is hardly probable, and the spectroscopic d ata  also 
contradict it . In solid phase structure II appears probable which has been  
e.g. on the basis o f  H l NMR studies [16], too . In  th is case a water m olecule
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links atom  N7 and the Co2+ ion by hydrogen bond. In aqueous solutions 
stru ctu res II and III  are equally  probable, on the basis o f our resu lts they  
ca n n o t be distinguished.

0

1

Experimental

F o r  th e  preparative w ork chemicals of analy tical grade were used. The composition 
of th e  iso la ted  product was determ ined  by  the analysis o f С, H , Co (photom etric and  titrim etric  
m ethods), C l-  and H20  (the analy tical da ta  were given in our previous paper [17]).

T he  magnetic m easurem ents were carried o u t by  the method of G o u y  a t  298 K ; 
H g[Co(SCN)4] was used as a calib ran t. The diam agnetic correction was calculated on th e  basis 
of li te ra tu re  data  [14].

A bsorption and reflection spectra  were m easured w ith  BECKMAN D U  and  SPECORD 
UY Y IS  spectrophotom eters. The reference for reflection measurem ents was MgO. The infrared 
spec tra  w ere taken in K Br pellets w ith  a UNICAM SP-100 spectrophotom eter.

pH -m etric  titrations were perform ed in solutions of 5 x l 0 - 2 mol/dm3 concentration 
w ith  a  R A D E LK ISZ  OP 205 titr im eter and a com bined glass electrode of ty p e  O P  807.
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Polarographie investigations were carried ou t w ith а У 301 polarograph in  therm ostated  
K ALOUSEK vessel a t  298 K. Supporting electrolyte w as 0.1 mol/dm 3 K N 0 3. The half-wave 
potentials were determ ined in a three-electrode system  w ith  an  O P 205 pH -m eter against 
norm al calomel electrode.

Conductivity m easurem ents were performed a t  298 K , in a concentration range of 
1 .4 x l0 -3 to  7 .1 x l0 -2 m ol/dm 3 w ith an OK 102 instrum ent.

*

The authors feel indebted  to  CHINO IN  Works for th e  financial support.
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The reactions o f thiosulfonates w ith  sodium  cyanide in  aqueous media 
have been investigated  by several researchers [1—4]. F ootner and Smiles

[1] m entioned first that th iolsulfonates (I) are converted by sodium  cyanide 
in to  sodium sulfinate (II) and th e  appropriate thiocyanate (III).

Ar - f  S 0 2- S - A r  +  N aC N  — A r - S 0 2Na +  A r -S C N  

I II  III

К  layman and Miln e  [2] em ployed the above reaction for the preparation  
of 2-am inothiazol.

K ice et al. [3, 4] made reaction  kinetic exam inations o f th e  reactions 
o f arom atic th iolsulfonates w ith sodium  cyanide in  the presence o f  hydrogen  
cyanide buffer in  aqueous dioxane.

Oae et al. [5] allowed to  react 1 ,2-d ith iaacenaphthene-S-S-dioxide with  
sodium  cyanide in  m ethanol, how ever, instead  o f the expected cleavage prod­
u cts, disulfide and sodium cyan ate were detected  in the reaction  m ixture. 
In  th e  case of p -to ly l thiolsulfonate, disulfide was formed again in  a significant 
am ount, besides th e  products o f sp litting.

The reaction can thus proceed in different w ays, depending on the solvent 
and the structure o f the th iolsu lfonate, and reduction m ay also take place 
in addition to  sp litting.

On the basis o f the work o f  K laym an  and Milne [2], we assum ed a 
possible preparative importance o f  th is reaction, therefore it w as attem pted  
to find  such reaction conditions w hich  ensure higher yields and elim inate the 
occurrence of side-reactions (e.g., reduction).

Aqueous m edium  was considered unsuitable, because o f  the alkaline  
icaction  of sodium  cyanide. S im ilarly, alcohols were rejected because o f  the 
possib ility  of reduction.

* To whom correspondence should be addressed
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A fter several unsuccessful experim ents, acetonitrile was found to be the  
m ost su itab le solvent, since both  the th iocyanate and sodium su lfinate could  
be iso la ted  in  alm ost th e  theoretical yields on processing the reaction m ixture.

A fter the successful reaction w ith sodium  cyanide, the effecting o f the  
cleavage was tried w ith  cyanogen bromide. Special interest was attached  to  
th ese reactions, since th e  sp litting  of th iolsu lfonates w ith cyanogen brom ide 
has n o t been described in  th e  literature.

T he reaction w as effected  in acetonitrile solution  by heating w ith  a 
ca lcu lated  amount o f  cyanogen  bromide. The products o f sp litting, i.e., the  
corresponding sulfonyl brom ide and th iocyanate, w ere obtained in satisfactory  
y ie ld s on processing th e  reaction  m ixture.

In  addition to  sp littin g  with cyanogen brom ide, the reaction was tried  
w ith  cyanogen chloride and cyanogen iodide, in  v iew  of the fact th a t, ow ing  
to  th e  different electron affin ities of halogens, in  the reaction o f cyanogen  
chloride w ith  Grignard reagent nitriles are obta ined , while cyanogen brom ide 
and iod ide react w ith  th e  form ation of alkyl halides [6—10]. The experim ents 
fa iled , since the sp littin g  reaction did not take p lace w ith cyanogen chloride 
in  acetonitrile — tetrachlorom ethane solution at 120 °C, even when em ploying  
h eatin g  in  a closed vessel for several days. C yanogen iodide suffered decom po­
sition  under the conditions o f the reation, and th e  large am ount o f iodine  
form ed prevented th e  processing of the reaction  m ixture in the m anner de­
scribed. above. After th e  rem oval of iodine, on ly  thiocyanate and unchanged  
th io lsu lfonate could be isolated .

Experimental

1 M .p.’s were determ ined on a  Boetius (Franz K üstner, Dresden) melting po in t determ in­
ing app ara tu s  and are uncorrected. J

Reaction of p-lolyl thiolsulfonate with sodium cyanide]

p-Tolyl thiolsulfonate (13.9 g; 0.05 mole) was dissolved in acetonitrile (25 cm3) and 
added  to  a  solution of fina ly  pow dered sodium cyanide (2.5 g; 0.05 mole) in acetonitrile (75 cm3). 
The m ix tu re  was refluxed on an  oil b a th  a t 100 °C for 12 h , w ith stirring. A fter cooling, the 
crystalline precipitate was filte red  off, washed w ith aceton itrile  and dried (8.9 g; 100%). The 
p ro d u c t was p-tolylsulfinic acid sodium salt.

In  order to characterize th e  product, the iron  sa lt was prepared. The crystals were 
dissolved in  w ater (30 cm3) and  20%  iron(III) chloride solution was added to the solution under 
con tinuous shaking, un til no m ore precipitate was form ed. The precipitate was allowed to 
th icken , filtered off on a B üchner funnel, and washed w ith  w ater. The dry, orange-red sub­
stance  w as iron(III) p-to ly lsu lfinate  (7.55 g; 87%). The acetonitrile solution was evaporated  
to  d ryness and the residual oil (7.45 g: 100%) was distilled, to  obtain p-to ly lth iocyanate  
(7 g; 93% ) as a colourless, strongly  refractive oil w ith characteristic  smell resembling coconut oil. 

В*Р*ч(пРя 115 C.
IR:2160 c m -1 SCN 
n ß  1.5652.
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Reaction of p-tolyl thioleulfonate with cyanogen bromide

p-Tolyl thiolsulfonate (13.9 g; 0.05 mole) was dissolved in acetonitrile (100 cm 3), cyano­
gen brom ide (5.02 g; 0.05 mole) was added, and th e  m ix ture  was refluxed on an oil b a th  a t 
80 °C for 20 h. A fter rem oval of the acetonitrile by  distillation, the residue was recrystallized 
twice from  n-hexane (10.2 g; 86% ); m.p. 94 °C; p-to ly lsulfonyl bromide. For characterization , 
the p roduc t was dissolved in ether, amm onia gas was passed into the solution, th e  p rec ip ita te  
w hich separated  was filtered off, washed w ith  w ate r to  remove ammonium brom ide, and 
recrystallized from  ethanol; m .p. 136 °C; p-tolylsulfonam ide.

The com bined n-hexane solutions were evaporated  to  dryness and th e  residue was 
distilled in  vacuum .

B .p .303pa: 115 °C, 5.6 g (73% ); p-to ly l th iocyanate.

Reaction of p-tolyl thiolsulfonate with cyanogen iodide

p-Tolyl thiolsulfonate (13.9 g; 0.05 mole) was dissolved in  acetonitrile (100 cm3) and 
refluxed w ith  cyanogen iodide (8.16 g; 0.055 mole) in an  oil b a th  a t 80 °C for 24 h. T he aceto­
nitrile was evaporated, the residue dissolved in  benzene and  extracted repeated ly  w ith  10% 
sodium  th iosulfate to rem ove iodine. The benzene w as evaporated, the residue tre a te d  w ith 
petro leum  e ther and  th e  insoluble fraction was filte red  off to  obtain p-to ly l th io lsulfonate 
(3.75 g; 27%  of th e  am ount allowed to react), m .p. 76 °C. E vaporation  of the  petro leum  ether 
and  distillation  of the residue in vacuum  gave p-to ly l th iocyanate, Ь .р.308Ра: 115 °C (4.55 g, 
61%).
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R eduction of 16-acetoxymethylene-17-oxo-5-androstene-3/?-ol 3 -ace ta te  ( lb ) 
w ith  complex m etal hydrides yielded a m ix tu re  of three stereoisomeric 16-hydroxy- 
methyl-5-androstene-3/3,17-diol 3-acetates: 16a ,17/1(3a), 16/?,17/?(4a) and  16/?,17a(5a). 
T he fou rth  isomer, 16a,17a(6a), was prepared  from  the 3e acetate-p-toluenesulfonate 
b y  solvolysis in acetic acid or dim ethyl sulfoxide in the presence of p o tassium  acetate, 
th rough  neighbouring group participation.

To confirm  the participation  of th e  16a-acetoxym ethyl group in  th e  reaction, 
com parative solvolytic investigations were carried  ou t on 5-androstene-3/9,17/?-dioI 3- 
acetate  17-p-toluenesulfonate (14b).

16-H ydroxym ethyl-17-hydroxysteroids are suitable starting m aterials 
for the preparation of steroids w ith heterocyclic ring E. The former com pounds 
can be obtained b y  the reduction o f the re la tive ly  readily accessible 16-form yl- 
17-ketones.

K n o x  prepared the 16-hydroxym ethyl-17-ketone by catalytic hydrogena­
tion  o f 16-hydroxym ethylene-17-keto-5a-androstane-3/?-ol; the product was 
th en  reduced w ith  L iA lH 4 to obtain 16-hydroxym ethyl-5a-androstane-3/?,17- 
diol [1].

In  the case o f the androstene derivatives investigated b y  us cata lytic  
hydrogenation would also affect the C-5 double bond; therefore, such  a reduc­
tion  m ethod has to be chosen which leaves th is  bond intact, further, does not 
convert the v icinal form yl ketones in to  m eth y l ketones [2, 3].

According to  our earlier observation, the reduction o f  16-hydroxy- 
m ethylene-17-keto-5-androstane-3/?-ol ( la )  w ith  complex m etal hydrides, 
such as L iA lH 4 in tetrahydrofuran or N a B H 4 in alcoholic m edium , yielded  
a m ixture o f isom eric 16-hydroxym ethyl-5-androstene-3/3,17-diols w ithout 
by-products [4]. The 16a,17/?(3a) and 16/5,17/S(4a) epimers were iso la ted  in

* X X V I: Gy. Sc h n e id e r , L. H a c k l e r , Gy. D o m b i: J . Chem. Soc. Chem. Comm., 
1980, 891

** I I I :  Gy. S c h n e id e r , I. V in c z e , A. V a s s : A cta Chim. Acad.' Sei. H ung ., 99 [(1), 
51 (1979)
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n early  identical am ounts, w h ile the th iid  isom er (5a) was obtained in  a signi­
f ic a n tly  sm aller quantity . T he ratio of 5a, h av in g  16/?,17a configuration, could  
n ot h e increased above 5%  b y  varying the cond itions of the reduction. The  
t e s t  resu lt was achieved w hen  carrying out th e  reduction  with N aB H 4 in  e th a ­
nol so lu tion  in the presence o f  2 equivalents o f  CaCl2. Under such conditions 
th e  enolacetate-d iol 2a  could  be isolated. T his compound suffered partial 
h yd ro lysis and was further reduced to a m ixture o f  3b, 4b and 5b. The 16a,17a  
isom er could not be detected  even in traces.

In  an earlier work w e reported the preparation  of the 16/?,17aisomer 
(5a) b y  th e  conversion o f th e  16/S,17jSisomer (4a) [5].

In  th e  possession o f 16a-hydroxym ethyl-5-androstene-3/?,17/?-diol 3-ace­
ta te  (3b), now  an attem pt w as made to  co n v er t it  in to the m issing fourth  
isom er (6a) w ith configuration  16a,17a. On se lectiv e  acetylation 3b gave the  
16a-acetoxym eth y l derivative 3c, which was con verted  to the m ixed acetate- 
to sy la te  3e. Solvolytic conversion of 3e afforded th en  the missing m em ber o f  
th e  series w ith  configuration  16a,17a (6a).

Solvolytic experim ents

T he acetolysis o f 16a-acetoxym ethyl-5-androstene-3/?,17/?-diol 3 -acetate  
17-p-to luenesu lfonate (3e) w as effected at 0.1 m ole concentration in anhydrous 
acetic  ac id , in the presence o f  1 equivalent o f  a cetic  anhydride and 0.12 m ole 
of p o tassiu m  acetate, at the boiling tem perature o f  the m ixture. Sim ilar so lvo­
ly tic  experim ents were m ade in both aqueous acetic acid and in  d im ethyl 
su lfox id e  solution at 160 °C.

Com parative solvolysis experim ents were perform ed with 14b p -to lu en e-  
su lfon ate  under similar conditions.

T he reactions were m onitored by TLC, th e  products separated b y  colum n  
chrom atography, and id entified  on the basis o f  their  XH-NM R, 13C-NM R and 
IR  spectra .

S olvolysis of 3e in  anhydrous acetic acid gave the 6b triacetate (41% ) 
b y  in version , and the 3d triacetate by retention , as the main products. The  
unsaturated  18-nor-derivative 10b was also form ed (33% ) through a W a g n e r - 
M e e r w e in  rearrangem ent.

T he 1H -NM R spectrum  o f 6b has a doub let at 5.05 ppm (C-17 H) w ith  
a cou p lin g  constant o f 5.6 H z, due to the a ,a  (c is ) position of the C-16, C-18 
su b stitu en ts [6].

T he structures o f com pounds 10 are g iven  on the basis of their spectra. 
The structure of 10b is verified  by the doublet due to  the C-17 m ethyl group 
in th e  1H -N M R  spectrum . The position o f th e  m ethyl group rem aining in  
ß  orien tation  is in accordance w ith the “principle o f  least displacem ent” [8].
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The C-16 acetoxym ethyl group did not take part in the rearrangem ent, 
so retained its  original configuration. The 13C-NM R spectrum show s, besides 
th e  C-5 and C-6 carbon atom s, tw o further atom s in sp2 hybrid ized  state , 
w hich can be C-13 and C-14.

In  the acetolysis o f 3e in  95%  aqueous acetic acid, one single d iacetate  
6c form ed (67% ) w ith inversed configuration; 10b could also be iso la ted  (31% ).

From  the solvolysis of 3e in d im ethyl su lfoxide, 6b was obta ined  in  58%  
yield , and 10b was also form ed (21% ). Besides these, 16-m ethylene (13b) 
(10% ) and 16-unsaturated-17-unsubstituted ( l i b )  (8% ) derivatives w ere also 
isolated  from  the reaction m ixture.

The physical constants o f com pound 13b are identical w ith  th e  literature  
data [14].

Compound 11a was prepared by G e r a l y  et al. [12] through th e  L iA lH 4 
reduction o f 16-form ylandrosta-5,16-diene-3/?-ol. Its  acetylated d er iva tive  was 
identical w ith  our l i b .

The jo-toluene-sulfonate 14b containing us functional group at C-16, 
gave on solvolysis in acetic acid rearranged products only, the kn ow n  15b
[9] and th e  13(17)-unsaturated 16b, as an inseparable m ixture. In th e  13C-NMR  
spectrum  o f the m ixture the signals o f th e  C-5, C-6 and C-13 a tom s appear 
tw ice, w hile C-14 and C-17 gives one signal each. Compounds 15b and 16b 
are present in nearly identical am ounts, their ration  being 55 : 45. In  th e  1H- 
NM R spectrum  the C-17-m ethyl group appears as a doublet at 0.88 ppm  with  
a coupling constant o f 6.8 H z, while in  16b i t  is a singlet at 1.52 ppm .

The 15b derivative was described b y  W e st ph a l  et al. in  connection  
w ith  th e  nucleophilic substitution  o f 3/9-acetoxy-17-chloro-5-androstene [9]. 
The m elting point (75 °C) measured b y  W e s t p h a l  is lower than th a t  o f  our 
m ixture (15b, 16b: 98—102 °C). The optical rotation  values also differ, the 
published value is [a]o + 6 8 °  (etanol), w hich is quite uncommon for androstene  
derivatives having generally negative optical rotation. Our resu lts is [ oc] d 

— 140° (chloroform).
Solvolysis o f 14b in d im ethylsu lfoxide gave, besides the m ix tu re  of 

15b and 16b (22% ), the diacetate 17b (51% ) as well as 18b (25% ).

Discussion

In  order to explain the partial inversion observed during the so lvolysis  
o f 3e in  anhydrous acetic acid, it  was assum ed that the 16a-acetoxym eth yl 
group w ith  a favourable steric position affects th e  substitution of the Д-oriented  
p-to luenesu lfonyloxy  group. First a six-m em bered acetoxonium  io n  (7) is 
form ed by inversion, which gives an ortho ester anhydride 8b w ith th e  acetate  
ion  by ion  association in a k inetically  controlled reaction. The com pound is
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Table I

1H -N M R  data o f compounds

Compound
Substituents a t Chemical

C-3 C-16 C-17 H-3 H-6 Me-18 Me-19 17H

2a ßAcO =  CHOAc OH 4.5 5.3 0.71 1.05 4.01
2b ßAcO =  CHOAc OAc 4.5 5.3 0.76 1.04 5.2
3c ßAcO aCH 2OAc ßOAc 4.5 5.35 0.82 1.04 3.32

3e ßAcO aCH 2OAc ßOTs 4.5 5.3 0.83 0.98 4.18

3f /ЗОН aCH 2OH ßOTs 3.3 5.3 0.82 0.96 4.25

3g ßOAc aCH 2OTs ßOTs 4.45 5.25 0.76 0.95 4.05

6b ßOAc aCH 2OAc aOAc 4.5 5.4 0.85 1.04 5.05

10a ß o n aCH2OH /SCH3 3.5 5.38 - 0.82 -

10b ßOAc aCH 2OAc <SCH3 4.6 5.36 - 1.01 —

11a /ЗОН CH2OH /116.17 3.5 5.38 0.82 1.05 5.74

l i b ßOAc CH2OAc /116.17 4.6 5.39 0.12 1.06 5.76

14a ßOAc — /ЗОН 4.5 5.35 0.76 1.04 3.6

14b ßOAc — ßOTs 4.5 5.35 0.8 1.00 4.18

15a /ЗОН — ßCU3 3.5 5.3 — 0.92 —
15b ßOAc — /SCH3 4.45 5.3 — 0.92 —
16a /ЗОН - CH3 3.5 5.3 - 0.85 —
16b ßOAc — CH3 4.4 5.35 — 0.85 -
17b /ЗОН - aOH 3.35 5.25 0.65 0.98 3.65

18a ßOAc — =  0 4.5 5.26 0.85 1.0 -

* R eaction w ith trichloroacetyl isocyanat (TAI) resulting formation of th e  trichloro- 
acetylcarbam oyl derivative (TAC) [18]

u n stab le  under the experim ental conditions and  transforms into the therm o­
d yn am ica lly  more stable tr iacetate in an intram olecular reaction. D uring this  
in tram olecular transform ation, the acetate ion  can  attack at either th e  C-17 
or th e  C-16-CH2-site. The attack  at C-17 is accom panied by inversion and thus  
th e  double inversion occurring the reactions results in the triaceta te  (3d) 
w hose configuration is identica l with that o f  th e  starting com pound. On the  
other hand, the attack  at C-16-CH2- does n o t affact the chiral centres, thus 
61» w ith  16a, 17a configuration  is obtained. S ince the formation o f th is com-
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2, 3, 6, 10 and  1 4 -1 8

shifts ö (ppm)
TAI-reaction*

Coupling const.,
other signals J  (Hz)

2.02 and 2.12 AcO; 7.15 16 =  CH OAc 5.3 17/?-H; 8.51 NH —

2.00 and 2.10 and 2.10 AcO; 6 .9516=  CHOAc — —
2.02 and 2.06 AcO; 4.07 16a-CH,OAc 4.68 17a-H; 8.7 NH Jl7aH, 16/Ш =  ^ Hz
2.00 and 2.00 AcO; 2.4 CH3Ar; 3.7 and 

3.85 CHjOAc; 7.3 and 7.75 arom atic 
protons J  17aH, 16/3H =  7 Hz

2.4 CH3Ar; 3.5 16a-CH2OH; 7.25 and 4.15 16a-CH2; 4.6 3aH,
7.75 arom atic protons 8.35 and 9.1 NH Tl7aH, le/JH =  7 Hz

1.98 AcO; 2.4 CH3Ar; 3.8 16a-CH2OTs; 
7.25 and 7.75 aromatic protons — ■717aH, I6/3H =  7 Hz

2.02 and 2.04 and 2.06 AcO; 4.09 
16<x-CH,OAc — JnßH.ibßH =  5-05 Hz

1.03 17/?CH3; 3.61 16a-CH2OH; 1.9 OH 4.5 3<x-H; 4.15 16a-CH,;
8.9 NH —

2.03 and 2.06 AcO; 4.03 16a-CH2OAc; 
1.05 170-CH3 _ Ti7H,CHj =  6.5 Hz

4.16 16-CH2OH; 1.57 OH 4.5 3a-H; 4.1 16a-CH„;
8.7 NH —

2.04 and 2.08 AcO; 4.58 16-CH2OAc — —
2.01 AcO 4.55 17a-H; 8.45 NH —
2.00 AcO; 2.4 CH3Ar; 7.25 and 7.75 

arom atic protons — J 17aH, ЮН — 8 Hz
0.88 17/S-CH3 4.5 3aH; 8.6 NH J l 7CHj,I7H =  6-7 Hz
0.88 17/?-CH3; 2.02 AcO — Л 7СН8, 17H =  6-8 Hz
1.52 17 CH3 4.5 3aH; 8.7 NH —
1.50 17 CH3; 2.05 AcO — —

— 4.55 3aH; 4.85 17/3-H;
8.35 NH JnßH.uH —  5.5 Hz

1.97 AcO — —

pound can be explained by the attack  at the sterically  less hindered 16-CH2- 
group, its appearance in the reaction  m ixture in larger am ount can readily  
be understood.

The origin of 10b can be explained by both the form ation o f the cyclic  
acetoxonium  ion (7) and the Sn I dissociation  o f the C -17-p-toluenesulfonyloxy  
group. According to the first h ypothesis, the acetoxonium  ion 7 isom erizes 
to  cation 9 which is stabilized through m igration o f the neighbouring m ethyl 
group and deprotonation. Cation 9 can also be formed through th e  direct
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SnI fission  of the to luenesu lfonyloxy group from 3e. It  is know n [7] th a t the 
probability  o f the S n I transform ation increases w ith increasing order o f  the 
carbon atom , hut in this case the - I  effect o f the C-16 acetoxy  group does 
not favour the ionization o f the C-17-p-toluenesulfonyloxy group.

I t  was assum ed th at in  the solvolysis of 3e in anhydrous acetic  acid 
com pounds 6b was formed w ith  one single inversion, while 3d apparently  
w ith  retention through double inversion. In  order to confirm  th is  route of 
th e  above transform ations and to suppress the form ation of 3d, th e  solvolysis  
w as carried out in  aqueous acetic acid. One single d iacetate (6c) w as obtained, 
and 3d did not form. This can be explained by the form ation o f an unstable  
ortho acid sem iester (8a) in  the reaction w ith water of the acetoxonium  ion 7 
form ed by inversion follow ed by spontaneous isom erization to  g ives 6c.

The form ation o f 10b during th is reaction can be interpreted in  th e  same 
w ay as in anhydrous acetic acid.

The solvolysis o f 14b is faster than that of 3e; it  yielded in  one hour a 
m ixture of 15b and 16b through W a g n e r — Me e r w e in  rearrangem ent and 
no substitution  took place. The relatively  fast reaction was a ttributed  to  the 
absence o f the C-16 acetoxym eth y l group, thus ionization o f the p -to luenesu l- 
fon y lo x y  group was not reduced b y  its - I  effect. Stabilization b y  rearrange­
m ent indicates the pure Sn I nature o f the so lvo ly tic  process.

Solvolytic conversion o f 3e was also effected in  d im ethyl su lfoxide at 
160 °C in  the presence o f  potassium  acetate. The transform ation w as sign ifi­
can tly  faster. Besides the expected  6b (58% ) and 10b (21% ), th e  earlier not 
observed acetoxym ethyl drivative l i b  (8% ) and m ethylene com pound 13b 
(10% ) were isolated.

The form ation o f 6b can be interpreted by the opening of th e  acetoxo­
nium  ion (7) formed by Sn I reaction or by an Sn2 exchange o f th e  C-17ß-p- 
to luenesu lfonyloxy group favoured in  the dipolar aprotic d im ethyl sulfoxide. 
Compound 10b (21%) can arise through the opening and rearrangem ent of 
th e  acetoxonium  ion 7, w hile l i b  through the elim ination o f the p-toluenesu lfo- 
n y lo x y  group. Concerning the form ation of 13b we supposed, on th e  basis of 
literary analogies [10], th at the p-toluenesu lfonyloxy group o f 3e w as oxidized  
in to  the 17-ketone in the d im ethyl sulfoxide/potassium  acetate sy stem , and 
12 decom posed into the corresponding m ethylene ketone d erivative (13b) 
at the tem perature em ployed.

Solvolysis o f the reference com pound 14b in d im ethyl su lfoxide produced  
the rearranged products 15b and 16b only in 22.4% , in contrast w ith  th e  100%  
conversion in acetolysis. The m ain product o f this solvolysis was th e  diacetate  
17b; its form ation was explained by the Sn2 reaction o f the 17-p-toluenesul- 
fon y loxy  group. 3/?-H ydroxy-5-androsten-17-one 3-acetate (18b), form ed by  
oxidation  of the C -17-p-toluenesulfonyloxy group, was also d etected  in  the 
reaction  m ixture.
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Experimental

M. p.’s were determ ined  on  a Kofler block and are uncorrected.
Specific rotations w ere m easured w ith a Lippich po larim éter. The error of the rotation 

va lues is j^ 2 a.
The JH-NMR m easurem en ts were effected w ith  a  60 MHz instrum ent (JE O L , C-60 

H L  Tokyo), the ISC-FT-I4MR spec tra  were recorded w ith  a PS-100/PFT-100 (JE O L , Tokyo) 
in s tru m en t a t 25.15 MHz th e  F o u rie r transform ation technique.

In  both cases th e  sp ec tra  were obtained in  CLC13, using TMS in ternal standard. The 
d a ta  are given on the <5 scale in  ppm  values.

The IR  spectra w ere recorded  w ith a ENICA M  SP 200 instrum ent in K B r pellets.
The thin-layer ch rom atogram s were made on Kieselgel-G (Merck) layers of 0.25 mm 

th ickness. The following developing solvent system s w ere em ployed: I. acetone : benzene : 
pe tro leum  ether, 30 : 35 : 35; I I .  m ethanol : benzene, 1 : 99; I I I .  m ethanol : benzene, 5 : 95; 
1У. glacial acetic acid : chloroform , 10 : 90.

The spots were de tec ted  b y  spraying w ith 50%  aqueous phosphoric acid followed by 
h ea tin g  a t  100—120 °C fo r 15 m in. The R j values were determ ined in EY  light of 365 nm 
w avelength.

In  the column chrom atograph ic  separation A120 3 of ac tiv ity  I I I  —IV, standardized 
according to Brockm ann, w as used.

The dimensions of th e  chrom atographic colum ns used were the following:
Size I: lengt 30 cm ; d iam ete r 4.5 cm; A120 3 370 g.
Size II : length 25 cm ; d iam eter 2.5 cm; A120 3 110 g.
Size II I : length 25 cm : d iam eter 2.0 cm; A120 3 50 g.

l i  -Aeetc > j nr € t l  31«r t -5-i r i n  f U r c -3/9.17£- i  i d  3 -re d a te  (2a)

Finely powdered 16-acetoxym ethylene-3/?-acetoxy-5-androsten-17-one [5] ( lb ) (2 g; 
0.005 mole) was suspended in  e thano l (50 mL) in w hich anhydrous CaCl2 (1.1 g; 0.01 mole) 
h a d  been dissolved. The reac tio n  m ixture was cooled to  0 °C, then  NaBH,, (0.75 g; 0.02 mole) 
w as added. After 2 h  th e  reac tio n  m ixture was sa tu ra ted  w ith  w ater, the prec ip ita te  was fil­
te re d  off, washed w ith w a te r an d  dried over P 20 5 in  a vacuum  desiccator. R ecrystallization 
from  a m ixture of benzene an d  petroleum  ether gave 2a  (1.80 g; 89.5%), m .p. 193 —195 °C; 
[a ]D —148° (c =  1; chloroform ). (Lit. [11] m.p. 116 — 118 °C), R r: 0.20 (solvent system  II).

C24H 340 5 (402.53). Calcd. C 71.61; H 8.51. Found  C 71.30; H  8.75%.
IR : 3500 (OH), 1735, 1250 c m “ 1 (OCO).

16 -A ce to x y n id b y ltre-5 -г г thtsU rc-2/?,17£-dicl 3,17-dircct£le (2b)

Compound 2a (0.40 g; 0.001 mole) was dissolved in  a m ix ture  of pyrid ine (2 mL) and 
acetic  anhydride (2 mL), allow ed to  stand for 12 h , th en  d ilu ted  w ith w ater. The precipitate 
w as filte red  off, washed an d  recrystallized  from a m ix tu re  of acetone and w ater to ob tain  2b 
(0.380 g, 85.5%), m .p. 173 —175 °C; [a]g —126° (c =  1, chloroform). R<: 0.60 (solvent sys­
tem  II).

C26H 360 6 (444.57). Calcd. C 70.25; H 8.16. F ound  C 70.05; H  8.35%

16a- sr.d 16/?-H ydrcxjm clbylsrdiest-5-ene-3/?,17/?-diol 3-acetate and 
16/?-l.j drcs) m c lh y l-5 - tr  diestcr o?/?,17o>dicl 3 re t  U te (3b, 4b, 5b)

Finely powdered l b  (20 g; 0.05 mole) was suspended in  ethanol (500 mL) in which 
CaCL (11 g; 0.1 mole) had  been dissolved. The reaction m ix tu re  was cooled to 0 °C, then  N aB H 4 
(7.5 g; 0.2 mole) was added to  i t  in  small portions. The m ix tu re  was allowed to  stand  a t room 
tem p era tu re  for 24 h, then  a d d itio n a l (3.7 g; 0.1 mole) N aB H 4 was added. A fter the evolution 
o f gas had ceased, the reac tio n  m ix ture  was sa tu ra ted  w ith  w ater, acidified to  pH  4 w ith 
d ilu te  hydrochloric acid an d  th e  precip itate was filtered  o ff and  washed un til free from acid. 
T he solid was then dried over P 20 5 in  a vecuum desiccator.

The isomeric m ix tu re  o b ta ined  (3b, 4b, 5b) was dissolved in chloroform (200 m L) and 
chrom atographed on an  a lum ina  (column of Size I ;  1 6 x 2 5 0  m L of w ith benzene-chloroform 
(1 : 1) eluted first entirely p u re  4b (9.2 g; 50.8%), m .p. 199- 201 °C (lit. [5] m.p. 199— 201 °C).

Continued elution w ith  8 x 2 5 0  mL fractions of a benzene-chloroform  m ix ture  (1 : 1) 
afforded , after evaporation, a m ix tu re  of 3b and 4b (0.45 g; 2.4% ), then  8X 250 m L of chloro­
fo rm  yielded pure 3b (7 g; 38.6) m .p. 242 —244 °C.
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T hereafter, 2000 m L of m ethanol eluted pure  5b (0.950 g; 5.2%), m.p. 223 225 °C;
[<x]d  58° (c =  0.5, ethanol); R t  0.50 (so lven t system  I).

C22H 310 4 (362.51). Calcd. C 72.88; H  9.45. F ound  C 72.75; H 9.38%.
IR : 3500 (OH), 1730, 1250 c m -1 (OCO).
F inally, eiution w ith  acetone-m ethanol (1 : 1) gave the deacetylated derivatives (3a, 

4a, 5a) am ounting to 3% of the m ixture to  be separated .

16a-Acetoxymethyl-5-androstene-3/?,17/?-diol 3-acetate (3c)

16a-Hydroxymcthyl-5-androstene-3jS,17jS-diol 3 -acetate (3b) (3.62 g; 0.01 mole) was 
dissolved in pyridine (40 mL), and acetic anhydride (1.2 g; 0.012 mole) dissolved in  pyridine 
(10 m L) was added dropwise, while cooling in  ice. The reaction  mixture was s tirred  a t  0 °C 
for 6 h, then  poured into ice water. The p rec ip ita te  w as filtered  off, dissolved in  benzene and 
the  benzene solution was dried and chrom atographed on alum ina (column size I I I) .

Benzene-petroleum  ether (1 : 1) e lu ted  3c (3.2 g; 79.2% ), m..p 141 — 142 °C; [<x]q  —80° 
(e =  1, chloroform). R t:  0.75 (solvent system  III).

C24H 360 6 (404.54). Calcd. C 71.26; H  8.97. F ound  C 71.45; H  8.63%.
IR ; 3540 (O H), 1735, 1250 c m -1 (OCO).

16a- Acrtoxym ethyl-5-androstene-3/,,17/j-diol 3-acetate  17-p-toluenesulfonate (3e)

16oc-Acetoxymethyl-5-androstene-3/3,17/?-diol 3 -acetate (3c) (4.04 g; 0.01 mole) was 
dissolved in pyridine (40 mL), and a solution of p-toluenesulfonyl chloride (1.9 g; 0.01 mole) 
dissolved in pyridine (10 mL) was added dropwise while cooling in ice. The reaction  m ix ture  
was allowed to s tand  a t  room tem perature for 24 h, th en  sa tu ra ted  with water. The p rec ip ita te  
was filtered off, w ashed and dried. The p roduct was crystallized from chloroform -petroleum  
ether to  obtain 5.2 g, (93.2% ) of 3e, m .p. 142 144 °C; [<x]d  84° (c =  1, chloroform ). R j\
0.40 (solvent system  II).

C31H4„07S (558.74). Calcd. C 66.64; H  7.57. Found  C 66.75; H  7.65%.
IR : 1735, 1250 c m "1 (OCO).

16a-Hydroxymethyl-5-androstene-3/9,17/S-diol 17-p-toluencsulfonate (3 f)

16(z-Acetoxyrnethyl-5-aiidrostene-3/3,17/?-diol 3 -acetate 17-p-toluenesulfonate (3e) (0.558 
g; 0.001 mole) was dissolved in m ethanol (30 mL) contain ing NaOCH3 (0.1 g). T he reaction  
m ixture was allowed to  stand  for 24 h, th en  d ilu ted  w ith  w ater. The precipitate was filte red  off, 
washed and dried. The product was crystallized from  acetone-w ater to obtain 0.430 g (90.7% ) 
of 3f, m.p. 198 200 °C; [<x]q —78° (c =  1, pyridine). R t: 0.35 (solvent system  I).

C„,H380 6S (474.67). Calcd. C 68.33; II  8.07. Found  C 68.48; H 8.35%.
IR : 3580 cm “ 1 (OH).
13NMR: <532.6 (C12); <546.1 (C13); <538.9 (C16); <516.8 (CI8) [13].

Acetolysis of 3e in  anhydrous acetic acid

Acetic anhydride (1 mL; 0.01 mole) and potassium  acetate (1.92 g; 0.012 mole) were 
refluxed in anhydrous acetic acid (100 m L) for 1 h. Compound 3e (5.58 g; 0.01 mole) was added, 
and the solution was m aintained a t the boiling tem pera tu re  for 120 h. The reaction  m ix ture  
was then  diluted w ith  w ater, and the oil w hich separated  was extracted w ith benzene (3 X 200 
mL). The benzene solution was washed w ith  N aH C 0 3 and then  with w ater u n til neu tra l, 
dried and evaporated  to  dryness. The residual brow n oil was chrom atographed on alum ina 
(column size II).

In  the chrom atographic procedure, 100 m L fractions were collected.
8 X 100 m L of benzene-petroleum ether (5 ; 95) e lu ted  a m ixture of 10b and  l i b  (1.27 g;

3.3% );
2 x 1 0 0  m L of benzene-petroleum e ther (10 : 90) contained a mixture of com pounds;
2 X 100 m L of benzene-petroleum ether (20 : 80) and
8 x 1 0 0  m L of benzene-petroleum ether (30 : 70) afforded a m ixture of 3b and  6b.
From  a m ethanolic solution of th e  10b and l i b  m ixture, 16-acetoxym ethylandrosta- 

5,16-diene-3/9-ol 3-acetate ( l ib )  crystallized (0.350 g; 27.5% ), m.p. 133 135 °C [a]p  91°
(c =  1, chloroform; lit. [12] m.p. 135 137 °C); [a]Q —83° (chloroform); R j:  0.85 (solvent
system  II).
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C24H 340 4 (386.53). Calcd. C 74.57; H  8.86. F ound  C 74.80; H  8.96%.
IR :1735, 1250 cm “ 1 (OCO).
T he m ethanolic m other liquor was sa tu ra ted  w ith  w ater, whereupon a p rec ip ita te  

separa ted ; th is was filtered  off and  recrystallized from  acetone-water to ob ta in  pu re  10b 
(0.870 g; 6.8% ), m.p. 89 — 91 °C; [a]о  —110° (c =  1, chloroform ). R f.  0.85 (solvent system  II). 

C24H 340 4 (386.53). Calcd. C 74.64; H  8.93. F ound  C 74.35; H  8.80%.
IR : 1735, 1250 c m - 1 (OCO).

16- Hydroxymethylandrosta-5,16-diene-3/?-ol (11a)

Compound l ib  (0.190 g; 0.0005 mole) was hydro lyzed  as described in  th e  case of 3f. 
The m ix tu re  was allowed to  s tan d  overnight, d ilu ted  w ith  w ater, made neu tral w ith  11V HC1 
and  th e  p recip itate which separated  was filtered off, w ashed w ith  w ater and dried. The p roduct 
was crystallized from ace tone—w ater (0.130 g; 86% ); m .p . 173 — 175 °C. [oc]q  —75° (c  =  1, 
chloroform ). (L it. [12] m .p. 170 —173 °C; [a]o  —82° (chloroform). Re: 0.80 (solvent system  I).

C20H 30O2 (302.46). Calcd. C 79.42; H  9.99. F ou n d  C 79.50; H 9.85%.
IR : 3300 c m -1, b road  (OH).

16a-Hydroxymethyl-17/S-methyl-18-norandrosta-5,13-diene-3/?-ol (10a)

Compound 10b (0.380 g; 0.001 mole) was hydro lyzed  as described for 3f. The p roduct 
(0.270 g; 89.4% ) had m.p. 153 —156 °C; [a]D —126° (c =  1, chloroform). Rf-. 0.80 (solvent 
system  I).

C20H 30O2 (302.46). Calcd. C 79.42; H  9.99. F ou n d  C 79.22; 9.76%.
IR : 3500" cm-1 , b road  (OH).

16a-HydroxymethyI-5-androstene-3/?,17/S-diol (3a) and 
16a-hydroxymethyl-5-androstene-3/S,17a-diol (6a)

T he m ixture of 3b and  6b (2.87 g; 64.5%), ob ta ined  in  the chrom atographic separation  
procedure, was dissolved in  m ethanol (50 mL) and 1IV N aO C H 3 (2 mL) was added. The reaction  
m ix tu re  was allowed to  s tan d  overnight. Compound 6a separated  in the form of hard  crystals 
(1.82 g; 41% ), while 3a rem ained in  solution. M.p. 277 — 278 °C. R f. 0.55 (solvent system  IV).

C20H 32O3 (320.45). Calcd. C 74.94; H  10.07. F ound  C 74.80; H 10.25%.
The m other liquor was sa tu ra ted  w ith w ater, neu tralized  w ith liV HC1, the precip ita te  

was filte red  off, washed and  dried, and the p roduct was crystallized from acetone-w ater to  
ob ta in  3 a  (1.04 g; 23.5% [5]).

16a-Acetoxymethyl-5-androstenc-3/j,17a-diol 3,17-diacetate (6b)

Compound 6a (1.6 g; 0.005 mole) was suspended in  a m ixture of acetic anhydride 
(10 m L ) and pyridine (10 m L) and warmed on a w ater b a th  a t  45 °C for 6 h. A fter sa tu ra tion  
w ith  w ater, the precip itate was filtered off, w ashed w ith  w ater and dried. Com pound 6b 
(2.1 g; 94.1% ) was crystallized from  aqueous m ethanol; m .p. 119 — 120 °C; [<x]q  —46° (c =  1, 
chloroform ). R f .  0.50 (solvent system  II).

C,6H 38Oe (446.56). Calcd. C 69.93; H 8.45. F ound  C 69.85; H 8.63%
IR : 1730, 1250 c m " 1 (OCO).

Acetolysis of 3e in aqueous acetic acid]

Potassium  acetate (1.92 g; 0.012 mole) was dissolved in  a m ixture of acetic acid (95 mL) 
and  w ater (5 mL); 3e (5.58 g; 0.01 mole) was added to  th e  solution and was refluxed for 120 h.

T he reaction m ix ture  was then  diluted w ith  w ate r and the oil which separated  was 
ex trac ted  w ith  benzene (3 X 200 mL). The benzene layer was washed w ith dilute N aH C 0 3 
solution  and  w ith w ater u n til neutral, dried and evapo ra ted  to  dryness.

T he residue was chrom atographed as described in th e  case of the acetolysis o f 3e; 10b 
(1.2 g; 31% ) and (6c 2.98 g; 67% ) were eluted.
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Solvolysis of 3e in dim ethyl sulfoxide

Potassium  acetate (3.84 g; 0.024 mole) was dissolved in  dim ethyl sulfoxide (100 mL), 
then 3e (11.16 g; 0.02 mole) was added. The reaction m ix tu re  was heated a t 160 °C fo r 24 h. 
After cooling, benzene (500 m L) was added and d im ethyl sulfoxide was removed b y  w ashing 
w ith w ater. The benzene layer was dried, evaporated to  dryness, and the brow nish-red oily 
residue was dissolved in m ethanol (200 mL), liV N aO C H 3 solution (5 mL) was added, an d  the 
m ixture was allowed to  stand for 24 h, wherupon hom ogeneous 6a separated in th e  form  of 
a hard  crystal c ru s t (3.7 g; 58%).

The m ethanolic m other liquor was neutralized w ith  liV HC1, evaporated to  dryness, 
and chrom atographed on alum ina (column size II ) ; 4 X 100 m L of chloroform-benzene ( l  : 3) 
eluted 13a (0.60 g; 10%) m.p. 183 — 184 °C; [<x]D —56° (c =  1, chloroform); ( lit. [13] m.p. 
160 — 165 °C). iff .  0.80 (solvent system  I).

C20H 28O2 (300.44). Calcd. C 79.97; H  9.39%. F ound  C 79.68; H  9.34%.
6 x 1 0 0  m L of chloroform-benzene (1 : 1) eluted th en  11a (0.48 g; 8%).
N ext, 10 X 100 mL of chloroform-benzene (2 : 1) e lu ted  10a (1.26 g; 21%).

5-Androstene-3/?,17/3-diol 3 -acetate  (14a)

3/?-Hydroxy-5-androsten-17-one 3-acetate (6.6 g; 0.02 mole) was dissolved in  m ethanol 
(100 mL) and  N aB H 4 (3.7 g; 0.1 mole) was added in  sm all portions, while cooling in  ice. The 
pH  of th e  solution was m ain tained  between 5 and 6 by  th e  addition of alcoholic acetic  acid 
solution in  th e  presence of B rom othym ol Blue indicator. The reaction m ixture was allowed 
to  stand overnight, diluted w ith  w ater, and acidified w ith  d ilu te hydrochloric acid. The precip­
ita te  was filtered  off, washed u n til free from acid, and  dried. The product (14a) was rec ry sta l­
lized from  benzene-petroleum  e th e r (6.1 g; 91.8% ), m .p. 148 —150 °C; [<x]d —62° (c =  1, 
chloroform; li t. [15] m.p. 144 -145  °C; [а]ц —56°, ethanol). R t:  0.60 (solvent system  II I) .

CjJLjjO,, (332.48). Calcd. C 75.88; H  9.70; Found  C 75.73; H  9.64%.
IR : 1735, 1250 cm ’ 1 (OCO).

5-Androstene-3/?,17/3-diol 3-acetate 17-p-toluene-á-sulfonate (14b)

Compound 14a (6.64 g; 0.02 mole) was esterified as described for 3e. Com pound 14b 
was crystallized from  m ethanol (9.2 g; 94.6%), m.p. 165 — 166 °C; [a]o  —70° (c =  1, chloro­
form). (L it . [16] m .p. 162 164 °C; [a]o  72°, ethanol). R t:  0.60 (solvent system  II).

C,8H 380 5S (486.68). Calcd. C 66.32; H  7.90. Found  C 66.30; H 7.65%.
IR : 1730, 1250 cm -» (OCO).

Acetolysis of 14b in anhydrous acetic acid

Potassium  acetate (1.92 g; 0.006 mole) and 14b (2.43 g; 0.005 mole) were dissolved in 
anhydrous acetic acid (50 mL). T he reaction m ixture was k ep t a t  its boiling tem pera tu re  for 
6 h. Benzene (200 mL) was added to  the solution, and th e  acetic acid was removed by  w ashing 
w ith water. The benzene layer was evaporated to dryness and  the residue chrom atographed 
on alum ina (colum n size III). 5 X 100 mL of benzene-petroleum  ether (1 : 1) eluted a m ix tu re  
of 15b and 16b (1.50 g; 95.5%), m .p. 9 8 —102 °C; [<x] q —140° (c =  1, chloroform). (L i t .  [9] 
m.p. 75 °C; [а]д  + 6 8 ° , ethanol). R t:  0.85 (solvent system  II).

Cj.HgoO.. (314.47). Calcd. C 80.21; H  9.62. Found  C 80.43; H  9.75%.
IR : 1730, 1250 cm -» (OCO).
13NMR: <5138.8 (C6); (5122.3 (C0); <5136.6 (C13); (5138.3 (C„).
I3NMR: <5140.0 (C5); <5122.7 (C„); <5136.1 (C13); <554.1 (CH) <5127.4 (C17).

17+Methyl-10-imrandrosta-5.13-dicue-3°-ol (15a) and 
17-methyl-18-norandrosta-5,13(17)-diene-3/S-ol (16a)

The m ix ture  of 15b and 16b (1.57 g; 0.005 mole) was hydrolyzed as described fo r 3f. 
The product was crystallized from  acetone-water (0.98 g; 72% ), m.p. 136 — 138 °C; [а ]э  —155° 
(c =  1, chloroform). R f. 0.55 (solvent system III).
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C19H 280  (272.43). Calcd. C 83.78; H  10.36; F o u n d  C 83.65; H  10.56%. 
IR :  3500 cm -1 (broad, OH).

Solvolysis of 14b in dimethyl sulfoxide

Potassium  acetate  (1.92 g; 0.012 mole) and  14b (4.86 g; 0.01 mole) were dissolved in 
d im e th y l sulfoxide (100 m L) and  th e  m ixture was k e p t a t  100 °C for 6 h. The reaction  m ixture 
w as w orked up as in the solvolysis of 3e.

Compound 18a (0.72 g; 25% ) was eluted w ith  6 X 100 mL of benzene-petroleum  ether 
(1 : 3); m .p. 141 — 142 C°; [a]D + 3 °  ( c =  1, chloroform ). R t:  0.70 (solvent system  II I) . (L it. 
[17] m .p . 140 °C; [a]D + 2 °  (chloroform)).

4 X 100 m L of benzene-petroleum  ether (1 : 1) and  2 X 100 m L of benzene-petroleum  
e th e r  (3 : 1) eluted th en  a m ix tu re  of 15a and 16a (0.610 g; 22.4%).

F inally , 4 x 1 0 0  m L  of benzene eluted (17a) (1.42 g; 41%), m.p. 197 °C; [<x] d —56° 
(c =  1, chloroform). (L it . [17] m .p. 180 °C; [a][> 61° (chloroform-ethanol, 9 : 1)).
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fo r supporting  this research. The authors acknowledge th e  assistance of Dr. G. E n g e l h a r d t  
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A dlershof) in  recording th e  13C-NMR spectra. T hanks are due to  Mr. J . K iss for th e  IR  spectra, 
to  D r. K . L a k o s  — L á n g , Dr. G. B a r t ó k  B o z ó k i  fo r th e  microanalyses, and  to  Miss Cs. 
H o r v á t h  for technical assistance.

R E F E R E N C E S

[1] K n o x , L. H .: U. S. P a t. 3,088,954; Chem. A bstr ., 59, 11613 g (1965)
[2] K n o x , L. H ., V e l a r d e , E .: J . Org. Chem., 27, 3925 (1962)
[3] C o u n s e l l , D. E . K t j n s t r a , P. 0 .: J . Med. Chem., 6, 736 (1967)
[4] S c h n e i d e r , Gy., W . V i n c z e , L.: Kémiai K özlem ények, 31, 383 (1969)
[5] S c h n e i d e r , Gy., V i n c z e , I., V a s s , A.: A cta Chim . Acad. Sei. H ung., 99, 51 (1979)
[6] S c h ö n e c k e r , В., T r e s s e l t , D., D r a f f e h n , J . ,  P o n s o l d , K., E n g e l h a r d t , G., Z e i g a n ,

D ., S c h n e i d e r , Gy., W . V i n c z e , I., D o m b i , G y.: J .  prakt. Chem., 319, 419 (1977)
[7] P r i t z k o w , W ., S c h ö p p l e r , H .: Chem. Ber., 95, 834 (1962)
[8] H i n e , J .: J . Org. Chem., 31, 1236 (1966)
[9] W e s t p h a l , V., W a n g , Y. L ., H e l l m a n n , H .: Chem. Ber., 6, 1233 (1939)

[10] E p s t e i n , W. W ., S w e a t , F . W .: Chem. R ev., 67, 247 (1967)
[11] G e r a l i , G., I u s , A., P a r i n i , C., S p o r t o l e t t i , G. С.: II Farmaco, 24, 2 (1969)
[12 ] G e r a l i , G., S p o r t o l e t t i , G.C., P a r i n i , C., I u s , A., C o r b e l l i n i , A.: II Farm aco , 23, 

679 (1961)
[13] E n g e l h a r d t , G., S c h n e i d e r , Gy., W e i s z - V i n c z e , I., V a s s , A.: J . p rak t. Chem., 316,

391 (1974)
[14] J u l i a n , Р. L., M a y e r , E . W ., M e y e r , Р. L ., P r i n t y , H. C.: J . Am. Chem. Soc., 70,

3872 (1948)
[ 1 5 ]  W e s t p h a l , V., W a n g , Y .-L ., H e l l m a n n , H . :  B er., 7 2 , 1233 (1939)
[16] M a d a e v a , O. S., L u r i , F. A.: Doklady A kad. N auk . USSR, 84, 713 (1952)
[17] B a r t o n , D. H. R ., C o x , J .  D . :  J. Chem. Soc., 1948, 783
[ 1 8 ]  G o o d l e t t , V. W .: Anal. Chem., 3 7 , 43 1  ( 1 9 6 5 )

G yu la  S c h n e id e r  
I ren  V incze  
L ászló  H ack ler  
G yörgy D ombi

A ndrás V ass

H —6720 Szeged, D óm  tér 8.

H —8201 Veszprém

Acta Chim. Acad. Sei. Hung. 109, 1982



THE ACIDITY OF PICROLONIC ACID AND 
THE CONDUCTANCE OF ITS SODIUM, 

POTASSIUM AND RUBIDIUM SALTS IN WATER 
AND DIMETHYL SULFOXIDE

M. M. Osm a n ,* A. M. H a fe z , M. A. Ma k h y o u n  and A. B . T a d r o s

(Chemistry Department, Faculty o f Science, Alexandria U nitersity, A lexandria , E G Y P T )

Received October 16, 1980 

In  revised form Jan u ary  15, 1981 

A ccepted Jo r  publication February  12, 1981J

The acidity  of picrolonic acid in 5% ethyl alcohol solution was studied by 
spectrophotom etric and  potentiom etric methods. The strong acid character was a ttri­
bu ted , on the basis o f th e  i.r. spectra of the acid and  its alkali m etal sa lts w ith  sodium, 
potassium  and rub id ium , to the active m ethine group. The conductance of these salts 
were studied a t  25 ±  0.02 °C in  w ater and in  d im ethyl sulfoxide. The alkali metal 
picrolonates were found  to be non-associated electrolytes. The conductance a t  infinite 
dilution, the con tac t distance and the association constants were [determined rand  explain­
ed in term s of solvation. The ionic conductance of th e  rubidium  ion in  DMSO a t 25 °C 
was found to be 15.96 ohm -1 cm 2.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 109 (1), p p . 83 91 (1982)

Introduction

A  substantial am ount of work has been done on the application of 
picrolonic acid in analytica l chem istry [1 — 7]. Com plex form ation o f picrolonic 
acid w ith  some alkaline earth and transition m etal ions has also been  studied  
b y  conductom etric m ethods [8]. However, no appreciable work has been done 
on the acid itse lf or on its  alkali m etal salts. The present work is an attem pt to 
stu d y  the acidity o f picrolonic acid related to  its  structure and also the con­
ductance o f sodium , potassium  and rubidium  picrolonates in w ater and in 
dim ethyl sulfoxide.

Experimental

Solutes. Picrolonic acid  was obtained by  tw ice recrystallising a com m ercial sample 
(F luka AG) from ethyl alcohol and  drying it  in vacuum  (P.,05) to  a constan t w eight. The acid 
con ten t of the com pound w as determ ined potentiom etrically  and was found to  be 99.82%.

Sodium, potassium  an d  rubidium  picrolonates were prepared by  add ition  of individual 
solutions of A.R. sodium hydroxide, potassium  hydroxide and rubidium  chloride (10 mmole 
each) in  a least am ount o f w ate r to a hot solution of picrolonic acid (10 m m ole) in 20 cm8 
ethy l alcohol. The separated  yellow[ crystalline products were filtered, washed w ith  ho t alcohol 
and  ether. Fu rther pu rifica tion  of the salts was done by  recrystallisation from  water-alcohol 
and drying to a constan t w eight for four days in  vacuum  (P20 6).

A n a ly s is .  Calc, for NaC10H,N«Oe: Na, 8.04% ; С, 41.96% ; N, 19.58% . Found: Na, 
8.02% ; С, 41.80%, N, 19.20% . Calc, for KC10H7N,O6: K > 12.93% ; C, 39.73% ; N, 18.54%.

* To whom correspondence should be addressed

6* Acta Chim. Acad. Sei. Hung. 109, 1982



84 OSMAN et al.: ACIDITY OF PICROLONIC ACID

F o u ad : K , 12.89%; C, 39.70% ; N , 18.20% . Calc, for RbC10H 7N4O5: Rb, 24.52% ; C, 34.45% 
N , 16 .07% . Found: Rb, 24.47; C, 34 .70% ; N, 16.50%.

Solvents. Double distilled, C 0 2-free water was generally used for the prepara tion  of the 
solu tions. Conductivity w ater w as ob ta ined  by passing o rd inary  distilled w ater th rough  a 
60-cm long  E lgastat deionizer an d  guarded against con tam ination  w ith atm ospheric C02. 
I t  h a d  a  specific conductivity of 5 7 X 10-7 ohm -1 cm -1.

DM SO was purified as described  by B r u n o  et a l. [9] and  had  the following physical 
p ro p ertie s  a t  25 ±  0.02 °C: specific conductance =  3 — 5 X 10“ 5 ohm -1 cm -1, density  =  
1.09562 g • cm -3 and viscosity =  1.99657 X 10-2 P a s . These values of density and viscosity 
are in  excellent agreement w ith  th o se  reported  in lite ra tu re  [10].

Solutions. A stock solution o f  0.02 M  picrolonic acid w as prepared in  ethyl alcohol and 
s tan d a rd iz ed  potentiom etrically w 'ith standard  carbonate-free potassium  hydroxide. Aqueous 
so lu tions o f the same concen tra tion  of sodium, potassium  an d  rubidium  picrolonates were 
p rep a red . T he dilute solutions w ere p repared  from these solutions by  accurate dilution.

A n  accurate 0.1 M  so lu tion  of potassium  hydroxide w as prepared by  the dilution of 
a s ta n d a rd  1.00 M  solution (B D H  volum etric  reagents).

P hysical measurements. T he electronic spectra were recorded on a Pye-U nicam  SP 1800 
record ing  spectrophotom eter.

T he  pH-measurements w ere carried  out on a U nicam  pH -m eter, model 291 MK. The 
a p p a ra tu s  was calibrated by th e  ti tr a t io n  of a 10 ~3 M  HC1 solution [11]. The m easurem ents 
were ca rried  ou t under purified n itro g en  [12].

T he  i.r. spectra were recorded on a Beckman 4220 infra-red  spectrophotom eter in potas­
sium  b rom ide pellets.

T h e  electrical conductances w ere measured in borosilicate glass Erlenm eyer conduc­
tiv ity  cell having rigid bright p la tin u m  electrodes. A B eckm an conductiv ity  bridge, model 
18A w as used to measure the resistance  of the solution a t 3 K c/S . All solutions were prepared 
by  th e  ad d ition  of weighed am o u n t o f stock solution to a know n w eight of the solvent in the 
cell; a  c u rre n t of dry, purified n itro g en  was passed over th e  solution during th e  addition.

D ensity  measurement w as perfo rm ed  in a 20 cm3 pycnom eter. Viscosities were m easured 
using a m odified Ub Belohde suspended  level viscosimeter.

R esu lts and Discussion

T he electronic spectra o f  2 X 10 ~ 5 M  solution (5%  ethyl alcohol) o f picro­
lon ic  acid  at 25 °C and a t d ifferent pH-values (betw een  2.08 and 10.8) are 
show n in  Fig. 1. All spectra ex h ib it only one absorption peak at 338 nm . The 
absorbance is also pH in d ep en d en t indicating the presence of only one absorb­
ing sp ecies irrespective o f  th e  neutralisation degree o f the acid.

T h e electronic spectra o f  2 X  10 ~ 5 M  solution each o f sodium picrolonate, 
p o ta ssiu m  picrolonate and rubidium  picrolonate were recorded in  the same 
w a v e len g th  range chosen for picrolonic acid. The spectra show identical hands 
in  p o sitio n  and absorbance, w h ich  are as well id en tica l w ith th at o f the acid 
itse lf. W e can accordingly su g g est that picrolonic acid behaves as a strong acid.

T h e potentiom etric t itr a tio n  of picrolonic acid at 25 °C in 5% ethyl 
alcoh ol solution gives further evidence for the strong acidic character of this 
acid. F igure 2 shows the titra tio n  curve of 10 -3  M  solution  of picrolonic acid 
com pared  with that of HC1 o f  th e  same concentration, and solvent com position.

T h e protonation degree p , defined as [H P ]/[H P ]t0t. [H , 13] was also cal­
cu la ted  at different pH  va lu es and is given in T able I.

[H P ]tot. -  [KOH] -  [H +] +  [O H -]

[HP]tot.
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Fig. 1. E lectronic spectra of picrolonic acid in  5% ethanol solution at 25 °C and a t  different
pH  values (2.08 —10.3)

Table I

Protonation degree o f picrolonic acid in  5% ethyl alcohol solution at 25 °C

104 Сщ> Pacalé. pHexper. P

8.5 3.071 3.087 -0 .018
8.0 3.097 3.097 0.000
7.5 3.125 3.127 0.004
7.0 3.155 3.157 0.003
6.5 3.187 3.187 0.000
6.0 3.222 3.217 0.007
5.5 3.260 3.257 -0 .003
5.0 3.301 3.307 0.007
4.5 3.347 3.347 0.000
4.0 3.398 3.407 0.008
3.5 3.456 3.437 0.016
3.0 3.477 3.517 0.004
2.5 3.602 3.597 -0 .003
2.0 3.699 3.697 -0 .001

* Corrected pH

The values o f p  were found to deviate very sligh tly  from zero, thus supporting  
the strong acid character o f picrolonic acid.
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Fig. 2. Potentiom etrie ti tra tio n  curves of 10_3 M  solutions (5%  ethanol) a t 25 °C of (1) picro-
lonic acid and (2) HC1

I t  has been reported th a t picrolonic acid ex ists  in  two tautom eric form s [7].
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The electron-attracting character o f the nitro group, adjacent to  the  
carbonyl group, together w ith  the resonance effect will be reflected  on the  
enhanced acid ity  of picrolonic acid. The deprotonation o f the acid w ill norm ally  
be expected  to take place from the enol form . W e thought, how ever, th a t the  
strong acid ity  o f the com pound could not be achieved through deprotonation  
of th e  enol group. The proton should m ore probably be released from  the  
active m ethine group in position 4. This assum ption is consistent w ith  the
i.r. spectra o f picrolonic acid and its alkali m etal salts (Table II). The absence  
of any absorption due to  v(OH) frequency and the presence of v(C = 0 )  fre-

ТаЫе П

C haracteristic  i.r . freq u en c ie s  o f  p icro lo n ic  acid  a n d  its  so d iu m , p o ta ss iu m  a n d  r u b id iu m  sa lts

H P N aP K P R bP Assignment

1660 s 1660 9 1660 9 1660 9

оIIи

1610 w 1610sh 1610 sh 1605 sh v(C=N )

1600 m 1600 m 1600 m 1595 m v(C=C)

1500 s 1500 9 1505 9 1500 s K C = C ) + r ( N 0 2)as.

1445 m 1440 m 1440 m 1440 m v(C=C) +  v(CH3)

1350 9 1345 m 1345 m 1345 m f ( N 0 2)s .

1355 m 1360 w 1360 w 1360 w i< C -N )

1250 m 1250 s 1250 s 1250 m v(N —N)

P, picrolonate ion; s, strong; m, medium; w, w eak; sh, shoulder; as., asym m etric; 
s., sym m etric

quency at 1660 c m -1  suggest only the acid keto  form. The r (G = 0 ) is assigned  
b y  com parison w ith  similar com pounds reported by L eonard et al. [14]. The 
position  o f  the strong v (C = 0 )  frequency o f the acid remains unchauged in 
sodium  picrolonate, potassium  picrolonate and rubidium picrolonate. This 
indicates th a t the picrolonate ion also ex ists on ly  in the keto form.

The conductance parameters; the conductance at infin ite d ilu tion  A 0, 
contact distance a 0 and association constant K \  were calculated for th e  sodium  
picrolonate, potassium  picrolonate and rubidium  picrolonate by ap p ly in g  the  
con d u ctiv ity  equations for these 1 : 1 e lectro lytes.

The conductance data o f the alkali m etal picrolonates in  w ater and in 
DMSO are sum m arized in Tables III  and IV , respectively, where A  (o h m -1  
cm 2 m o le -1 ) is given at several concentrations C in то1ез per liter o f so lution .

In  order to  obtain an accurate value for A 0 and the association constant 
K a , the Fuoss —Onsager’s equation [15]:

Л =  A  u -  S(C y)1'2 -  ECy  log Cy +  J C y  -  К А Сур Л  -  F A 0C y  (2)
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Table III

C onductance o f  a lk a li m etal p icro lo n a tes in  w ater at 25 °C

NaP KP RbP

10‘ C Л 104C Л 104C Л

11.1990 74.166 18.6480 97.464 14.0100 100.971
8.9083 74.556 15.9190 97.707 11.8170 101.075
8.0755 74.706 10.5470 98.303 8.3490 101.587
5.8238 75.092 8.5237 98.610 7.2608 101.790
4.1018 75.547 6.6505 98.844 6.1664 102.269
2.7508 76.040 5.0348 99.057
2.1509 76.163

Table IV

C onductance o f  a lk a li m etal p icro lonates in  d im e th y l su lfox ide  at 25 °C

NaP KP RbP

10‘ C Л 10‘ c Л 10« C Л

25.5860 24.218 15.6640 25.166 15.1660 26.549
21.7270 24.427 13.8620 25.266 13.3020 26.659

17.1680 24.686 10.5600 25.404 10.8880 26.829
13.006 24.930 7.8330 25.907 8.2488 27.137

9.6573 25.183 6.0882 26.194 6.3396 27.365

7.2793 25.375 5.0076 27.596

5.8415 25.483 3.9164 27.911

w as used . A  prelim inary value of A 0 was estim ated  from  the Fuoss — K raus — 
S chedlovsky  equation [16]:

1/A S (Z) =  1/Л 0 +  C A S (Z)f / K A l  (3)

w here the Schedlovsky  function S(Z) has been tabulated by D aggett [17],

Z =  (0c/A30 2)(C y)l/2 (4)

and a is the lim iting tangent and К  the d issociation  constant. All the sym bols  
in  equations 2 — 4 have their usual m eaning; th e  necessary equations and 
con stan ts have been sum m arized elsewhere [18, 19]. Figures 3 and 4 show  
the F K S  plots for sodium , potassium  and rubidium  picrolonates in w ater and 
DM SO . Tables V and V I sum m arize the derived constants, which were obtained  
b y  a com puter program [20] on an IBM  (1620) machine. The accuracy in  
th ese  com putation  are J^O.02 for A 0, ^ 2 0  for J  > 2 0 0  and ^ 5  for J  <( 200.
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In w ater, it can be seen from T able У, that A 0 for sodium  picrolonate, 
potassium  picrolonate and rubidium picrolonate increases while a 0 decreases 
w ith  an increase in the cation size. This behaviour can be attributed  to  solva­
tion . Owing to  the successive decrease o f  the charge density from  N a + to
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Table V

Constants derived from, conductance data for the picrolonale salts in water at 25 °C

Salt Л., J a° AL

N aP 77.45 254.1 6.5 27.35 0.12
K P 100.96 240.0 6.06 27.46 0.95
R bP 104.33 222.5 4.5 27.13 3.76

(A°av =  27.23)

Afta+ =  50.1 (15), Af<+ =  73.50 (15), Akb+ =  77.20 (15)

Table VI

Constants derived from  conductance data fo r  the picrolonate salts in  dimethyl sulfoxide at 25 °C

Salt л0 J a° AL K i

N aP 26.20 224.6 7.57 12.50 30.60
K P 27.14 215.8 6.90 12.64 47.34
R bP 28.53 170.4 4.9

(ALav =  12.57) 

(Aftb+ =  15.96)

46.04

ANa+ =  13.7 (23), Ak + =  14.5 (23)

Rb + , a sm aller number o f w ater molecules should be im m obilized to a consider­
able e x te n t  around the ion to  form a solvation  sheath . In other words, the  
so lvation  decreases in the order Na+ > K + ]> R b  + and hence the ion ic  
m obility  w ill increase in  the reverse order.

T he values o f Х д  for th e  alkali m etal picrolonates in aqueous so lu tion  
are all v ery  sm all indicating that these salts in  w ater are of the non-associated  
typ e. T his finding is in  accordance w ith our previous conclusion based on th e  
spectrophotom etric m easurem ents. I f  one com pares, however, these sm all 
-Кд va lu es, it  is obvious th at a slight increase o f K \  occurs with an increase  
in the cation  size of the alkali m etal ion. This suggests th a t the size of the so lv a t­
ed cation  becom es the essential factor in controlling the extent o f ion-pair  
form ation, since the solvation  o f the picrolonate ion  is assumed to be constant 
for th e  three salts.

T he sam e behaviour for Л 0, K \  and a 0 w as observed for alkali m eta l 
chlorates in  water [21]. The authors explained their results in a similar w ay  in  
term s o f  th e  degree o f  solvation . Further ev idence for these findings were 
observed in  the case o f alkali halides in the hydrogen-bonded solvents; m ethanol, 
ethanol and n-propanol [22].
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The derived constants for the alkali m etal picrolonates in  DMSO are 
listed  in  Table V I. Again Л 0 increases and a 0 decreases w ith  an increase in 
th e  cation  size. This behaviour is in  accordance w ith th at found in  w ater and 
m ay sim ilarly be explained in  term s o f solvation . The sam e trend o f  Л 0 and 
a 0 was reported for alkali m etal perchlorates in ethylene g lycol [24]. K empa 
and Lee  [25] also found th at the va lue o f the solvation num ber for th e  alkali 
m etal ions in ethylene carbonate supports the increase of ionic conductance  
along the series N a + <  K + <  R b +. The conductance of the alkali picrolonates 
in DMSO also leads to  the calcu lation  o f the ionic conductance o f  rubidium  in 
th is solvent having a value o f 15.96 o h m -1 cm2 at infinite dilution. The associa­
tion  constants o f the picrolonate salts in DMSO are higher than  th ose  in  water, 
w hich is norm ally expected due to  electrostatic effects.
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The preparation  of nine new pyridine and aniline compounds of complex halo- 
acids of Z n(II), C d(II) and H g(II) is reported.

Analytical, conductom etric, spectral (infrared and ultraviolet) and  X -ray  data  
were used for the characterization  of the complexes. Pseudotetrahedral and  pyram idal 
structures are proposed for th e  Zn(II)- and H g(II)-com plexes, respectively. The struc­
tu re  of the C d(II) complexes, in  the solid sta te , cannot be deduced w ith  certainty.

Introduction

A lthough a large num ber o f salts o f the typ e  R + [M X3]~  (where R + 
is u sually  a large organic cation  and M is zinc, cadm ium  or m ercury) are known, 
and have been exten sively  investigated , the situation  w ith  respect to  the parent 
acids is far from clear. The stu d y  o f haloacids is o f  special interest, since some 
of them  are used in certain Friedel — Crafts reactions. The cata ly tic  action  o f  
the etherate HA1C14 • 2 E t20  (E t20  =  diethyl ether) has been studied [1].

Compounds o f sim ple and m ixed com plex tri-haloacids o f Z n(II), Cd(II) 
and H g(II) w ith Lewis organic bases, have been prepared and studied  [2 — 9]. 
Very recently, we established the preparative conditions and studied  the  
com plex com pounds H C dI3 • 3B and H 2CdI4 • nB (B =  E t20 ,  Pyridine, 
Aniline and n =  4, 5) [10]. As a continuation  o f the interest o f  our laboratory  
in  the com plex haloacids and their com pounds, we report here the preparation  
and stu d y  of nine pyridine and aniline com pounds o f com plex haloacids of 
Z n(II), Cd(II) and H g(II).

Experimental

M a teria ls

H igh purity  reagents were used for the preparation  of the complex com pounds. D iethyl 
e ther was trea ted  for the rem oval of peroxides and m oisture, by  standard  m ethods. Pyridine 
(Py) and  aniline (An) were doubly distilled under atm ospheric pressure. E thanol, used for the 
u ltrav io let spectra, was of spectroscopic quality  (Merck). For the conductom etric m easurem ents

* To whom correspondence should be addressed
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as so lven ts were used absolute C>H5OH (Merck, L, conductance =  0.5 ц S), CH3COCH3 (Carlo 
E rb a , > 99 .8% , L  =  0.7 p S), D M F (Carlo Erba, > 99 .5% , L  =  2.0 ^S) and CH3N 0 2; the 
la s t  com pound was purified by  d ry ing  i t  over anhydrous C aS04 and then  retaining the frac­
tio n  101 — 102 °C of the d istilla te  (L  — 2.4 p,S).

M ethod A
Preparation o f the complexes

U ki To a definite (ca. 2g) am o u n t of freshly prepared e thera te  com pound of the complex 
haloac id , a small excess of P y  or A n was added dropwise and  under continuous stirring. The 
ensu ing  reaction was vigorous, exotherm ic and was accom panied by  the evolution of vapours. 
T he solidification of the whole system  commenced im m ediately after th e  addition  of the organic 
base ; th e  addition of more base caused complete dissolution of the solid product and form ation 
of a  c lear solution. The reaction  vessel was placed in a vacuum  desiccator over concentrated 
H 2S 0 4. The final, crystalline p ro d u c t was obtained by  repeated  pum ping. The p roduct was 
w ashed  w ith  small portions of absolute E t20  and heated a t  35 °C for 30 min.

M ethod В
A definite am ount (ca. 2g) of freshly prepared e thera te  com pound was suspended in 

ca. 50 m L  absolute Et^O. To th e  suspension was added 100% excess Py  or An. The oily e therate 
com plex  was dissolved while sim ultaneously a precip itate formed. The addition  of 50 mL 
E t20  caused the form ation of m ore precipitate. The p recip ita ted  complex was filtered through 
a G4 sin tered  crucible and w ashed repeatedly  w ith E t20 . I t  was dried in a vacuum  desiccator 
over P 4O10.

T he salts PyH X  and A n H X  (X  =  Cl, Br, I) were, also, p repared according to  previously 
pub lished  methods [11], so th a t  these salts can be used for com parative spectroscopic studies.

Analyses

T he acidic hydrogen ( H +) of th e  complexes was determ ined potentiom etrically  w ith a 
s ta n d a rd  0.1 N  KOH solution, a fte r  dissolving them  in DMSO [12]. A R adiom eter Copen­
hagen  pH -m eter NY. Type P H M  26 c was employed w ith  glass and calomel electrodes; the 
sa tu ra te d  aqueous KC1 solution of the calomel electrode was replaced by a m ethanolic one. 
T he co n ten t of An and P y  was determ ined by dissolving th e  complexes in  glacial CH3COOH 
an d  potentiom etric titra tio n  w ith  a standard  0.1 M  HC104 solution in  CH3COOH, using the 
above potentiom eter [13]; a sm all am ount of 6% (CH3COO)2Hg solution in CH3COOH was 
ad d ed  to  the samples being analyzed. Zinc and cadm ium  were determ ined volum etrically 
w ith  a  standard  0.05 M  ED TA  solution and Eriochrome B lack T as indicator by  dissolving 
th e  com pounds in a warm, 20%  aqueous solution, of C2H 6OH. M ercury was determ ined gravi- 
m e trica lly  as HgS, by the ad d ition  of sm all excess of 5% CH3CSNHo solution to  solutions of 
com plexes 4, 8 and 9 in ho t 5 M  CH3COOH and to  the solution of 7 in 2 iV H N 0 3. For the 
halogen  determ ination, th e  Z n(II)- and Cd(II)-com pounds were decomposed in 2 N  H N 0 3. 
T he q u a n ti ty  of to tal halogen w as determ ined by the Y o l h a r d  m ethod, the iodide in the 
p resence of chloride or brom ide ions by  th e  PdCl2 m ethod [14] and chloride or brom ide in the 
p resence of each other by  po ten tiom etric  titra tion  w ith a standard  0.1 N  A gN 03 solution, 
u sing  a Corning-Eel, model 12, poten tiom eter w ith calom el and selective sulfide electrodes 
[15]. T he halogen determ ination in the m ercury complexes was perform ed in the filtra te  ob ta in ­
ed from  the gravimetric de term ination  of mercury, described above. Thus the filtra te , to which 
th e  w ashings had been added, w as boiled gently, un til all H 2S was expelled. The complete 
rem oval of H2S was ascertained w ith  (CH3COO)2Pb paper. The halides were, subsequently, 
de te rm ined  exactly as in the case of Zn(II)- and Cd(II)-com pounds.

Physicochemical measurements

The melting points of th e  complexes were obtained in a Biichi 510 apparatus. Con­
d u c tan ce  measurements were carried  ou t a t 25 °C in an E h rh a rd t Metzger Nachf. (type L21) 
co n d u c tiv ity  bridge previously ca lib ra ted  w ith standard  KC1 solution. The cell constan t was 
found  1.02 cm -1, the concentrations of the solutions used were of the order of l x l 0 ~ 3 M  
( th e  com pounds were assum ed m onom eric in solution) and  th e  m easurem ents were taken
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Table I

A n a ly t ic a l  resu lts  (% )“, m ethod  o f  p re p a ra tio n , y ie ld s , colours a n d  m eltin g  p o in ts  o f  the com plexes

No. Complex
Method

of
prepara­

tion

Acidic
hydrogen

M Cl Br I В Yield*1
[%]

Colour M.P.
[°C]

l H ZnI2Cl • 3Py A 0.15 11.21 5.44 42.42 40.59 72 chestnut brown 121

(0.17) (11.03) (5.98) (42.80) (40.02)

2 H Z n L B r• 3Py A 0.16 10.41 13.06 37.82 38.18 80 beige 131

(0.16) (10.26) (12.53) (39.82) (37.23)

3 HCdCl2I • 3Py В 0.17 20.87 12.01 23.84 41.55 75 white 98 — 104d

(0.18) (20.49) (12.92) (23.13) (43.26)

4 H H gB r.I • 2Py A 0.15 31.80 24.01 20.40 23.38 81 yellow 68

(0.15) (31.03) (24.72) (19.63) (24.47)

5 HCdCljBr • 3An В 0.20 19.89 13.47 15.18 53.08 82 cream 108 — 112d

(0.19) (20.68) (13.04) (14.70) (51.40)

6 HCdLBr • 3An A 0.15 14.88 11.85 32.56 39.56 68 gray 7 7 -8 0
(0.14) (15.47) (11.00) (34.93) (38.46)

7 H HgBr3 • 2An В 0.17 32.17 38.03 28.81 32 chestnut brown 140 —150d

(0.16) (31.96) (38.19) (29.68)

8 H H gB r.I • 2An A 0.15 29.91 22.99 20.01 27.40 83 chestnut brown 112

(0.15) (29.74) (23.69) (18.81) (27.61)

9 H H gLBr • 2An В 0.13 28.04 11.49 34.62 25.19 39 white 150 —160d

(0.14) (27.80) (11.07) (35.17) (25.81)

л The calculated values in parentheses. b Based on the metal, d =  decomposition; В — Py, An; M =  Zn, Gd, Hg
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ca. 15 m in  a fte r the preparation of th e  solution. The UV spectra (400 — 210 nm) of the complexes 
w ere reco rded  in a Bausch Lom b — Shim adzu  Spectronic 210 LTV double beam  spectrophotom ­
ete r w ith  a deuterium lam p. T he  concentration of the e thano lic  solutions was betw een 
5 X 10 -  5 an d  5 x l 0 -4 M . The IR  sp e c tra  of the complexes, in  th e  4000 — 250 cm -1 region 
were reco rded  on Perkin-Elm er 457 an d  577 spectrophotom eters, calibrated w ith a  poly­
s ty rene  film . The samples were u sed  in  the  form of K B r pellets; th e  spectra were also taken  
in th e  fo rm  of Nujol and hexach lo robutad iene mulls betw een C sl crystals. For the complexes 
1 and  2, th e  250—180 cm -1 region w as also scanned on a P erk in -E lm er 580 spectrophotom eter 
(N ujo l m ulls supported betw een po lyethy lene  sheets). The X -ray  pow der spectra, for some 
of th e  com plexes, were taken on a P h ilip s  diffractometer w hich opera ted  a t a power of 700 W. 
As an  X -ra y  prim ary beam source a Cu anticathode (2-cuKai =  1-5418 Á) was employed. These 
sp ec tra  covered the region of th e  ang le  20 from 3° to 60°.

R esu lts  and Discussion

General

T h e pyridine and an iline compounds are form ed b y  the com plete sub­
s t itu t io n  o f the Et20  m olecu les in the etherate com plexes with P y or An  
m olecu les, since the latter are stronger Lewis bases th a n  E t20 .  The com plexes 
are crysta lline solids and sta b le  in  the normal laboratory  atmosphere, over a 
long period  of time. The co m p lex  8, on standing, loses its  original crystalline  
form . T h e complexes 1, 2, 3, 5 , 6 and 7 are insoluble in  nonpolar solvents, 
so m ew h a t soluble in H20  and alcohols, and soluble in  CH3COCH3, CH3N 0 2, 
lV ,iV -dim ethyl formamide (D M F ) and dim ethyl su lfoxide (DMSO); th ey  are 
easily  decom posed by d ilute m ineral acids. The an a ly tica l results, m ethods of 
preparation , yields, colours a n d  melting points (uncorrected) are given in  
T able I.

Conductometric measurements

T h e molar conductance (A m ) values are show n in  Table II. From the  
A m  v a lu es obtained, it is concluded  that all com plexes behave in C2H 5OH, 
CH3C O CH 3 and CH3N 0 2 as 1 : 1 electrolytes [16]. T he som ewhat larger A m  
v a lu e  o f  the complexes in  D M F  and the fact that th e  L o f  the solution increases 
w ith  t im e  arise chiefly from  th e  strong donor cap acity  o f DM F, which leads 
to  p a rtia l displacement o f  an ion ic  ligands and change o f electrolyte typ e.

Ultraviolet spectra

T h e UV spectra of th e  p y r id in e  complexes show  absorption m axim a at 
238, 2 4 4 , 251, 257 and 263 n m . These maxima are attributed  to л  —► n* and  
n —► n*  electronic transitions o f  the pyridine ring [17]. The spectra o f 1, 2 
and 3 show  three additional m axim a at about 220, 290 and 358 nm , which  
require som e additional d iscu ssion . The 220 nm m axim um  is due to a charge- 
tran sfer transition betw een th e  I -  ion and the so lv en t (charge transfer to  
so lv en t C.T.T.S.) [18].
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Table II
Л м  values fo r ca. 10 ~a M  solutions at 25 °C

Complex
Ct H5OH CH.COCH, c h , n o 2 DMFb

l 41 133 83 a
2 43 137 83 a
3 46 123 72 a
4 40 142 89 a
5 a 77 86 101
6 35 137 77 a
7 33 75 51 150
8 47 129 90 127
9 a 129 67 121

a No data. b The conductances of the solutions increase significantly w ith tim e

The tw o absorptions at 290 and 358 nm are assigned to the crg —► <7 * and  
jrg — a5 transitions o f th e  l£" ion, respectively  [19].

The m axim a at 233 and 285 nm , in the spectra of all aniline com plexes, 
are due to  electronic transitions o f the aniline m olecule, since th ey  appear  
also in  the spectra o f An, A nH X  and coordination compounds o f aniline [20]. 
The successive shoulders, which appear in the 2 6 5 —254 nm region are a ttrib u ted  
to  the presence o f th e  A n H + ion in  solution  [8 — 10].

The 298 band in  the spectrum  o f 9 was assigned, ten ta tively , to  th e  
[H gI2B r ] -  ion , since a )  the [H g l3]~  ion gives a m axim um  at 305 nm  in  
C2H sOH [21], w hich is due to a iodide-to-m ercury charge-transfer tran sition  
and b)  the positions o f  bands of th is kind show  a successive blue sh ift I -  
<  B r -  <  C l-  [22].

Infrared spectra o f  the p yr id in e  complexes

Some characteristic and o f d iagnostic value IR  frequencies ( c m - 1) 
of the pyridine com plexes are given in  Table III .

The tw o or three weak bands in  the 3 2 2 0 —3100 cm ' 1 region, in  the  
spectra of all pyridine com plexes, are attributed  to  v(N + H) and are due to  
the P y H + ion [23]; their low  in tensity  indicates th at the P y H + ion is in vo lved  
in  hydrogen bridging [23]. The appearance o f  a weak, broad band below  
3000 cm -1 , in positions different from that o f  the corresponding intense broad  
band of the salts P y H X , is a strong indication  o f hydrogen bonding, not o f
the cation-anion typ e, N  +------ H -------X -  [11, 23]. The presence o f the P y H  +
ion is also indicated by the bands at ca. 1630, 1600, 1525, 1480, 1325, 1235 
and 1190 c m - 1 [24].
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Table I I I
IR  spectral assignments o f  some absorption bands o f  diagnostic value for the pyridine complexes

Com­
plex

Ring vibrations v(MCl), v(MBr), v(MI), J-(MN)

1“ 632s 420s, 413sh 325w, 307s, 286w 194m 223vs
2“ 633s 421s, 413sh 252s 187m 220vs

3 632s 419s <250 <250 < 250
4 603m 380w <250 <250 —

“ There are data  in  th e  250 — 180 cm -1 region. s =  strong, m =  medium, w  =  weak, 
sh  =  shoulder, vs =  very strong

The spectra of 1. 2 and 3 show tw o hands at 1570 and 1445 c m -1  as well 
as strong ones at 1217, 1150, 1065, 1040, 1010, 750 and 685 c m -1 , w hich are 
due to  vibrational m odes o f coordinated pyridine [24]. The strong bands at 
632 and 420 cm -1  are sh ifts o f the bands at 604 c m -1 (an in-plane ring defor­
m ation ) and 405 c m -1  (an out-of-plane ring deformation) of free pyridine. 
T he shift o f these hands to  higher frequencies indicates coordinated pyridine 
[25]; consistent w ith  th is  is the sp litting o f  th e  420 cm -1  band in  the spectra  
o f 1 and 2 [25]. The very  strong hands at 223 and 220 cm -1 in  th e  spectra o f  
1 and 2 , respectively, are assigned to th e  Z n— N  stretching v ibration  [26], 
sin ce  th ey  appear at th e  sam e frequency and for both com plexes. From  the  
sp ectru m  of 4, all bands, characteristic o f  coordinated pyridine, are absent.

Careful exam ination o f the spectra o f  all prepared pyridine com plexes 
c lear ly  shows the absence o f characteristic bands of free pyridine; hence, 
th e y  contain no la ttice  pyridine of crysta llisation  [27].

The frequencies o f Z n—X  term inal stretch ing vibrations t(Z nX )f (Table 
I I I )  show  that 1 and 2 h ave tetrahedral structures [25, 26]. N o band, which  
w ou ld  he assigned to  a Cd— Cl stretching m ode, is observed for 3 above 250 cm -1  
(th e  low  frequency lim it o f  the instrum ent used).

JR  spectra o f the an ilin e complexes

The spectra o f all aniline com plexes show  two strong and very  broad 
b an d s at ca. 2900 and 2580 cm “ 1, w hich are indicative of the A nH + ion  
in v o lv ed  in hydrogen bridging [11]. The w eak bands in the region 2550 — 1650 
c m -1  are, mainly, com bination  bands and overtones. The assignm ents in the  
reg ion  1620 —1500 c m -1  are d ifficult, since bands in this region are due to  
stretch in g  vibrations o f  th e  benzene ring and bending vibrations o f the —N H 3" 
group [11]. In the rem aining region th e  spectra are com plicated b y  cation  
b an d s. The most outstand ing  feature o f th e  IR  spectra of 5 and 6 in th e  rock 
sa lt region is observed in the 3/t region.

In  the free aniline th e  N —H  antisym m etric and sym m etric stretching  
v ib ra tion s occur at 3440 and 3360 c m -1 , respectively . In com plexes 5 and
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6 these bands occur at ca. 130 c m -1 lower than  the corresponding ones in  the 
free ligand. This sh ift o f the N —H stretching hands to  lower frequencies is 
explained by the w eakening o f the N —H bonds, resulting from th e  electron  
drainage from the n itrogen atom  on account o f  its coordination to  th e  cadmium  
atom  [28]. In the region 450—270 cm -1 appears only one strong absorption  
hand in the spectra o f An (390 cm -1), A n H X  (ca. 385 cm -1 ), 7 (391 c m -1), 
8 (371 c m -1) and 9 (393 c m -1 ). In the sam e region, there are tw o  or three 
bands, in  the spectra o f 5 and 6 , which are attributed to Cd — N  stretching  
vibrations or, more probably, to  vibrational m odes of aniline; th e  la tter  have 
shifted or becom e IR  active upon the coordination of aniline [28, 29]. The 
absence o f lattice aniline is also certain.

A medium band at 255 c m -1, in  the spectrum  of 5, is p rob ab ly  due to 
a Cd—Cl term inal stretching vibration [30]. A bsorption bands due to  Cd — Br, 
Cd—I, H g —Br and H g —I stretching vibrations in  the m onom eric and poly­
m eric com plexes o f Cd(II) and H g(II) appear below 250 c m -1  [31, 32]. So 
in  the aniline com plexes the coordination geom etry has not been  clarified.

X -ra y  powder spectra

The X -ray powder patterns of the pyridine com plexes 1 and 2 are 
similar; consequently, these com pounds are isom orphous. The com plexes 5 
and 6 have different patterns. All patterns suggest, by the m u ltitu d e  o f the 
reflections, that the crystals formed are o f low  sym m etry [10].

Conclusions

The com plexes, w ith  regards to so lub ility , behave as typ ica l ion ic  com­
pounds; th ey  also behave as 1 : 1 electrolytes in  four solvents. The U V  spectra 
show  the presence o f the A nH + and, probably, [H gI2B r]-  ions in  C2H S0 H . 
From  the IR  spectral analysis, in the solid sta te , it  is concluded th a t  a )  the 
com plexes 1, 2, 3, 5 and 6 contain at least one m olecule of coordinated organic 
base, b) in all com plexes th e  P y H + and A nH + ions are involved in  hydrogen  
bonding, not of the cation-anion  type, c)  none o f  the com plexes con ta in  lattice 
pyridine or aniline and d)  the zinc com plexes are tetrahedral m onom ers. On 
the basis o f all the aforem entioned data, we can predict the stereochem ical 
environm ent of some o f th e  prepared com plexes:

1, 2. [ZnI2X P y ] -  [P y---- H ------ P y ] +, pseudotetrahedral structure, X  =C1, Br

4, 8 , 9. [H gX 2Y ] -  [B------ H ------ B ]+ , pyram idal anions probably Cs sym m etry,
B =  P y , An and X , Y = B r , I.

7. [H gB r3] -  [An------ H-------A n ]+, pyram idal anions probably C3v sym m etry.
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T he symbol --- rep resen ts a hydrogen bridge between the protonic  
h yd rogen  and two nitrogen  a tom s of two m olecules o f  the organic base in  the 
ou ter sphere of the com p lexes; such a hydrogen b on d  has been established for 
num erous compounds o f  co m p lex  haloacids [3 — 10].

For the com plexes o f  C d(II) there is a possib le monomeric pseudotetra- 
hedral structure, even th o u g h  a polymeric octahedral one cannot be ruled out; 
com p lexes of Cd(II), h a v in g , in  addition to  others, halogens as ligands, show  
a n o ta b le  and much varied  structural behaviour [30, 31, 33, 34]. W eak bro­
m in e bridging interactions are present in [Me4N ] [H gB r3], (Me— =  CH3—) 
th e  crysta l structure o f w h ich  is known [35]. The structure m ay he described  
as contain ing near-trigonal anions with one further fairly close brom ine- 
m ercury contact from a neighbouring anion resu ltin g  in  a “tw o-anion” asym ­
m etric  unit. For the prepared complexes of H g (II) th e  probability o f halogen- 
brid ged  structures cannot be ruled out; for sa lts containing the com plex  
an ion s [H gX 3]~ , a d istin c tio n  between essen tia lly  monomeric anionic struc­
tu res and halogen-bridged associated anions is possible with the aid o f  far 
IR  and Raman spectra as far as 50 cm -1 [30, 32, 36, 37].
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M. H. G u t c h o : M icrocapsules and Other Capsules — Advances Since  1975

Chemical Technology Review No. 135 

Noyes D a ta  Corp., P ark  Ridge, New Jersey , USA, 1979, 340 pages

M icrocapsulation processes, discovered in th e  th irties as a coacervation m ethod  in colloi­
dal sense, have been w idely and  successfully used in  th e  la s t 20 years in several fields of practical 
life. The m anufacturing technology of microcapsules has undergone a long process o f develop­
m en t from the discovery o f th e  m ethod up to our days. In  th e  period from  the in itia l simple 
coacervation operation to  th e  present large-scale industria l microcapsule m anufacture, several 
processes and coating m ateria ls have been used. T oday  th e  m ethod can be em ployed w ith 
good results for the p repara tion  of certain products of th e  pharm aceutical and dye industries, 
of agriculture and of th e  food industry , particularly  w hen th e  prim ary task  is th e  protection 
of chemical com pounds against heat, light, oxygen and  m oisture. The handling of micro- 
capsulated products becom e easier and safer, because the wall of the capsule, w hether flexible 
or hard, prevents th e  co n tac t of the contents w ith  ex ternal environm ent. T hus, e.g. in  the 
case of toxic or volatile liquids, a possible poisoning can be prevented. In  addition  to  th e  p ro ­
tection  of the active substance, the m icrocapsulated p roducts of the pharm aceutical industry  
can provide also for th e  covering of odour and ta s te  and possibly for prolonged action.

The literature  of m icrocapsulation has been reviewed according to  several aspects. 
The book by  G u t c h o  on the  p a ten t literature of m icrocapsulation fills a gap and  one can get 
a g reat deal of inform ation w hich cannot be found in  periodicals. In  addition to  critical obser­
vations, it  calls a tten tio n  to  technological potentialities w hich have not ye t been sufficiently 
utilized, though, in his opinion, they  would be prom ising fields for research and  developm ent.

In  his work the  au th o r gave up w ith the conventional form  of form er publications, 
and  attem pted  to give an  up-to -date  survey of the whole field. One of the greatest advantages 
of the examples collected in  the book is their direct u tilizab ility  in practical work.

The grouping of the pa ten ts and the Content itself can be considered as a sub ject index, 
including the following subjects: complex coacervation, rnicrocapsulatioa w ith  syn thetic  
film-formers, other encapsulation  techniques of drugs and  o ther medicinal products, food­
stuffs, detergents and pressure-sensitive copying system s. A t th e  end of the book o ther possible 
fields of application of the  products made by means of the process are presented.

Processes particu larly  utilizable in pharm aceutical practice are contained in  the fourth  
chapter, where problem s of the preparation  of system s w ith  controlled release are discussed. 
For instance, the possible preparation  of systems containing eyedrops and the m icrocap3ulation 
processes of active substances are shown by means of ac tua l examples. This chap te r also 
deals w ith the p resentation  of m ethods applicable in  the field of cosmetic preparations.

The last chap te r selects an interesting them e. I t  covers the applicability of m icrocap­
sulation in fields no t listed  so far. This p a rt gives, besides listing a series of uses in  connection 
w ith catalysts, pigm ents, therm oplastic resins, etc., the  p a te n t description of the p reparation  
of hydrogen microspheres applicable as laser fusion target.

The paten t collection in  the book is followed b y  an alphabetical listing of firm s engaged 
in  m icrocapsulation and  by  a list of the paten t num bers. This makes possible detailed orienta­
tion  in  the paten t lite ra tu re  for all those who in terested  in the subject, and gives inform ations 
on the source of supply of th e  substances.

The book will be useful f irs t of all to experts working in the pharm aceutical, chemical 
and food industries, b u t i t  can also be recom m ended to  university  teachers, lecturing on 
sim ilar subjects, and to  the ir students.

I. RÁcz
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M. М. Schtjmacheb: E nhanced Recovery o f  R esidual and H eavy Oils 

Noyes D ata  Corp., P ark  Bidge, New Jersey , 1980, 378 pages

I k e  bock surveys tb e  enhanced recovery m ethods o f oils. All the m ateria l is based on 
research  reports and studies p repared  betw een 1973 and 1979 by various industria l, un iversity  
and  o th e r research groups comm issioned by  American federal organs. Most frequen tly  th e  work 
was done a t t i e  request of organs of high au thority , such as th e  Energy Research and  Develop­
m e n t A dm inistration (E B D A ), Federal Energy A dm inistration  (FEA), B ureau  of Mines 
(BM), E nvironm ental Protection  Agency (EPA).

T he author grouped and  system atized the studies and the inform ation contained in 
th em , how ever, w ithout adding his personal evaluation or opinion.

T he hook deals in detail w ith  the following enhanced recovery m ethods:
— m iscible displacement by  liqu id  hydrocarbons;
— displacem ent of petroleum  w ith  carbon dioxide,
— w ith  aqueous polym er solutions,
— w ith  th e  jo in t application of m icellar and polym er solutions,
— w ith  alkaline solutions;
— th e rm a l processes injection of steam  or ho t w ater, in  situ  combustion.

F o r each method th e  technological principle of th e  process is described, the  production 
d a ta  an d  th e  profit-centered economical results of th e  m ore im portan t industria l applications 
or experim ents are given, and  fu r th e r problems to  he solved in conjunction w ith  the m ethod, 
as well as research directions are  indicated. From all th is, conclusions are draw n on the  pros­
pec tive  applicability of th e  m ethod . Generally, these forecasts can he considered valid  up to 
th e  m iddle  of the eighties or th e  beginning of th e  nineties.

Two separate chapters deal w ith  the approach of oil bearing rocks by  shaft sinking, 
conventionally  used in solids m ining. Following th is, th e  rocks are raised and oil is recovered 

a t  th e  surface, or alternatively , th e  hydrocarbons are recovered in  situ, th rough  a netw ork of 
flood ing  and  production wells, established in the shaft system .

A m ong the production  m ethods of heavy oils, th e  description of rock b lasting  b y  the 
conven tional m ethod and subsequen t flooding w ith  solvents deserves special a tten tion .

T he book contains a detailed  technological and economic analysis on th e  m ining of oil 
shale an d  oil sand by the open-cu t m ethod, and th e  m ethods of in  situ  oil recovery a fte r the 
rem oval of gangue.

A brief b u t in teresting  ch ap te r deals w ith th e  basic principles of yield enhancing pro­
cesses b y  nuclear explosion.

F o r industrial experts th e  m ost interesting p a r t of th e  book is thought to  be th e  chapter 
show ing how to select for the  given param eters (using 17 param eters) of a given petroleum  
reservo ir an  enhanced recovery m ethod , which can be considered optim al from  th e  technical- 
econom ical aspect. The correctness of the  selection is proved by actual case histories from 
p roduc tion , or by the p rofit-cen tered  economic analysis o f p lan t experiments.

Useful chapters of th e  book  discuss the problem s of oil recovery from  th e  aspects of 
env ironm en ta l protection, acciden t prevention and  corrosion prevention.

T hose engaged in th e  p rac tica l w ork of petroleum  production  will find  in  the hook a 
g re a t deal of useful inform ation, applicable also in  H ungary . In  spite of this, from  th e  aspect 
o f w orld  oil production th e  book is som ewhat restricted , because i t  contains exclusively data  
from  th e  USA. The sole exception  is th e  brief chap te r already  m entioned on th e  application 
o f n uc lea r explosion, the d a ta  o f w hich arise from  Soviet source. Moreover, i t  follows from 
th e  ch a rac te r of the hook th a t  in  certa in  fields there is an overlap in  the sub jec t-m atter betw een 
th e  d ifferen t chapters, and  even contradictory  d a ta  can be found. In  spite of these small 
insufficiencies, a valuable book is available, which will be useful reading also to  H ungarian  
experts , particularly  a t p resen t, w hen th e  in troduction  and  industrial application of enhanced 
oil recovery  methods is the order o f the day also in H ungary.

J .  T ó t h
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Giuseppe D el  R e , G aston B erthier  and Josiane Se r r e : Electronic S tates o f  
Molecules and A tom  Clusters — Foundations and Prospects o f Sem iem pirical

Methods

Lecture Notes in Chem istry, No. 13,

Springer-Verlag, Berlin, 1980. pp. 177.

In  this hook th e  au thors present a survey on sem iem pirical quantum  chemical m ethods 
placing emphasis on th e  m athem atical and physical background  and on the ju stifica tion  of 
the theories. C om putational details are no t treated . A v a s t am ount of questions are discussed 
and m any answers are given. R elations and applications to  solid s ta te  physics are dem onstrated .

The hook consists o f five chapters. C hapter 1 in troduces the principal m odels and 
concepts applied in m olecular quantum  theory. C hapter 2 tre a ts  general m athem atical form u­
lation  (second quantization , m atrix  formalism, etc.). F u rth e r  on, a detailed critical, theoretical 
analysis of different m ethods can be found. C hapter 3 describes the non-SCF one-electron 
schemes, the  H öckel and E x tended  Höckel methods. C hapter 4 trea ts the SCF one-electron 
m ethods (P P P  and N EO  models) and it  gives some insigh t into the correlation problem  
(PC1LO m ethod). Theoretical description of excited s ta te s  is also outlined. Finally , th e  fifth  
chapter is devoted to  the basis set problem (hybridization, localization, nonorthogonality , etc.).

The value of th e  book is th a t  it  outlines a concise philosophy of semiempirical theories. 
The guiding principle is th a t  semiempirical m ethods are respectable as models for physical 
in terp re ta tion  of chemical effects. As a consequence, th ey  are  n o t expected to give u nquestion ­
able facts or excellent q uan tita tive  agreem ent w ith  experim ents. Indeed, they  can  suggest 
trends corresponding to  effects in  the model involved. T his whole philosophy is d ifferen t from  
th a t  of com putational quan tum  chemists who are accustom ed to  calculate physical constan ts 
w ith  the  highest accuracy.

The readers of th is book are supposed to be fam iliar, a t  least to some ex ten t, wdth the 
topics m entioned, i.e. i t  cannot be used as a textbook. I t  m ay  be best recommended to  snecial- 
ists who are interested in th e  foundations of sem iem pirical MO theories.

P. R . S u r j An

Steady-State Flow-Sheeting o f  Chemical P lants ( Chemical Engineering M ono­
graphs 12.) P. B e n e d e k  (editor)

Coedition of Akadém iai K iadó (Budapest) and E lsevier Scientific Publishing Co.

(A m sterdam —O xford—New Y ork) 1980, 410 pp. figs.

This book is a significantly  completed and fu rth e r developed edition of th e  w ork already 
published in  H ungarian  and  German by  the authors G. A e m A s y , P .  B e n e d e k ,  M. F a r k a s , 
I. P a l e a i , F .  S i m o n , P. S z e p e s v A r y  and T. S z t a n ó . (This edition contains two m ore chapters 
and num erous additional exam ples as compared to  th e  preceding edition.)

The book contains 12 chapters. In  Chapter 0, w hich was intended for an  in troduction  
by  the authors, they  repo rt clearly and correctly on th e ir th ough ts  about m athem atical m odell­
ing, sim ulation, about the ir concepts, about the success and  failure of their ideas. These th ough ts  
and results, which are im p o rtan t and interesting for th e  reader as well, cannot and  m u s t no t 
be forced into th e  P rocrustes-bed of an introduction. T herefore, i t  was right th a t  th e  au thors 
rised all th is onto th e  n iveau  of a separate chapter, and  sum m arize it  in “ C hapter 0” . The 
reviewer is obliged to  tell his opinion in m ost detail on th is  chapte r, as it  concerns such im por­
ta n t basic principles w hich are of considerable in te rest for th e  whole work.

A fter reading th is chap te r, the reader sees clearly th e  concept of a u n it opera tion  in 
an up-to-date , system s theoretical form ulation, w hich is necessary for the understanding of the 
fu rther chapters.H ow ever, the  definition of a complex operation  ( =  chemical p lan t) has certain  
difficulties, w hich are probably  caused by the fac t th a t  in the  whole hierarchy th is is th e  step 
where the character of the surroundings of the system  in question  is different from th a t  o f simple 
and combined units.

The sub-chapter “ Idea , conception, realization”  is very  illum inating, i t  con tains the 
5 m ain principles applied b y  the  elaboration of the SIM U L system. Three of them  concern
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th e  chem ical engineering side of th e  problem, th e  o th e r two deal w ith th e  com putational 
m ethods.

T hese m ain  principles are th e  following:
— princip le  o f the com ponent independence
— princip le  o f the independence of processing equ ipm en t
— princip le  of th e  netw ork independence
— princip le  o f th e  autom atic execution of calculations
— princip le  o f the independent sim ulation language.

T he  consequent application of the f irs t tw o principles raised a num ber of problem s, 
w hich re su lted  in  some concessions owing to  ra tional reasons. The authors did n o t s tick  rigidly 
to these  principles, which is no t a fau lt, ra th e r a m erit o f th e  book. Thus, e.g. th e  principle of 
the independence of processing equipm ent is applied in  such a way th a t  for th e  sam e u n it 
opera tion  m ore models are elaborated, of which a choice can be made according to  th e  purpose 
of app lica tion . ( I t  is clear th a t  in th e  physico-chem ical sense a less exact m odel is usable, if 
enough in fo rm ation  is available on u n it operations a lready  functioning, in possession of which 
th e  p a ram e te rs  can be determ ined w ith  a satisfactory  accuracy.)

T he  ta sk  for the preparation  of sim ulation is th e  processing and refining of inform ation, 
the  analysis of the technological flow-sheet and th e  elaboration of the process p rogram  of 
s im ula tion  b y  successive abstraction.

C h ap te r 1 sticks to  technology, i t  analyzes, orders and selects the pieces of inform ation. 
I t  also describes a simple example of the production  (the  catalytic isom erization o f butane).

C h ap te r 2 deals w ith the num ber of characterizing param eters, th e  defin ition  of the 
stream  ty p e , th e  in terpre tation  of th e  stream  vector an d  th e  calculation of physical and  chem­
ical p ropertie s . W ith  regard to  th e  last po in t i t  has to  be emphasized th a t  th e  au thors did 
no t s triv e  fo r th e  application of th e  m ost accurate m ethods available in th e  lite ra tu re , b u t 
chose w h ich  correspond best to the character o f the SIM U L system  within the  accuracy required 
in s im u la tio n  calculations, and a t th e  same tim e rep resen t a relatively economical com putation  
procedure.

C hap te r 3 contains the description of th e  conventions of equipm ent boxes and  their 
graphic  rep resen ta tion , the rules for the  elaboration of these boxes, and th e  descrip tion  of 
the  eq u ip m en t boxes. In  addition to  boxes generally applicable, special boxes are also presented, 
some of these  are used later on in  th e  examples. The m ost significant extension of th is  chap ter 
is rep re sen ted  by  the d istributed param etral m odel o f th e  single or m ultiphase u n it operation 
(box “ dip  a” ), which can be used extensively for th e  solution of different tasks.

In  C hap ter 4 the description of the netw orks of u n it operations, definitions in  connec­
tion  w ith  th em , and the m athem atical and organizing procedures and boxes are  contained.

C hap te r 5 shows the course of process sim ulation  calculations on the exam ple of bu tane 
isom erization , and  the results are discussed in  detail, how ever, the detailed tre a tm en t o f control 
and op tim iza tio n  is left for fu rther chapters. This w ay  o f trea tm en t can only be approved of, 
because th u s  every question rem ains easy to survey. T his chapter also contains th e  classifica­
tion  of th e  definitions separately, and  describes th e  sym bols and notations of th e  operation- 
order flow -sheets.

In  chap te r 6 the recycle, the control, th e  solution, of system  of equations, au d  calcula­
tion  o f feed-back  are described. This content seems a t  th e  firs t glance to  be very  heterogeneous, 
in rea lity , how ever, there is a close relation betw een th e  sub-chaptere: recycles an d  control 
circuits also m ean a feed-back from the  pain t of view of inform ation flow. These m ean, a t  the 
same tim e , also the solution of non-linear equation  system s, as the m athem atical m odels are 
in general non-linear. For solving th e  equation system s th e  SIMUL system  applied  th e  direct 
ite ra tio n  an d  the N e w t o n  — R a j p h s o n  method.

C hap te r 7 deals w ith optim ization. In  th e  SIM U L system  two boxes are available for 
th is pu rpose: one of them  optimizes w ith  the sequential simplex method, the o th er one w ith 
the dynam ic  optim ization m ethod of. B e l l m a n .

C hap ter 8 contains th e  description of th e  organizing program. I t  shortly  discusses also 
the co m p u te r used by  the authors, because th is is necessary for the understanding o f the  char­
acter an d  stru c tu re  of their organizing program.

T he sim ple model bu ilt up b y  the au thors (isom erization of butane) is an  excellent 
m ethod  fo r leading the reader successively th rough  th e  ta sk  and for helping to  unders tand  
the  sub jec t. Also the examples quoted  in  the ind iv idual chapters are very  useful from  the 
po in t o f view  of practical application. They show solutions of partia l problems or th e  sim ulation 
of sim ple o r combined u n it operations.

In  C hapter 9 (which is fully new in th is edition) th e  flow-sheeting w ith  th e  SIM UL 
system  is show n on a more complex exam ple tak en  from  practice, namely the gas separation  
p lan t o f a  n a p h ta  cracker.
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C hapter 10 discusses the com puter-aided process design by m eans o f th e  SIMUL 
system , on an also quite com plicated practical exam ple, in the case of th e  p roduction  o f acetic 
anhydride. This is a revised and  significantly com pleted version of th e  sam e chap te r in the 
preceding edition.

C hapter 11 is also new, w hich finishes the book w ith the discussion of th e  “ state-of- 
th e -a rt” .

The authors succeded in presenting the SIM UL system  w ith an unbroken  tracing  and 
in  a well arranged m anner. The language of the book is clear and correct. I t  is w o rth  reading 
also for those, who are no t d irectly  in terested  in the practical applications, b u t w an t to keep 
up w ith  the  developm ent in th e  application of com puter science in chem istry, chem ical engineer­
ing and chemical technology.

M. B a k o s

Endre B erecz: Physical Chemistry 

T ankönyvkiadó, B udapest 1980, 691 pages

Physical chem istry is an  im p o rtan t discipline in university  teaching of n a tu ra l sciences 
and  engineering. Inspite of this, we have missed for m any years a modern handbook  o f physical 
chem istry, satisfying th e  dem ands in  conjunction w ith  the education of u n iv ersity  students 
a t  various faculties, and the post-graduate  training of specialists. Thus, th e  w ork of th e  author, 
head of th e  D epartm ent of G eneral and Physical C hem istry a t  the Technical U niversity  for 
H eavy Industries, Miskolc, fills in  th e  stric test sense of the word a gap.

The handbook is divided in to  three main chapters. The first, chemical therm odynam ics, 
describes the basic concepts, m ethods and fundam ental laws o f therm odynam ics. This knowl­
edge is lucidly applied by  th e  au th o r for the in terp re ta tion  and calculation of th e  properties 
of concrete m aterial systems, and of the direction and equilibrium  of physical chem ical processes. 
The second main chapter deals w ith  the laws of reaction  kinetics, i.e. w ith  the  ra te  and  mecha­
nism  of the proceeding of physico-chem ical processes and w ith tran spo rt processes directly 
connected w ith the former. The th ird  chap te r covers electrochem istry, the  physical chem istry 
of system s w ith electric charge.

The author discusses m ateria l system s in the broadest sense, from th e  single-com ponent 
simple molecular gas system s, th rough  single- and m ulti-com ponent vapour an d  condensed 
system s up to macroscopic system s, consisting of individual colloidal or larger particles w ith 
th e ir own surface.

A great m erit of the work besides the assertion of didactical aspects is th e  purposeful 
and  application-centered sum m arization  of the fundam ental principles and  m ethods of physi­
cal chem istry in a closed system . The book covers a concise and large subject. D escriptive 
explanations are relatively rare, i t  is actually  a com pact guide line for bo th  th e  lec tu rer and 
the  studen t as well as specialists.

The organization of the book perm its the suitable and selective choosing o f th e  subject, 
and  m akes a t the same tim e possible the form ation of a relatively full p icture an d  th e  m astery 
of th e  fundam ental principles and m ethods. This featu re  of the book perm its its  use as hand­
book by the teachers and studen ts of the various institu tions of higher education . Disagreeing 
w ith  the opinion of the au tho r in th e  “ Preface ” , I th ink  th a t  the book can also be well used 
in  the teaching of students of chemical engineering.

The handbook is a m odern, concise sum m ary of the laws of physical chem istry , so th a t 
it  will be used to  good advantage by  a wide circle of specialists in  natural science an d  engineer­
ing, and by teachers and studen ts partic ipating  in various forms of education.

In  addition to the good points of the book already m entioned it  has th e  g re a t m erit of 
being the firs t in the H ungarian  handbook literature , and  one of the first also in  in ternational 
relation, which consequently uses pertinen t recom m endations of the IU PA C , S I un its , and 
H ungarian  S tandards (which correspond to ISO standards).

The publication of the book of Professor B e r e c z  is a  great asset n o t only to  the H un­
garian b u t also to the in ternational tex tbook  lite ra tu re  and will contribute to th e  successful 
application of deeper and more up-to-date  physical-chemical knowledge in various fields of 
na tu ra l and engineering sciences.

L. K iss
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Zoltán S z a b ó : Struktur und Reaktionsfähigkeit

A kadém iai K iadó Budapest, 1980, 190 Seiten 
(in ungarischer S p rache , betite lt „Szerkezet és Reakcióképesség” )

D as Buch ist eine übers ich tliche  Darstellung der E rgebnisse der sich über nahe fünf 
J a h rz e h n te  erstreckenden w issenschaftlichen Tätigkeit von  Professor SzAuó. Es erwuchs aus 
einem  an  der U niversität B u d a p e s t im  Studienjahr 1977/78 gehaltenen Spezialkolleg, und  die 
en tsp rechende Einteilung in  12 V orlesungen ist im T ex t auch  angedeutet, aber der Stoff ist 
u n ab h än g ig  davon inhaltlich  in  4 K ap ite l gegliedert. D er T ite l is t dam it begründet, daß fast 
alle A rbeiten  des Verfassers sich in  dem  Problemkreis der Zusam m enhänge zwischen S truk tu r 
u n d  R eaktionsfähigkeit einfügen, m it  dem Leitgedanken, daß  alle diesbezüglichen E rscheinun­
gen le tz te n  Endes auf die e lek tron ische Feinstruktur zurückzuführen  sind.

K apite l 1, m it dem T ite l »Feinverteilung der E lek tronen  und  die periodischen Funk­
tionen«  fü h r t zunächst die vom  V erfasser vorschlagene u n d  bevorzugte tabellarische D ar­
ste llu n g  des periodischen S ystem s vor, in der der sukzessive A usbau der Elektronenschalen 
der A tom e besonders anschaulich  zum  Ausdruck kom m t u n d  die seinerzeit (1950) noch disku­
tie r te  E inreihung der E lem en te 9 0 —103 als der L an than idenreihe analoge Aktinidenreihe, 
u n te r s tü tz t  durch B etrach tung  ih re r  physikalischen E igenschaften  (Schmelzpunkte, D ichten 
usw .), ganz natürlich erscheint. Im  zweiten Teil dieses K ap ite ls  w ird über die Aufstellung 
m a th em atisch  formulierter, se inerze it prognostisch v erw ertbarer periodischer Funktionen für 
die D arstellung  der Schm elzpunkte der Elemente berichtet.

K ap ite l 2 ist Problem en v o n  Reaktionen in der G asphase gewidmet. Z unächst wird 
die F rag e  der Stärke von E inzelb indungen  behandelt ur.d die vom  Verfasser und M itarbeitern 
in  den  fünfziger Jahren en tw icke lte  sog. D ekrem entenm ethode vorgeführt, die darin  besteht, 
d aß  je d e r  Bindung ein G rundw ert zugeordnet wird, der um  die Summ e der für die sich an die 
P fe ilera tom e anschließenden A tom gruppen  charakteristischen D ekrem ente zu verm indern 
is t, u m  die Stärke der frag lichen  B indung in dem jeweils b e trach te ten  Molekül zu erhalten. 
D ie M ethode der Berechnung is t dann  auf die B estim m ung der Bildungswärmen von A tom ­
g ru p p en  (Radikalen) ausgedehn t worden. Der E influß der D ekrem ente gibt auch gewisse 
In fo rm a tio n  über die E lek tronend ich te  und erklärt z. B. das unterschiedliche R eaktions­
v e rh a lte n  von N F3 bzw. NC13 gegenüber Wassermolekülen. E s w urde ferner gezeigt, daß im 
F a ll vo n  kovalenter B indung e in  linearer Zusam m enhang zwischen B indungsstärke und 
B indungsabstand  besteht. D er V ersuch  zur Ausdehnung dieses Zusammenhangs au f anorga­
n ische Verbindungen zeigte, d a ß  in  diesem Fall die D ifferenz der E lektronegativ itäten  zu 
berücksich tigen  ist, und es w erden  entsprechende Form eln vorgeführt und ihre Konsequenzen 
e rö r te rt.

D as zweite U n terkap ite l (Ü bergangszustände und  die Aktivierungsenergie) berichtet 
ü b e r  die Aufstellung (1961) e iner, v o n  der von P o l A n y i  u n d  E v a n s  verschiedenen Gleichung 
zu r B erechnung von A ktivierungsenergien, wonach diese als die Differenz der Summe der 
B indungsstärken  der hei der R eak tio n  aufzulösenden u n d  der der sich neubildenden B indun­
gen dargestellt werden kann , d ie le tz tere  Summe m it einem  F ak to r a <  1 m ultipliziert. F ü r 
die p rak tische  Anwendung d e r vorgeschlagenen Gleichung m ußte  eine Klassifizierung der 
R eak tio n en  vorgenommen w erd en  (Zerfall. Isom erisierung, T ransfer, A ustausch. A ddition) 
u n d  eine weiterc U nterteilung n a c h  der Zahl der in dem U bergangszustand betroffenen Zen­
tr e n  (2, 3, 4 bzw. 6). F ü r jed e  derartige Gruppe konn ten  entsprechende W erte von a  (im 
allgem einen verschiedene! angegeben  werden, die ferner auch  noch davon abhängen. ob es 
sich  u m  exo- oder endotherm e R eak tionen  handelt. A nschließend werden B etrachtungen über 
die M öglichkeit der B erechnung v o n  A ktivierungsentropien und  dam it der präexponentiellen 
F a k to re n  von G eschw indigkeitskonstanten angestellt.

Im  dritten U n terkap ite l (Zusammengesetzte R eak tionen : V ierstufenmechanismus) 
w ird  zunächst der seinerzeitige V orschlag der Verfassers, zusam m engesetzte Reaktionsm echa­
n ism en  schematisch durch v ier H auptgeschw indigkeiten (In itia tio n , K ettenfortsetzung, Ver­
zw eigung, Vernichtung der K e tten träg e r)  zu charakterisieren, kurz dargelegt, um  dann  den 
zusam m en  m it P. H v h n  u n d  F. M á r t a  aufgeklärten Zerfallm echanism us von C120  eingehender 
zu erö rtern .

D as vierte U nterkapite l h a n d e lt von der Beeinflussung des Ablaufs von Gasreaktionen 
d u rc h  W andeffekte (In itia tio n  u n d  Abbruch) und Z u ta ten , hauptsächlich param agnetischen 
S u b stan zen  wie z. B. NO, die m it  den K ettenträgern  m ehr oder m inder lockere, reversible 
K om plexe  bilden (R adikalstabilisierung). Neben einer allgem einen E rörterung dieser Fragen 
w erden  die Ergebnisse der A rb e iten  des Verfassers über die R eaktion  I -f- NO (m it P o r t e r ) ,  
den  therm ischen Zerfall von  S 0 2CL (m it B é r c e s  t i .  H u h n ) ,  K onditionieren der Gefäßwände
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in der O xidation von K ohlenwasserstoffen (m it G á l ) ,  den therm ischen Zerfall von Acetaldehyd 
(m it M á r t a )  und die Brom ierung von Ä thylen (m it B é r c e s )  eingehender dargestellt.

K apitel 3, das den Titel Lösungschemie träg t, beginnt m it allgemeinen, ziemlich vagen 
B etrachtungen über Fragen und  Problem atik der unterschiedlichen Löslichkeit der verschiede­
nen Verbindungen, wobei darau f hingewiesen wird, daß bei der B ehandlung solcher Fragen die 
kohäsive S truk tu r und ihre Änderungen bei der Solvatation n icht außer ach t gelassen dürfen, 
und  daß z. B. die direkte Messung der A ktiv itätsänderungen des Lösungsm ittels u n te r U m stän­
den wertvolle Hinweise auf den Z ustand der gelösten Substanz liefern kann. Im  weiteren 
V erlauf w ird über einen frühen Versuch (D oktorarbeit des Verfassers) berich tet, aus EMK- 
Messungen individuelle Ionenaktivitätskoeffizienten abzuleiten, die er dann  auch durch 
Messungen an anisotherm en galvanischen Zellen bestätigen konnte. Obwohl es auch heute 
noch zweifelhaft erscheinen mag, daß individuelle Ionenaktiv itä tskoeffiz ien ten  m it voller 
therm odynam ischer E x ak th e it bestim m bar sind, ist z. B. das Ergebnis der Messungen von 
S z a b ó , wonach in wässrigen HCl-Lösungen der A ktiv itätskoeffizient der H +-Ionen in kon­
zentrierten  Lösungen steil ansteig t (bis zu 17,3 in  4,0 M  Lösung), w ährend der der Cl_-Ionen 
stetig  abnim m t, rech t eindrucksvoll, umso m ehr als neuere Berechnungen und  Messungen 
von R u f f  u.a. diese frühen Ergebnisse im wesentlichen bestätigen konnten.

In  einem w eiteren A bschnitt dieses K apitels w ird über die A ufklärung der verschiedenen 
R esonanzstrukturen von S tickstofftetroxid berichtet, durch die das V erhalten  dieser Substanz 
in verschiedenartigen R eaktionen deu tbar wird. Der le tz te  A bschnitt handelt von analytischen 
A nwendungen kom plexchem ischer R eaktionen (m it B e c k ) ,  die seinerzeit, Anfang der 50er 
Jah re , noch neuartig  w aren, und  schließt m it B etrachtungen über F ragen des Zusamm enhangs 
zwischen heterogener und homogener K atalyse, wobei auf die Rolle von Clusterbildungen in 
apolaren Medien hingewiesen wird.

K apitel 4, das ufinangsreichste, is t F ragen der R eaktionen in  und  an festen Phasen 
gewidmet. Im  ersten U nterkapite l w ird über einige U ntersuchungen betreffend die Eigen­
schaften von Festkörperphasen berichtet. Es sind dies: frühe (1944 — 49) Messungen der Quellung 
von A ktivkohle bei der A dsorption von A lkoholdam pf; Nachweis der A bhängigkeit der R eak­
tionsfähigkeit von Eisenoxid von der V orbehandlungstem peratur, wobei in der Gegend von 
950 К  ein M aximum in der R eak tiv itä t gefunden wurde (Spinellbildung m it CdO, katalytische 
A k tiv itä t bei der Zersetzung von H20 2, Löslichkeit in  Salzsäure), entsprechend den V orstellun­
gen von I lü tt ig  über eine A rt »Vorreaktion«, wobei die entsprechenden Änderungen der 
L eerstellenstruktur durch Leitfähigkeitsm essungen verfolgt w erden konnten ; Herstellung 
von reinen und durch ihre kataly tische A k tiv itä t eindeutig charakterisierten  Al20 3-Modifi- 
kationen.

Im  zweiten U nterkapitel w ird über U ntersuchungen an  Festkörperreaktionen berichtet. 
Z unächst werden kinetische Studien zur K lärung des M echanismus der Zersetzung von Silber­
oxala t und  K alium pikrat, un terhalb  der E xplosionstem peratur, e rö rte rt, sodann Austausch- 
bzw. sog. Switch over-R eaktionen, m it denen sich der Verfasser m it seinen M itarbeitern zu 
verschiedenen Z eitpunkten befaßte: die O xidation von CO durch Ag20  zur analytischen Be­
stim m ung von CO (1944); R eduzierbarkeit von Sulfaten durch K ohlenstoff und  von N itraten  
m it Mg Al-Legierungen, von Phosphaten  m it Mg (1978); B estim m ung von S i0 2 in  A1.,03 
m itte ls  der R eaktion S i0 2 -f- H ,N F  (1976). Im  w eiteren V erlauf w erden U ntersuchungen über 
V ereinigungsreaktionen, vornehm lich über Spinellbildung (m it S o i.Y M O S I u.a .) eingehender 
besprochen, dam it im  Zusam m enhang Ergebnisse von m agnetischen Suszeptibilitäts- und 
elektrischen Leitfähigkeitsm essungen gezeigt, hauptsächlich aber F ragen der Elektronen- 
bzw. D efektelektronenstruktur, ihre Beeinflussung durch Zusatzstoffe (D otierung) und  die 
A uswirkungen auf die kataly tische A k tiv itä t erörtert. Als ein wesentliches Ergebnis wird vom 
Verfasser u n te r anderem  der Nachweis des A uftretens von besonderen Ü bergangszuständen im 
Sinn von H ü ttig  dargestellt.

Das d ritte  U nterkapite l befaßt sich m it U ntersuchungen von einigen heterogen­
kataly tischen Vorgängen. Es w ird zunächst über Nickeloxid, die Ä nderung der D efektelektro­
nenkonzentration durch Zugaben von Li20  und  Cr20 3 und ihre Auswirkung au f katalytische 
A k tiv itä t und  Selektiv ität beim  Zerfall von Ameisensäure berichtet, ferner über das Verhalten 
von N i-K atalysatoren  au f verschiedenen reinen und  gemischten Oxiden als Trägern. Es folgt 
eine D arstellung um fassender U nteruschungen über den Zerfall von Alkoholen, wobei die 
Selek tiv itä t zwischen D ehydrierung und D ehydratation  in A bhängigkeit vom  G ittertyp , 
K oordinationszahl, B indungsabstand M O, Ionenradius verfolgt w urde, m it der Feststellung, 
daß auch in diesem Fall, wie in allen anderen, die durch diese Faktoren  bedingte E lektronen­
verteilung maßgebend ist. Als eine weitere Testreaktion fü r die kataly tische A ktiv itä t wurde 
der Zerfall von N»0 an  CuO untersucht. W ährend die früheren kataly tischen  Versuche meist 
in  statischen R eaktoren durchgeführt wurden, wurde in le tz ter Zeit von Professor S z a b ó  
(m it J ó v é r )  die Im pulstechnik eingesetzt, die die Verfolgung der Ä nderungen der K atalysator-
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Oberfläche während der R ekation  erm öglicht. Das Buch schließt m it der Schilderung einiger 
diesbezüglicher Ergebnisse.

Zusamm enfassend kann  festgeste llt werden, daß das Buch ein eindruckvolles Bild 
der vielseitigen und erfolgreichen w issenschaftlichen T ätigkeit von Professor S z a b ó  verm ittelt. 
D er angeführte  ausführliche L iteratu rnachw eis sorgt dafür, daß der Leser, der sich in  weitere 
E inzelheiten  der behandelten Ergebnisse vertiefen möchte, sich leicht zurechtfinden kann.

G . S c h a y

Endre B erecz , M árta B alla-Ac h s: G as h yd ra te s

A kadém iai K iadó, B udapest 1980, 287 pages

Intensive oil and gas production  sta rted  in the no rthern  regions of the earth  and the 
p u tt in g  in to  operation of the  connected pipe lines played an im portan t role in  th e  recognition 
of th e  technological role of gas h yd ra tes , and prom oted research w ork for the investigation 
of th e ir  properties. The H ungarian  chem ical literatu re  contains little  inform ation on gas hy ­
d ra te s , substances, im portan t from  b o th  theoretical and practical aspects, causing m any prob­
lem s. T hus, the work of th e  au thors decidedly fills a gap.

T he book is organized in to  7 chapters, and is com plem ented by  a bibliography contain­
ing 558 references, including publications from 1978, and carefully compiled au thor and sub­
je c t  indexes, which facilitate for th e  reader the use of the w ork as a handbook.

C hapter 1 contains a historical survey of investigations and  results in conjunction 
w ith  gas hydrates. C hapter 2 discusses th e  structure of gas hydrates. I t  is divided into several 
p a r ts , comprising inform ation on c la tra te  structure, w ater s truc tu re  and on th e  structure, 
com position  and system atization  o f crystalline gas hydrates, which are needed for the further 
u n d ers tan d in g  of the subject.

C hapter 3 discusses th e  s tab ility  conditions of gas hydrates and  deals in detail w ith the 
p rob lem  im portan t from the p rac tica l po in t of view, how hyd ra te  form ation can be influenced 
an d  prevented .

C hapter 4 presents the theoretical bases and m ethods of possible calculations according 
to  classical and statistical therm odynam ic concepts.

C hapter 5 is very im p o rtan t also for industrial experts. The au thors describe the p rop­
erties o f the best known system s containing one and m ore gas com ponents. The survey of 
th e  fie ld  of application sum m arized in  C hapter 6 is in teresting  and giving food for thought, 
and  th is  is followed in C hapter 7 b y  a  brief description of the  fundam ental m ethods of testing.

I t  can be felt th a t  the au tho rs, who published several papers on this subject, offer far 
m ore th a n  the literature sum m arized by  them , and contributed  to  the  H ungarian  chemical 
li te ra tu re  a work of value, useful to  all research and industrial chemists.

F. R a t k o v i c s
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CHEMISTRY OF 8-AZASTEROIDS, IP
SYNTHESIS O F 8-AZAGONANE D ERIVATIVES

A. V e d r e s ,1 P. K o l o n it s2 and  Cs. S z á n t a y 2**

( 'E G Y T  Pharmacochemical Works, Budapest and 
2Institute fo r Organic Chemistry, Technical University Budapest)

Received Septem ber 16, 1980

Accepted for publication F eb ruary  9, 1981

The cycloaddition of 1-acylcycloalkenes to  3,4-diliydroisoquinolines w as applied 
for the synthesis of 8-azagonanes; the effect o f acid base catalysis on th is  reaction 
was studied.

Introduction

Owing to  significant b iological effects o f  8 -azasteroids, th e  syntheses  
of these com pounds have aroused considerable interest in recent years [ 1]. 
One o f their representatives, rac 3-m ethoxy-8-aza-19-nor-17a-pregna-l,3,5(10)- 
-trien-20-yn-17-ol-hydrobrom ide (Estrazinol hydrobrom ide) [2] is m arketed  
as an estrogen.

Throughout this paper, at variance w ith  Chemical Abstracts n am ing these  
com pounds as quinolizidine derivatives, we follow  the practice o f  several 
authors active in this field , using the steroid nom enclature; otherw ise the 
different num bering o f centers in  com pounds w ith  a five- and six-m em bered  
D-ring (D -hom o derivatives) w ould  make correlation of the tw o series rather 
difficult.

In the synthesis o f 8-azagonanes we u tilized  the experiences gained  in 
our work w ith  benzo [a] quinolizidine alkaloids [3, 4].

R eaction of 3,4-dihydroisoquinoIines w ith 1-acylcycloalkenes

The 8-azagonanes were prepared by cycloaddition  reactions o f  th e  3,4- 
dihydroisoquinolines l a —j and th e  1-acetylcycloalkenes 2a —d.

This procedure is exem plified  by th e  cycloaddition o f 1-acety lcyclo- 
pcntene (2a) onto 6,7-dim ethoxy-3,4-dihydroisoquinoline (lb ). W hen lb , as 
the hydrochloride, was refluxed in  ethanol w ith  a twofold excess o f  2a, the 
reaction w ent to  com pletion w ith in  36 h. The process was m onitored b y  the

1

* For P a r t  I , see Ref. [1]
** To whom correspondence should be addressed
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112 VEDRES et al.! 8-AZAGONANE DERIVATIVES

change in  the UV spectra o f  samples periodically  w ithrawn from the reaction  
m ixtu re. Since the un satu rated  ketone com ponents absorb at 230— 238 nm, 
th e  dihydroisoquinolines at 300— 365 nm, and th e  products at about 280 nm, 
th e  disappearance o f 1 could  be followed con ven ien tly .

In  order to estab lish  th e  optimum m olar ratio, the ratio o f  2a to  lb  
w as varied  from one to  four and a 2— 3-fold excess was found to  be the best. 
T herefore in  the fo llow ing experim ents alw ays a 2.5-fold excess o f the un satu ­
rated  ketone was applied.

T he effect o f acid ca ta lysis  was in vestigated  b y  allowing lb  (as the base) 
to  react w ith  2a at 70 °C in  ethanol in  th e  presence o f  varying am ounts of 
h yd rogen  chloride. The progress o f the reactions w as determ ined b y  m easuring  
the disappearance o f  lb  b y  U V  spectroscopy. N o reaction  was detected , how ­
ever, even  after boiling for several days; the U V  spectrum  remained unchanged  
and th e  starting m aterials could be recovered quantitatively .

W hen  the reaction w as repeated after th e  addition  of a few  percents of 
w ater, both  the d isappearance o f the base ( lb )  and the form ation o f 5a-f-5b  
could  be observed in th e  U V  spectrum. A d d ition  o f 2.5%  w ater and 2.5%  
hydrochloric acid su b stan tia lly  accelerated the reaction  (t1/2 =  20 h). On increas­
ing th e  amount of acid and keeping the w ater constant, there was a further 
increase o f  rate reaching a m axim um  at 4 0 — 50 mol-%  hydrochloric acid 
(*1/2 =  6 h). An increase b ey o n d  60— 70 m ol-%  show ed an unexpected retard­
ing  effect: with 80 m ol-%  and 100 mol-% hydrochloric acid (i . e . lb  hydro­
chloride) the half-tim e increased  to 28 and 52 h , respectively . W ith the ketones  
2b and 2 c similar results w ere obtained (Fig. 1).

Acta Chim. Acad. Sei. Hung. 109, 1982
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R1 R* R> R4 n Reference

la II и H [5]
lb OMc OMe H — — [6]
1c -  0 C H ,0 — H — — [7]
1<1 O Et O Et H — — 18]
l e OH OH H — — [8]
I f OnBu OMe H — — [91
Ig OH OMe II — — [81
l h 11 OMe H — — [10]
l i H II Me — — [H I
lj OMe OMe Me — — [12]
2a — — — H 1 [13]
2b — — — H 2 [H ]
2c — — — H 3 [16]
2d — — — Me 1 [14]
3a II II H II 1
4a, b H II H II 2
5a, b MeO MeO II H 1
6a—c MeO MeO H H 2
7 a- b MeO MeO II H 3
8a, b —0C H 20 — II II 1
9a, b — 0C H 20 — H II 2

10a, b — 0C H 20 — II H 3
11a, b F.tO EtO II H 1
12a—c EtO EtO H II 2
13a, b OH OH II II 1
14a nBuO MeO H H 2
15a, b OH MeO H II 1
16c H MeO II II 2
17a- c MeO MeO H Me 1
18c, b — 0C H 20 — II Me 1
19a H II Me II 1
20a II H Me H 2
21a MeO MeO Me II 1
22a MeO MeO Me H 2
23 H H Me Me 1

* The meanings of R 1— R 4 and n for com pounds 3—23 are given in tab le  below

mol */• HCl

Fig. 1. Reaction ra te  of lb  w ith 2a— c as a function of acid catalysis
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Cycloaddition, w as also accelerated by bases, b u t to  a lesser ex ten t th an  
b y  hydrochloric acid. On increasing the concentration  o f the base an optim um  
was attained , beyond w hich the catalytic effect decreased.

In  the in itial phase o f  our kinetic experim ents half-tim es were found  
to  be erratic and the dev ia tion s could be traced back  to  some im purities in  lb .  
W hen lb  was carefully purified  through its perchlorate, it  reacted very slow ly  
as com pared w ith the contam inated  samples. One o f  the im purities, id en tified  
as 3 ,4-d im ethoxyphenylethylam ine hydrochloride, exhibited a sign ificant 
ca ta ly tic  effect on the cycloaddition  of lb .H C l. T his prom pted us to  exam ine  
the ca ta ly tic  effect o f  other amines too. Thus lb  w as allowed to react w ith  
1-acetylcycloh exene (2b) under standard conditions in  the presence o f a v a r ie ty  
o f am ine salts [lb  as th e  base (10 mmol), eth an ol (5 m L), water (0.4 m L ), 
am ine salt (1 mm ol), 2b (2.5 m L)]. The corresponding half-tim es are com piled  
in  T able I.

Table I

Catalytic effect of amine salts

Catalyst Catalyst './.(b)

M ethylam ine-HCl (MA- IICl) 1.00 Ammonium chloride 13.00
Benzylam ine-H Cl 1.25 M orpholine-H Cl 13.00
3,4-D im ethoxyphenyl-

ethylam ine-H Cl 1.50 Piperidine-HCl 20.00
Ethanolam ine-H C l 1.50 Diethylam ine-H Cl 22.00
Butylam ine-H C l 1.50 Triethylam ine-H Cl 25.00
p-T  oluidine-HCl 10.00 T etraethylam m onium  iodide 30.00
o-Toluidine-HCl 13.00 W ater 52.00

From  the data it is apparent that the hydrochlorides of primary am ines 
are th e  m ost effective ca ta lysts, their optim um  concentrations being 1 0 —20 
m ol-%  in  relation to  lb .

The cycloaddition reactions of lb  w ith various ketones (2 a —c), in  the  
presence o f  different ca ta lysts, were compared under standard conditions. 
The half-tim es found are show n in Table II.

From  Table II  it  is apparent that, in d ep en d en tly  o f  the catalyst, the  
rea ctiv ity  o f  the ketone decreases w ith the ring size.

The relative reactiv ities of some dihydroisoquinolines are show n in  
Table I I I .

In  order to gain m ore insight into the course o f  th e  acid-catalyzed cy c lo ­
addition , a m ethod reported b y  one of us earlier [17] was applied. A t in ter­
vals sam ples were w ithdraw n from  the reaction m ixture; the UV spectrum
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Table П

Reactivity o f 1-acylcycloalkenes towards lb  at 80 °C

Ketone Catalyst

** MA-HC1 
(10mol-%)

HC1
(100 mol-%)

HC1
(10 mol-%)

NaOH 
(10 mol-%)

<i/t (h) <./. (h) «./. (h) hi. (b)

2a 0.5 11.5 1.5 8.5
2b 1.0 40.0 7.0 40.0
2c 2.8 60.0 8.5 68.0

Table III

Reactivities o f  some dihydroisoquinolines

Products
Relative half-times a t 80 °C

Reactants
M a-H C l 
10 mol-%

HC1
10 mol-%

NaOH 
1 mol-%

lb 2a 5a, b l l l

la 2a 3a, b l . i 1.3 1.2

l i 2a 19 l . i 2.5 1.4

lb 2b 6a, b, c l 1 1

la 2b 4a, b 2.3 1.2 1.5

l h 2b 16 1.5 1.1 —

l i 2b 20 5.0 2.0 —

o f  h a lf o f  the sam ple was recorded d irectly , th e  other half w as m ade alkaline, 
re-acidified after a short tim e, and its U V  spectrum  was taken  as w ell. I f  the  
in ten sity  o f m axim a in the second case is less than in the first spectrum , it

Fig. 2. M easurem ent of C = N  con ten t in the course of reaction of l a  w ith  2b. E xplanation
see in th e  te x t
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can be inferred that the reaction  involves an in term ediate containing a C = N  
bond. Our results obtained w ith  1-acetylcyclohexene are shown in F ig. 2.

T he upper curve represents the absorbance o f  the original acidic sam ple, 
w hereas th e  middle one th a t obtained after a lkaline treatm ent, m easured at 
362 n m , i.e. at the w avelen gth  characteristic o f  the C = N  bond. The tw o  
curves converge when either less or more than  one equivalent o f acid is present 
during cycloaddition . I t  can be therefore assum ed th a t the reaction proceeds 
through an interm ediate contain ing a C = N  bond, and also that the m echanism  
o f th e  reaction  is analogous to  the one estab lished  b y  one of us earlier [17],
i.e. an  im m onium  salt o f  ty p e  i i  is first form ed w hich then cyclizes via  the  
enol form  iii.

u

i i  i i i

In  th e  case o f an acid-catalyzed cycloadd ition , the presence o f  the  
im m onium  salt ii  can on ly  be dem onstrated w hen  one equivalent of hydro­
chloric acid  is used (cf. F ig. 1). The addition o f either more or less acid prom otes 
the form ation  o f the enol from  (iii), which undergoes cyclization at such a 
high rate  th a t the im m onium  salt (ii) cannot accum ulate.

U sin g  the hom ologues o f  2b, i.e. 2a and 2c, no im monium salt could  
be d etected . The m echanism  is  presum ably th e  sam e, but the concentration  
o f i i  rem ains under the d etection  limit.

In  th e  cycloadditions m ixtures of stereoisom ers were obtained, w hich  
could be separated in  m ost cases. The stereochem istry o f the isomers o f 5a, b 
and 6a, b, c was studied in detail, and the results w ill be presented in su b ­
sequent papers.
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Experimental

Analyses

M.p.’s were determ ined on a Boetius M ap p ara tu s  and are uncorrected. E lem entary  
analyses for nitrogen were perform ed on a Coleman 29, for carbon and hydrogen on a  Coleman 
33 analyser. Halogens were determ ined by the Schoniger m ethod. R otations were m easured 
on a Perkin-E lm er 242-MC polarim éter.

Solutions were clarified w ith  Acticarbon C -extra; alkaline trea tm en t was effected with 
sa tu ra ted  sodium carbonate solution.

Spectroscopy

U ltraviolet spectra were recorded on a Pye U nicam  SP 8000 spectrophotom eter in 
ethanolic solution. Infrared  spectra were taken on Zeiss U R-10 and Perkin-Elm er 157 G type 
instrum ents in potassium  brom ide pellets or chloroform  solutions containing Í1 an d  8%  of 
the substance, respectively. UI-NM R spectra were recorded on a Perkin-Elm er] R  12 60 MHz 
and a Jeol PD  100 100 MHz instrum ent using te tram ethy lsilane  as in ternal s tan d a rd . Mass 
spectra were taken  on an A E I MS-902 instrum ent a t 70 eV ionization potential w ith  direct 
inlet a t  140 °C.

Cromatography

For chrom atography Merck silica gel was used (see later). D iastereom eric ketones could 
only be separated  on layers containing boric acid, while the ir derivatives were successfully 
separated  also on un trea ted  plates.

Boric acid im pregnated  plates for preparative layer chrom atography were prepared 
by  shaking throughly  the adsorbent (Merck, Kieselgel GF254 type 60, 16 g) w ith  boric acid 
(1.6 g) and w ater (35 mL). This suspension could be spread on a 20X 20 cm plate  to  form  a 
1 m m  layer. A fter drying in air, the  plates were ac tiv a ted  a t  105 °C for 30 min.

For qualita tive  studies silica gel layers (0.2 m m ) on alum inium foil (DC Alurolle, 
ICieselgcl 60 F 254, Merck) were used, generally of 3 x  8 cm  size. For the separation of th e  keto ­
nes th e  plates were k ep t in a 5%  m ethanolic solution of boric acid for 1 h  and then  ac tiva ted  
a t  105 °C for 30 min. Im pregnation  of 2 mm Merck prepara tive  plates w ith boric acid gave 
inconsistent results.

For developm ent m ethanol—-chloroform m ixtures were used; 9 : 1 m ixtures usually  
afforded m edium R evalues. F or comparison not the num erical R evalues, bu t ra ther co-chrom a­
tography  w ith authentic  sam ples was used.

Spots were detected  in iodine vapor, by spraying w ith  a 1% solution of potassium  
perm anganate, or in  UV ligh t a t  254 nm. D etection lim its w ith  the individual m ethods were 
as follows; iodine vapor 0.01—0.05 ng; K M n04 solution 0.08—0.1 ng and UV-light 0 .1—0.5 ng.

M aterials

Dihydroisoquinolines (1) were preprred by the Bischler —Napieralski reaction. For 
kinetic studies the phenylethylam ine im purities were rem oved from 6,7-dim ethoxy-3,4- 
dihydroisoquinoline (lb) as follows: lb (57.3 g; 0.3 mol) was dissolved in ethanol (500 mL). 
To th is solution 70% aqueous perchloric acid was added un til pH  2 was attained. The precipi­
ta ted  crystals were filtered off and washed w ith ethanol. A fter recrystallization from  a m ixture 
of e thanol (450 mL) and w ater (40 mL), 58 g (66% ) o f pure lb perchlorate, m.p. 194—196 °C, 
was obtained which was free from 2-(3,4-dim ethoxyphenyl)ethyIam ine. The base used for 
k inetic experim ents was liberated  from this salt.

1-Acylcycloalkenes (2) were prepared by the acyla tion  o f cycloalkenes [13, 14].

Kinetic studies

Determination o f the optimal molar ratio
6,7-Dim ethoxy-3,4-dihydroisoquinoline hydrochloride (lb • HG1, 2.3 g; 0.01 mol), 

e thanol (5 mL) and 1-acetylcyclopentene [2a, 1.1 g (0.01 mol), 2.2 g (0.02 mol), 3.3 g(0 .03 mol) 
or 4.4 g (0.04 mol)] were boiled for 36 h. After evaporation  to  dryness the residue was taken
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u p  in -water (30 mL) and ex trac ted  w ith ether (3X 10 m b). The aqueous solutions were m ade 
a lka line  w ith  saturated  sodium carbonate solution and  th e  precipitated oil w as ex tracted  
w ith  benzene (3X 20 mL). A fter evaporation of th e  solvent the wight of the crystalline residue 
(a m ix tu re  of the stereoisomeric ketones 5a -f- 5b) w as determ ined: 1.59 g (53% ), 2.26 g 

(7 5% ), 2.43 g (81%), and 2.52 g (84% ).

D eterm ination o f the half-time o f cycloaddition
H alf-tim es were determ ined from the decrease of the  am ount of the isoquinoline deri­

v a tiv e  (1) as a function of tim e. A t intervals 25 fih  sam ples were w ithdraw n from  th e  reaction  
m ix tu re , acidified w ith 0.1 N  hydrochloric acid (1 m L) and  m ade up to  25 m L w ith  ethanol. 
T he U V  spectrum  of th is solution was determ ined and  th e  isoquinoline conten t o f th e  sam ple 
w as ca lcu la ted  from the absorbance characteristic o f th e  isoquinoline in question (363 nm  
fo r lb ) .  T he half-tim e was assessed from  the concentration  vs. tim e plot.

D a ta  quoted in Tables I— I I I  and Figure 1 w ere obtained as follows. A m ix tu re  con­
sisting  o f  10 mmol of the dihydroisoquinoline 1 or its  hydrochloride, 2.5 mL of the  cycloalkene 
2, th e  app rop ria te  cata lyst (0— 14 m m ol HC1 in 0.4 m L  of w ater, 1 or 10 m m ol N aO H  in 
0.4 m L  o f  w ater, 1 or 2 mmol of am ine salt) was m ade u p  to  10 mL w ith ethanol or some o ther 
so lv en t an d  k ep t a t  the specified tem peratu re  in  a th e rm o sta t. Samples were taken  as described 
above.

Detection o f  im monium salts
In  a 25 m L flask 0.15 g of th e  ketone 5 or 6 and  10 m L of a 0.1 N  hydrochloric acid 

so lu tion  were weighed in. The m ix tu re  was refluxed and  from  time to  tim e tw o sam ples (50 
m L  each) were taken. One of them  was diluted to  25 m L  w ith ethanol and its LJV spectrum  
recorded . To the other sam ple some ethanol was added and it  wTas made alkaline. A fter 30 min 
th e  sam ple was acidified, diluted to  25 mL and its UV spectrum  was recorded. The tim e required 
for th e  establishm ent of an equilibrium  was determ ined from  the change of in tensity  of the 

b a n d  a t  ab o u t 363 nm.
T he  concentration of the dihydroisoquinoline l b  was calculated from th e  absorbance 

(H ) b y  th e  following formula:
A x M W

l b  =  - ^ ) T -
X 10* %

w here M W  is the molecular w eight, к the w idth  of th e  cell in cm and A  the  m olar ex tinction  
of lb .

T he  absorbance of the  firs t sam ple gives the to ta l of lb  and the corresponding im m onium  
sa lt, w hereas th a t of the second sam ple only the  concentration  of lb . The difference betw een 
th e  tw o  corresponds to the concentration  of the im m onium  salt.

8-Azagonane-12-ones

rac-8 -A za-13a-gona-l,3 ,5 (10)-trien -l2 -one* (3a)

A  m ix tu re  of l a  (1.3 g; 0.01 mol, as the base), 2a (2.5 mL), m ethylam ine-H Cl (67 mg) 
and  e th an o l (6 mL) was refluxed for 2 h; during th is tim e 95% of l a  reacted. A fter adding 
m ore e th an o l (5 mL) the solution was kep t in a refrigerator overnight. The prec ip ita ted  crystals 
w ere f ilte re d  off and recrystallized from  a tenfold volum e of ethanol, to  obtain  pu re  3a (0.1 g; 
20% ), m .p . 102— 108 °C. The m other liquor contained also the ketone 3b.

1H -N M R  (CDC13): 6 4.02 (q, 1H, 9-H)**, 7.13 (m , 4H , arom atic H).

I R  (K B r): v 1455, 1500 and  1715 cm ’ 1; (CHC13): v 2760, 2810, 2875, 2920, 2945 and 
2975 c m -1 .

C16H 19NO (241.3). Calcd. C 79.63; H  7.94; N  5.80. Found C 79.41; H  8.36; N  5.89% .

rac-8-A za-D -hom o-gona-l,3 ,5(10)-trien-12-one (4a)

l a  (1.3 g; 0.01 mol, as th e  base), 2b (2.5 m L), m ethylam ine-H Cl (67 mg) and  ethanol 
(6 m L ) w ere refluxed for 6 h , when 90%  of l a  had reacted . A fter dilution w ith e thano l (5 m L)

* See: Definitive Rules for N om enclature of Steroids. B utterw orths, London, 1971. 
** Coupling constants are listed  in  P a rt У.
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th e  m ixture was k ep t in a refrigerator overn igh t, th e  product filtered off an d  recrystallized 
tw ice from ethanol to  afford pure 4a (0.25 g; 10% ), m .p. 130— 132 °C.

’H-NM R (CDC13): <5 3.90 (q, Ш , 9-H ), 7.10 (m , 4H , arom atic H).
IR  (K B r): v 1450, 1500 and 1710 cm ’ 1; (CHC13): v 2760, 2815, 2865, 2940 an d  2980 cm "1. 
C „H 21NO (255.4) Calcd. C 79.96; H  8.29; N  5.49. Found C 79.26; H  8 .64; N  5.55%.

rac-8-A za-D -hom o-9/?,13a-gona-l,3,5(10)-trien-12-one (4h)

The m other liquor of 4a and th a t of its recrystallization were com bined, evapo ra ted  in 
vacuum  and th e  residue was dissolved in benzene (5 mL). The solution was e x tra c te d  10 times 
w ith  1% HC1 (2 m L) and the combined 5th  and 6 th  ex trac ts were made alkaline w ith  sodium 
carbonate. The precip ita te  was filtered off and recrvstallized from ethanol (1 m L ) to  afford 
pure 4h (0.02 g), m .p. 145— 150 °C.

’H -NM R (CDC13): <5 4.30 (q, 1H , 9-H ), 7.10 (m , 4H, arom atic H).
IR  (K B r): v 1455, 1495 and 1610 cm ’ 1; (CHC13): v 2865, 2945 and 2980 c m “ 1.
Found C 79.68; H  8.68; N 5.37% .

rae-2,3-D im ethoxy-8-aza-13a-gona-l,2 ,5(10)-trien-12-one (5a)

lb  hydrochloride (23 g; 0.10 mol), 2a (25 m L ) and 6 N  HC1 (4.0 m L) w ere refluxed in 
ethanol (60 m L) for 8 h. A fter standing  overn igh t in a refrigerator, the crude p ro d u c t was 
filtered  off, washed w ith ethanol, dissolved in h o t w ater (800 mL), the solu tion  clarified and 
while still warm i t  was made alkaline w ith  sodium  carbonate  solution. The p rec ip ita ted  crystals 
were filtered off, washed w ith ample w ate r and dried. Recrystallization from e th an o l (200 mL) 
afforded pure 5a (21 g; 70% ). m.p. 117— 119 °C.

’H -NM R (CDC13): <5 3.84 (s, 6H , OMe), 3.8 (9-H), 6.61 (s, 2H, arom atic  H ).
IR  (K B r): v 1520, 1615 and 1715 c m '1; (CHC13): v 2760, 2820, 2840, 2880, 2920, 2945 

and 2975 cm -1 .
UV (E tO H ): 283 (3.59) nm (log e).
MS m/e (rel. in t.): 301 (70), 300 (100), 258 (20) and 192 (12).
ClsH 23N 0 3 (301.4). Calcd. C 71.73; H  7.69; N  4.64. Found C 71.79; H  7.44; N  4.28%.

rac-2,3-D im ethoxy-8-aza-9/l,13a-gona-l,3,5-(10)-trien-12-one (5b)

To a solution of lb  (5.5 g; 28 m m ol, as th e  base) in a m ixture of 2a (9 m L ) and  ethanol 
(5 m L) 40%  aq. sodium hydroxide (1 m L ) and w ater (4 mL) were added. A fte r refluxing for 
8 h  and standing overnight in a refrigerator, the  crude product was filtered o ff and  washed 
w ith  ethanol (2 x 1 0  m L) to  give 5b con tam inated  w ith  10—15% of 5a (3.1 g; 38% ), m.p. 
156— 158 °C. R ecrystallization from ethano l (30 m L ) gave pure 5b (2.1 g; 25%,), m .p . 162— 
164 °C.

’H-NM R (CDC13): 6 3.83 (s, 6H , OMe), 4.15 (q, 1H, 9-H), 6.60 and 6.65 (singlet each, 
2H , arom atic H).

IR  (K B r): v 1520, 1615 and 1715 c m “ 1; (CHC13): v 2840, 2880, 2920, 2945 an d  2975 c m - ’.
UV (E tO H ): 283 (3.59) nm (log e).
MS m/e (rel. in t.): 301 (70), 300 (100), 258 (16) and 192 (14).
Found C 71.63; H  7.83; N 4.80% .

rac-2,3-Dim ethoxy-8-aza-D-hom o-9/?,13a-gona-l,3,5(10)-trien-12-one (6b)

A m ixture of lb  (192 g; 1.0 mol, as the base), 2b (250 mL), ethanol (500 m L ) and 0.1% 
aq. sodium hydroxide solution were refluxed  u nder nitrogen for 55 h. D uring th is  period half 
of lb  was converted. A fter standing overn igh t in a  refrigerator the p roduct w as filtered  off 
and  washed w ith  ethanol (2 x  100 mL) to  yield 6b (93 g; 30% , m.p. 149— 152 °C), contam inated  
w ith  5— 10% of 6a. Recrystallization from  ethanol (930 mL) gave pure 61> (73 g; 23% ), m.p. 
153— 154 °C.

’H-NM R (CDC13): <5 1.2— 3.4 (m , 16H), 3.85 and 3.87 (s each, 3H each , OMe) 4.24 
(q, 1H, 9-H), 6.47 and 6.56 (s each, 2H , arom atic II).

IR  (K B r): v 1510, 1525 and 1715 cm “ ’ (CHC13): v 2845, 2865, 2945 an d  2980 c m "1.
UV (E tO H ): 283 (3.60) nm (log e).
MS m/e (rel. in t.) 315 (84), 314 (100), 272 (50) and 191 (56).
C,9H 25N 0 3 (315.4). Calcd. C 72.35; H  7.99; N 4.44. Found C 72.22; H  8.13; N  4.46%.
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rac-2,3-D im ethoxy-8-aza-D -hom o-gi>na-l,3,5(10)-trien-12-oiie (6a)

To th e  mother liquor o f th e  above described p re p a ra tio n  of 6b, m ethylam ine-H Cl 
(6.7 g; 0.1 mol) was added and  th e  m ixture refluxed for 4 h . D uring this tim e the rem aining 
h a lf o f l b  underw ent cycloaddition . A fter standing o v ern ig h t in  a refrigerator, the p ro d u c t 
was filte red  off and washed w ith  e th an o l (2ХЮ0 mL) to  y ield  6a  contam inated w ith 10—-15% 
o f 6b (109 g; 35%), m.p. 146— 149 °C. Recrystallization from  benzene (500 mL) provided 
pure  6a (57 g; 19%), m.p. 155— 157 °C.

lH -N M R  (CDC13): <5 1 .0—3.0 (m, 15H), 3.35 (m , 1H ), 3.87 (s, 3H, OMe), 3.90 (s, 
3H , OMe), 3.88 (q, 1H, 9 -tI), 6.51 and  6.58 (s each, 2H , a rom atic  H): CDC13 -f- E u(dpm )3: 
á 4.54 (q , 1H , 9-H), 5.03 and  5.04 (s each, 6H, OMe), 8.00 (s, 2H , arom atic H).

I R  (K B r): v 1520, 1615 an d  1705 c m '1; (CHC13): v 2765, 2820, 2845, 2945 and 2980 c m '1.
UV (E tO H ): 283 (3.60) nm  (log e).
MS m/e (rel. int.): 315 (70), 314 (100), 272 (30) and  191 (42).
F ound  C 72.44; H 8.11; N  4 .52% .
F ro m  the refrigerated p rim a ry  m other liquor of 6a a second crop of product separated , 

w hich w as filtered off and w ashed  w ith  ethanol (2 x 5 0  m L ). This (38 g; 12% consisted of 
80%  o f 6a and 20% of 6b, m .p . 140— 144 °C. The m o ther liq u o r was again evaporated and  
th e  res idue  dissolved in benzene (200 m L); the solution w as ex trac ted  w ith 2% aq. HC1 (5 X 100 
m L ). T h e  combined ex tracts w ere  m ade alkaline to p H  8 w ith  sa turated  sodium carbonate  
so lu tion , washed with w ater ( 4 x 1 0 0  mL), dried over sod ium  sulfate and evaporated to give 
a m ix tu re  of the isomers (55 g; 18% ) (50% 6a and 35% 6b). T he overall yield of cycloaddition 
w as 9 5% .

rac-2,3-D im ethoxy-8-aza-D -hoiiio-9/?-gona-l,3 ,5(10)-trien-12-one (6c)

A m ixture of lb  hydroch lo ride  (31.4 g; 0.144 mol), 2b (51 mL), ethanol (46 m L) and 
w ater (9 m L) was refluxed u n d e r n itrogen  for 60 h. A fter evapora tion  to half of the original 
volum e, th e  solution was cooled to  room  tem perature, th e  p rec ip ita ted  crystals were filte red  
off an d  washed with cold e th an o l (3 X 20 mL) to afford a m ix tu re  of the hydrochlorides of 
6a an d  6b (16.2 g). The m o ther liq u o r was combined w ith  th e  washings and evaporated. The 
residue w as taken up in w ater (200 m L ) and extracted w ith  benzene (3X 50 mL). The aqueous 
phase  w as made alkaline w ith  sa tu ra te d  sodium carbonate  solution and the base ex trac ted  
w ith  benzene (200 mL). The benzene solution was ex trac ted  w ith  1% hydrochloric acid (1 0 X 10 
m L ), a n d  the  extracts Nos. 3 —9 w ere made alkaline w ith  sa tu ra te d  sodium carbonate solution. 
T he aqueous phase was d iscarded  an d  the precipitate crysta llized  from some ethanol and  fil­
te red  off. Thus a m ixture rich  in  6c (6 g) was obtained, w hich  was recrystallized from ethano l 
(17 m L ). F iltration  a t 25 °C gave crude 6c (4.5 g) w hich w as contam inated mainly w ith  6b. 
T his m ix tu re  was dissolved in  benzene (100 mL) and e x tra c te d  w ith  1% hydrochloric acid 
(3 X 1 0  m L). The first two frac tions were combined and  m ade  alkaline with satu rated  sodium  
ca rb o n a te  solution; the p rec ip ita te  w hich separated was recrystallized  from ethanol (80 m L). 
On f i ltra tio n  a t 5 °C im pure 6c (1 .4  g) was obtained, w hich  w as dissolved in ho t m ethanol 
(30 m L ) and  cooled slowly to  10 °G. The precipitated c ry s ta ls  were filtered off and w ashed 
w ith  cold m ethanol to afford p u re  6c (1.25 g; 2.7%), m .p. 154.5—156 °C.

XH -NM R (CDC13): <3 1.0—3.5 (m , 16H), 3.90 (s, 6H , OMe), 4.75 (t, 1H, 9-H), 6.56 and  
6.64 (s each, 2H, aromatic H).

IR  (K B r): г-1515, 1605 a n d  1705 cm ’ 1; (CHC13): v 2840, 2860, 2940 and 2975 c m " 1.
UV (EtOH): 283 (3.57) nm  (log e).
MS m/e (rel. int.): 315 (75), 314 (100), 272 (35), 191 (45).
Found  C 72.56; H 8.10; N  4.50% .

rac-2,3-D im ethoxy-8-aza-D -dihom o-9f,13f-gona-l,3 ,5(10)-trien-12-one (7)

A m ixture of lb  (7.65 g; 0.04 mol, as the base), 12 m l 2e, ethanol (14 mL), 10% N aO H  
(1.4 m L ) and  water (5 m L) w as refluxed  for 65 h. A fter stan d in g  3 days in a refrigerator, 
th e  c ry s ta ls  were separated a n d  w ashed with ethanol (З Х Ю  m L) to yield crude 7a, co n ta ­
m in a ted  w ith  5—10% 7b (4.6 g; 35% ), m.p. 132—-136 °C. R ep ea ted  recrystallization from  ten  
volum es of ethanol gave pure  7a  (3. o g; 23%), m.p. 142— 144 °C.

JH -NM R (CDC13): <5 3.83 (s, 6H , OMe), 4.1 (q, 1H , 9-H ), 6.53 and 6.61 (s each, 2H , 
a ro m atic  H).

IR  (K Br): v 1525, 1620 a n d  1710 c m -1; (CHCL,): v 2855, 2840, 2940 and 2970 c m ’ 1.
UV (EtO H ): 282 (3.63) n m  (log e).
C20H 27N 0 3 (329.4). Calcd. C 72.92; H 8.26; H  4.25. F ou n d  C 72.42; H  8.09; N  4 .64% .
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The combined m other liquor from  the above operations containing 7a and  7b was 
evaporated  to  one-third of its volum e and  allowed to crystallize in a refrigerator to  give a 
1 : 1 m ix ture  of 7a and 7b (2.4 g). This was dissolved in acetone (80 mL) and  acidified with 
perchloric acid to pH  1. The precip itate was filtered off and washed by suspending it  in acetone 
(20 m L) to afford the perchlorate of 7a (1.6 g), m .p. 216—226 °C. The m other liquor was eva­
pora ted , th e  residue dissolved in a m ix ture  of ho t ethanol (25 mL) and w ater (4 m L), the 
solution filtered from undissolved 7a perchlorate (0.1 g), evaporated to a sm all volum e and  the 
crystals obtained were transferred w ith some cold ethanol onto a filter. The perch lorate  of 
7b (1.5 g, m.p. 165—170 °C) was dissolved in a m ixture of warm acetone (25 mL) and  w ater 
(10 m L) and made alkaline (pH  8 —9) to ob tain  the crude base (1.0 g), m .p. 125—138 °C. 
R ecrystallization  from ethanol (5 mL) gave pure 7b (0.7 g; 5% ), m.p. 133—137 °C.

•H-NM R (CDC13): 5 3.83 (s, 6H , OMe), 4.13 (q, 1H, 9-H), 6.47 and 6.58 (s each, 2H, 
arom atic  H).

IR  (K B r): v 1520, 1615 and 1700 c m " 1; (CHCl3): v 2840, 2955, 2940 and  2975 c m '1.
UV (E tO H ): 231 (3.63) nm (log e).
Found C 73.12; H 8.61; N 4.40% .

roc-2,3-M ethylenedioxy-8-aza-13a-gona-l,3,5(10)-trien-12-one (8a)

A m ixture of lc  hydrochloride (2.1 g; 0.01 mol), 2a (2.5 mL), ethanol (3 m L) and  w ater 
(0.2 m L) was refluxed for 9 h. A fter standing  overnight a t room tem peratu re , th e  product 
was filtered  off, washed w ith ethanol, dissolved by heating in a m ixture o f w ater (30 mL) 
and  e thano l (10 mL), clarified and made alkaline w ith sa tu ra ted  sodium carbonate  solution 
to pH  9. The base was filtered off, washed w ith w ater and recrystallized from  ethano l (20 mL) 
to yield 8a (1.0 g; 46% ), m.p. 120—122 °C.

•H-NM R (GDC13): <5 3.92 (q, 1H, 9-H), 5.88 (s, 2H , 0C H 20 ), 6.51 and  6.54 (s each, 
2H, arom atic  H).

IR  (K B r): v 1490, 1510 and 1715 c m '1; (CHCl.t): v 2760, 2815, 2880, 2915 and  2980 c m - 1.
C17H ,9N 0 3 (285.4). Calcd. C 71.56; H  6.71; N 4.91. Found C 70.55; H  6.76; N  4.77% .

rac-2,3-M ethylenedioxy-8-azi-9(?,13a-g»na-l,3 ,5(10)-trien-12-one (8b)

A m ixture of lc  (1.75 g; 0.01 mol as the base), 2a (3.5 mL), 10% N aO H , ethano l (1.7 mL) 
and w ater (1.0 mL) was refluxed for 8 h. A fter adding e ther (5 mL) and ethano l (1 m L), the 
solution was allowed to stand overnight. The product was filtered off, washed w ith  cold ethanol 
(2X 5  m L) and recrystallized from  ethanol (20 m L) to  give pure 8b (0.5 g; 23% ), m .p. 154— 
156 °G.

•H-NM R (CDCfj): <5 4.12 (q, 1H, 9-H), 5.92 (s, 2H , 0C H 20 ), 6.57 and 6.60 (s each, 2H, 
arom atic  H).

IR  (K B r): v 1490, 1510 and 1710; (CHCI3): » 2775, 2830, 2880, 2915 and  2980 cm “ 1.
Found C 70.34; H 6.89; 14 4.99% .

rac-2,3-M ethylenedioxy-8-aza-D-liomo-9('?,13a-gona-l,3,5(10)-trien-12-one (9b)

A m ixture of lc  (52.8 g; 0.3 imd, as the base), 2b (120 mL), ethanol (250 m L ), w ater 
(30 m L) and 40% NaOH (10 mL) was refluxed under nitrogen for 74 h, when 74%  of lc  had 
reacted . A fter standing in a refrigerator for 2 days, the product was filtered off and  washed 
w ith ethanol-w ater (5 : 1, 2X 50 mL) to ob tain  crude 9b (35 g; 39%) containing ab o u t 20—-25% 
of 9a. This was recrystallized from fo rty  volum e of ethanol to give pure 9b (13 g; 16% ), m.p. 
202_204 °C.

•H-NM R (CDClj): Ő 4.18 (q, 1H, 9-H), 5.89 (s, 2H , 0C H 20 ), 6.52 and  6.60 (s each, 
2H , arom atic H).

IR  (K B r): v 1490,1610 and 1715 c m ’ 1; (CHCl3): v 2775, 2830, 2865, 2940 and  2980 c m " 1.
C18H2lN 0 3 (299.4). Calcd. C 72.21; H  7.07; N 4.68. Found C 72.12: H  7.66; N 4.58% .

rac-2,3-M ethylenedioxy-8-aza-D -hom a-gona-l,3,5(10)-trieii-12-one (9a)

The ethanolic m other liquors from  the recrystallization of 9b were evapo ra ted , the 
residue dissolved in benzene (600 mL) and ex trac ted  w ith 2%  hydrochloric acid (300 mL). 
The crystals which separated from  the ex trac t overnight were filtered off, w ashed w ith  cold 
ethanol and dissolved in w ater (200 mL). The aqueous solution was made alkaline (pH  9), 
the crystalline base filtered off and recrystallized twice from  ethanol to give 9a (5 g; 8% ), 
m .p. 198—201 °C.
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1H -NM R (CDCIg): ö 3.90 (q , 1H, 9-H), 5.90 (s, 2H , 0 C H 20 ), 6.55 and 6.60 (s each, 
2H , arom atic H).

IR  (K B r): v 2775, 2830, 2855, 2940 and 2980 cm 4 .
Found  C 71.91; H  7.60; N  4.71% .

rac-2,3-M ethylenedioxy-8-aza-D -dihom o-9£,13f-gona-l,3,5(10)trien-12-one (10)

A m ixture of le  (17.5 g; 0.1 mol, as the  base), 2c (40 m L), e thanol (50 mL), w ater (14 m L) 
and  10%  NaOH  (4 mL) were refluxed  under nitrogen for 77 h. A fter standing in a refrigerator 
for 2 days, the product w as filte red  off and washed w ith  cold ethanol (2X 20 m L) to give a 
m ix tu re  of 10a and 10b (6.1 g), w hich was recrystallized th ree  tim es from 20 volumes of ethanol 
to  yield pure 10b (1.2 g; 4 % ), m .p . 165— 167 °C.

XH -NM R (CDCI„): 6 4.16 (q, 1H , 9-H), 5.94 (s, 2H , 0 C H 20),6.55 and 6.42 (s each, 2H, 
a rom atic  H).

IR  (K B r): v 1490, 1510 and  1705 cm 4 : (CHCI8): v 2775, 2835, 2875, 2935 and 2980 cm “ 1.
C,9H S3N 0 3 (313.4). Calcd. C 72.82; H  7.04; N 4.47. Found  C 72.67; H  7.67; N  4.32% .
From  the m other liquors o f the cycloaddition m ore of the isomeric m ixture (7.0 g) 

could be isolated. The m other liquors from the purifica tion  of 10b were combined and evapo­
ra ted . T he residue (3.4 g) w as dissolved in hot ethanol (60 m L ) and the crystalline p roduct 
(2.0 g) filtered off a t 30 °C. T his w as again recrystallized from  ethanol and the m other liquor 
from  th is operation was cooled to  — 10 °C to afford 10a (0.25 g; 0.7% ), m.p. 150— 152 °C.

’H-NM R (CDC13): <5 4.00 (s, 1H, 9-H), 5.88 (s, 2H , 0 C H 20 ) , 6.48 and 6.55 (s each, 2H, 
a rom atic  H).

IR  (K B r): v 1490, 1510 and  1705 c m "1; (CHC13): v 2775, 2835, 2875, 2940 and 2985 c m " 1.
Found C 72.97, II  7.98, N  4.48% .

rac-2,3-Diethoxy-8-aza-13/?-gona-l,3,5(10)-trien-12-one (11a)

A m ixture of Id  hydrochloride (25.0 g; 0.1 mol), 2a (33 m L), w ater (6 mL) and ethanol 
(32 m L ) was refluxed for 18 h  and  kep t in a refrigerator overnight. The product (m .p. 185— 
187 °C) was dissolved in w ate r (300 mL), the solution was clarified and made alkaline (pH  9) 
w ith  sa tu ra ted  sodium carbonate  solution. The crude base w as recrystallized from ten volu­
mes of ethanol to give pure  11a (13.0 g; 40% ) m.p. 116— 117 °C.

XH-NM R (CDC13): <5 1.40 (t , 6H, 0C1I2CH 3), 4.05 (q, 4H , ОСЯ2СН3), 6.56 and 6.60 
(s each, 2H , arom atic H).

IR  (KBr): v 1525, 1620 and  1710 cm “ 1; (CHC13): v 2760, 2820, 2880, 2920, 2845 and 
2980 c m - 1.

C20H 2,NO3 (329.4). Calcd C 72.92; H  8.25; N  4.25. F ound  C 72.62; H  8.78; N  4.20% .

roc-2,3-Diethoxy-8-aza-9/',13(Z-goi)a-1.3,5(10)-tiicn-12-oiie ( l i b )

The residue from th e  evaporation  of the m other liquor of 11a hydrochloride was taken  
u p  in  w ater (200 mL) and th e  solution extracted w ith benzene (3X  500 mL). The aqueous phase 
w as m ade alkaline to pH  9, th e  precip ita te  filtered off, w ashed w ith  w ater and recrystallized 
from  ten  volumes of e thanol to  ob ta in  a m ixture (5 g) of 11a and 11b. To the m other liquor 
an  equal am ount of h o t w ate r w as added. On standing pure  l i b  (0.5 g) precip ita ted  m .p. 
178— 182 °C.

HI-NM R (CDCIg): Ő 1.40 (t , 6H, ОСН2СЯ3), 4.05 (q, 4H , ОСЯ2СН3), 6.60 (s each, 2H , 
arom atic  H).

IR  (K Br): v 1530, 1615 and  1710 cm 4 ; (C H C U : v 2760, 2820, 2880, 2920, 2945 and 
2980 cm “ 1.

C20H 27NO3 (329.4). Calcd. C 72.92; H 8.25; N  4.25. F ound  C 73.46; H  8.69; N 4.45% .

rac-2,3-D iethoxy-8-aza-D -liom o-gona-l,3 ,5(10)-trien-12-one (12a)

A m ixture of Id  hydrochloride (12.0 g; 0.048 mol), 2b (17 m L), ethanol (16 m L) and w ater 
(3 m L ) was refluxed for 60 h. A fter evaporation of th e  solvents, the residue was taken  up  in 
w ate r (400 mL), the solution ex trac ted  w ith benzene (3 x 5 0  m L), the aqueous layer m ade 
alkaline (pH  9) w ith sa tu ra te d  aqueous sodium carbonate  solution to  gave an oil, w hich could 
be crystallized by tr itu ra tio n  w ith  ethanol. A m ix ture  of isom ers (8.0 g; 50% ) 12a and 12b 
w as obtained, while 12c rem ained  in the m other liquor. The crystals were dissolved in a tenfold 
volum e of ethanol and th e  p rec ip ita te  was filtered off a t  30— 40 °C. A fter four successive sim ilar 
operations, pure 12a (1.6 g; 10% ) was obtained, m .p. 162— 163 °C.
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lH-NM R (CDCI3): <5 1.40 (t. 6H. OCH2C ff3), 4.03 (q. 4H , OCff2CH3), 6.52 and  6.58 
(s each, 2H, arom atic II).

IR  (K B r): v 1520, 1610 aad  1705 c m '1; (CIIC13): v 2760, 2820, 2865, 2940 and  2985 cm “ 1. 
C21H 29N 0 3 (343.5) Calcd. C 73.43; II  8.51; N 4.06. Found C 73.06; H  8.51; N  3.97%.

rac-2,3-D iethoxy-8-aza-D -hom o-9/9-gona-l,3,5(10)-trien-12-onc (12c)

The first m other liquor of 12a was evaporated , th e  residue dissolved in benzene (40 mL) 
and the solution ex tracted  w ith  2.3% hydrochloric acid (7X  15 mL). After stan d in g  overnight, 
the crystals which deposited from  Fractions 2 and  3 were separated, dissolved in  w arm  water 
and  the solution was m ade alkaline. The crude base was filtered off, washed tho rough ly  with 
w ater and recrystallized from  a tenfold volum e of e thanol to obtain pure 12c (0.5 g; 3% ), 
m .p. 110—112 °C.

‘H-NM R (CDC13): <5 1.40 (t, 6H, OCH2C ff3), 4.05 (q, 4H , OCH2CH3), 4.59 (t, 1H , 9-H), 
6.58 and 6.68 (s each, 2H , arom atic H).

IR  (K B r): v 1520, 1605 and 1715 c m '1; (CHC13): v 2870, 2950, 2985 cm “ 1.
C2IH 29N 0 3 (343.5). Calcd. C 73.43; H  8.51; N  4.06. Found C 73.28; H  8.77; N  4.11%.

rac-2,3-D iethoxy-8-aza-D -hom o-9/?-13a-gona-l,3,5(10)-trien-12-one (12b)

A m ixture of Id (21.9 g, 0.1 mol, as the  base), 2b (38 mL), ethanol (26 inL), 10% NaOH 
(4 mL) and w ater (10 mL) was refluxed under nitrogen for 30 h. A fter stand ing  overn igh t in 
a refrigerator, the p roduct was filtered off and w ashed w ith  ethanol (2 x 2 0  m L). The crude 
p roduct (15.0 g; 44% ), m .p. 145—148 °C, was recrystallized  from ethanol (300 m L ) to  give 
pure 12b (12.2 g; 38% ), m .p. 149—150 °C.

‘H-NM R (CDClj): ä 1.40 (t, OCH2C ff3), 4.00 (q, 4И , OCff2CH3), 6.50 and  6.58 (s each, 
2H, arom atic H).

IR  (K B r): v 1530, 1615 and 1720 cm 4 ; (CHC!3): v 2880, 2950 and 2990 cm 4 . 
C21H 29N 0 3 (343.5). Calcd. C 73.43; H  8.51; N 4.06. Found C 73.45; H  8.93; N  4.06%.

rac-2,3-D ihydroxy-8-aza-13a-gona-l,3,5(10)-trien-12-one (13a)

A m ixture of le  (10.9 g; 0.05 mol, as the base), 2a (21 mL), ethanol (24 m L) and  water 
(2 m L) was reluxed for 11 h. The product was prec ip ita ted  by adding ether, filte red  off, and 
washed w ith ether to  afford a m ixture of isomers (1.7 g; 12.5% ), m.p. 105—129 °C. The m other 
liquor was evaporated, th e  residue tr itu ra ted  w ith petroleum  ether and th e  undissolved oil 
was crystallized from  a m ix tu re  of ether (50 m L) and  ethanol (3 mL) a t  — 10 °C. The two 
crops of crystals were com bined and recrystallized three times from fifty  volum es of ethanol 
to  yield pure 13a (2.1 g; 18% ), m.p. 146—149 °C.

‘H-NM R (d7-DM F): <5 3.08 (q, 1H, 9-H), 6.20 and  6.22 (s each, 2H, a rom atic  H).
IR  (K B r): v 1530, 1615, 1705, 3330 and  3495 cm 4 .
C „H 19N 0 3 (273.3). Calcd. C 70.31; H  7.00; N 5.13. Found C 70.76; H  7.53; N  4.89%.

rac- 2,3- Dihy<lroxy-8-aza-9/3,13a-gona-l,3,5(10)-trien-12-one (13b)

The ethereal m other liquor obtained from  the recrystallization of 13a was evaporated 
and the residue tr itu ra ted  w ith  some cold acetone. A fter standing overnight in a refrigerator, 
the crude product (4.0 g; 29% , m.p. 95—98 °C) was filtered off and recrystallized from  a sixfold 
volum e of e thano l—w ater (2 : 1) to afford pure 13b (2.6 g; 18%), m.p. 110—-11.3 °C.

'H -N M R  (J,-D M F): <5 3.62 (q, 1H, 9-H ), 6.28 (s each. 2H, arom atic H).
IR  (K B r): v 3370, 3605, 1695, 1620 and  1535 c r n - ‘; (CDCI3): v 2760, 2815, 2880 and 

2970 cm 4 .
C16H 19N 03 • H ,0  (291.3). Calcd. C 65.95: II  7.27; N 4.81. Found C 66.65; H 6.81; 

N 4.89% .

rac-2-n-B utoxy-3-m ethoxy-8-aza-D -hom o-gona-l,3,5(10)-trien-12-one (14a)

A m ixture of I f  (5.6 g; 0.024 mol, as the base), l-acetylcyclohexene (2b, 8.4 mL), 10% 
N aOH  (1 mL), w ater (3.5 m L) and ethanol (8.5 m L) was refluxed for 10 h. A fter standing in 
a refrigerator for two days, the product was filtered off and washed with cold e thano l to give 
th e  crude product (2.1 g; 21.5% ), m.p. 108—113 °C. Two recrystallizations from  20 volumes 
of ethanol yielded pure 14a (1.0 g; 11.7% ), m .p. 117— 118.5 °C.

IR  (K B r): v 1520, 1615 and 1710 cm 4 ; (CHCI3): v 2870 and 2915 cm 4 .
C22H 31NO, (357.5). Calcd. C 73.95; H  8.74; N 3.92. Found C 73.76; H  8.92; N 4.33%.
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rac-2-H ydroxy-3-m ethoxy-8-aza-13a-gona-l,3 ,5(10)-trien-12-one (15a)

A m ixture of lg  (5.3 g; 0.03 mól), 2a (10 mL), e thano l (12 mL) and w ater (2 m L) was 
re flu x ed  for 8 h. A fter stand ing  in  a refrigerator for 3 days, th e  product was filtered  off and 
w ashed  w ith  ethanol (3X 5  m L ) to  give the crude p roduc t (2.75 g; 32% ), m .p. 174— 177 °C. 
T h is w as recrystallized from  13 volum es of ethanol to yield pu re  15a (2.1 g; 25% ), m .p. 179— 
182 °C

^H -N M R  (CDC13): <5 3.78 (s, 3H , 0C H 3), 5.30 (s, 1H , O H ), 6.29 and 6.45 (s each, 2H , 
a ro m atic  H ).

IR  (K B r): v 1520, 1600, 1700 and 3370 cm “ 1; (CDC13): v 2760, 2810, 2845, 2880, 2920, 
2945, 2975 and 3555 cm -1 .

UV (E tO II): 287 (3.63) nm  (log e).
C17H 21N 0 3 (287.4). Calcd. C 71.05; H 7.39; N 4.87. F ound  C 71.27; H  7.90, N 4.95% .

rac-2-H ydroxy-3-m ethoxy-8-aza-9/?,13a-gona-l,3 ,5(10)-trien-12-one (15b)

A m ixture of lg  hydrochloride (6.4 g; 0.03 mol), 2a (10 m L ), ethanol (12 m L) and  w ater 
(3.3 m L ) was refluxed for 16 h. A fte r cooling, the p ro d u c t was filtered off and w ashed w ith 
e th an o l to  give the hydrochloride of a m ixture of 15a and  15b (7.6 g, m.p. 210-—215 °C). 
T h is w as dissolved in w ater (200 m L ), clarified and m ade alkaline w ith sa tu ra ted  sodium  
ca rb o n a te  solution. The p rec ip ita ted  oil was separated and  tr itu ra te d  w ith some ethanol. The 
c ry s ta llin e  product was filtered  o ff and recrystallized from  ethanol (30 mL) to  yield 15a 
co n ta in in g  some 15b (2.1 g; 24% ). T he m other liquor was evapora ted  to one-sixth of its  volum e, 
c larified  while hot, and cooled to  — 10 °C. The product was filte red  off (0.8 g; m.p. 138-—131 °C) 
an d  recrystallized  first from six volum es of ethanol and th en  from  eight volumes of m ethanol. 
T he p ro d u c t was filtered off a t  — 20 °C to give pure 15b (0.3 g; 3.4% ), m.p. 139— 131 °C.

'H -N M R  (CDCLj): <5 3.79 (s, 3H , OCH3), 3.9 (q, 1H , 9-H ), 5.4 (s, 1H, OH), 6.44 and 
6.50 (s each, 2H, arom atic H).

IR  (K B r): v 1520, 1605, 1710 and 3370 cm ’ 1; (CHC13): v 2760, 2820, 2845, 2880, 2920, 
2945, 2975 and 3555 c m -1.

C17H 21NOs (287.4). Calcd. C 71.05; H 7.39; N 4.87. F ound  C 75.19; H 7.67; N 4.96% .

rac-3-M ethoxy-8-aza-D -hom o-9/?-gona-l,3,5(10)-trien-12-one (16c)

A  m ix ture  of lh  (7.4 g; 0.04 m ol, as the base), 2b (10 m L ), w ater (1.6 mL), m ethylam ine 
hydroch loride (2.7 g; 0.04 mol) and  ethanol (20 mL) was refluxed  for 4 h. The reaction  m ix ture  
w as ev ap o ra ted  to dryness, th e  residue  suspended in w ater (75 m L) and extracted  w ith ben­
zene ( 2 x 2 0  mL). The aqueous phase  was clarified and h ea ted  slowly to  35 °C. The p roduc t 
w as filte red  off to afford a m ix tu re  of th e  non-separated isom ers (2.3 g; 20% ), m.p. 157— 168 °C. 
The m o th e r liquor was cooled to 0 °C, whereupon crude 16c (0.65 g; 6% , m.p. 179— 184 °C) 
p rec ip ita ted . The m other liquor o f th e  la tte r was evapo ra ted  and the residue (1.6 g) was 
recrysta llized  from 15 volumes of e thano l, to give a m ix tu re  of th e  isomers (m .p. 151— 159 °C). 
T he m o th e r liquor of the la t te r  w as cooled to 0 °C, w hereupon more crude 16c (0.30 g; 3% , 
m .p . 177— 184 °C) crystallized. T he combined crude p roduc ts were recrystallized tw ice from  
e th an o l and  the products filtered  o ff a t  — 10 °C. This gave pu re  16c (0.70 g; 16%), m .p. 181— 
184 °C.

4 Í-N M R  (CDC13): <5 3.75 (s, 3H , OCH3), 4.65 (t, 1H , 9-H ).
IR  (K B r): v 1500, 1580, 1615 and 1710 c m '1; (CHC13): v 2840, 2865 and 2945 c m " 1.
U V  (E tO H ): 277 (3.26), 285 (3.24) nm (log e).
C18H 2jN 0 2 (285.3). Calcd. C 75.75; H 8.12; N 4.91. F ound  C 75.19; H 8.27; N 5.04% .

rac-2 ,3-D im ethoxy-ll£-m ethyl-8-aza-9f,13£-gona-l,3 ,5(10)-trien-12-one (17)

A  m ix ture  of lb  hydrochloride (11.4 g; 0.05 mol), 2d (19 mL), ethanol (20 m L) and 
w ater (1 m L ) was refluxed for 30 h. A fter concentration, th e  m ix tu re  was acidified w ith  liV  
hydroch lo ric  acid, taken up in w a te r (200 mL) and the solution ex tracted  w ith benzene (3 x 3 0  
m L). T he combined extracts w ere ex tracted  with 0.6 N  hydrochloric acid (5 X 20 m L), the 
th ird  e x tra c t containing m ainly 17c, th e  fourth and fifth , in  tu rn , 17a. The former was m ade 
alkaline to  give an oil which was dissolved in benzene (50 m L ) and the solution repeated ly  
e x trac ted  w ith  0.6 N  hydrochloric acid (10x10  mL). The th ird  and fourth portions from  the 
la t te r  ex trac tio n  were com bined, m ade alkaline, the p rec ip ita ted  oil extracted w ith benzene, 
th e  e x tra c t  evaporated, and th e  residue  tritu ra ted  w ith e ther to  give the crude product (0.5 g). 
R ecrysta lliza tion  from ether y ielded pure  17c (0.25 g), m .p. 142— 146 °C.
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41-N M R (CDC13): <5 1.12 (d, 3H , 11-CH3), 3.85 (s, 6H , OCH3), 3.95 (d, 1H , 9-H), 6.55 
and  6.22 (s each, 2H , arom atic H).

IR  (K B r): v 1525, 1615 and  1710 cm 4 ; (CHC13): 2760, 2820, 2840, 2880, 2945 and 
2970 cm “ 1.

CI9H 25N 0 3 (315.3). Calcd. C 72.35; H  7.89; N 4.44. Found C 72.86; H  8.52; N 4.42% .

The combined fourth  and fifth  fractions of the first extraction  were m ade alkaline, 
th e  p roduct ex tracted  w ith benzene (50 m L) and this solution ex trac ted  w ith  a m ixture of 
w ater (100 m L) and 6 N  hydrochloric acid (2 m L) in ten portions. From  the firs t two fractions 
17c was recovered. Fractions 6— 9 containing 17a were combined w ith  F ractions 7— 9 of the 
second extraction  of above preparation , m ade alkaline and extracted  w ith  benzene. The ex trac t 
was dried, evaporated and the residue (2.0 g) dissolved in a m ixture of e ther and ethanol 
(2 : 1) and acidified w ith anhydrous perchloric acid. The crystals (1.8 g) were filte red  off and 
recrystallized from 33% aqueous ethanol (15 mL) to  give the perchlorate of 17a (0.88 g), m.p. 
192— 200 °C. This was dissolved in aqueous ethanol and made alkaline to  give the crude 
base (0.6 g), which was recrystallized from  a m ixture of ethanol (6 m L) and w ater (10 mL) 
to  ob tain  pure 17a (0.45 g), m .p. 109— 112 °C.

!H -N M R (CDC13): <5 0.81 (d, 3H , 11-CH3), 3.85 (s, 6H, OCH3), 4.26 (d, 1H , 9-H) 6.51 
and  6.62 (s, 2H , arom atic H).

IR  (K B r): vl520, 1620 and 1710 cm 4 ; (CHC13): v 2760, 2820, 2840, 2880, 2920, 2945 
and  2970 cm -1 .

C,9H 25N 0 3 (315.4). Calcd. C 72.35; H  7.89; N 4.44. Found C 72.20; H  8.48; N 4.43% .

A m ixture of lb  (9.5 g; 0.05 mol, as the base), 2d (19 mL), ethanol (20 m L), 10% NaOII 
(2 m L) and w ater (3 mL) was refluxed for 16 h. The m ixture was evaporated  to  dryness, the 
residue taken  up in ether (100 m L), washed w ith w ater (3 x 5 0  mL) and ex trac ted , in 10 por­
tions, w ith a m ixture of 1 N  hydrochloric acid (10 mL) and w ater (90 m l,). Portions 4— 10, 
containing 17b, were combined, m ade alkaline and the product filtered off (6.2 g; 39% , m.p. 
109— 117 °C). This was recrystallized th ree tim es from four volumes of e thanol to  afford pure 
17b (0.7 g; 4% ), m.p. 126— 138 °C.

'H -N M R  (CDC13): <5 0.95 (d, 3H , 11-CH3), 3.85 (s, 6H, OCH3), 4.14 (d, 1H , 9-H), 6.58 
and  6.62 (s each, 2H, arom atic II).

IR  (K B r): v 1525, 1620 and 1695 cm 4 ; (CHC.l3): v 2840, 2880, 2920, 2945 and  2970 cm 4 .
C19H 25N 0 3 (315.4). Calcd. C 72.35; H  7.89; N 4.44. Found C 72.43; H  8.06; N 4.45%.

rac-2,3-M ethylenedioxy-ll£-m ethyl-8-aza-9f,13£-gona-l,3 ,5(10)-trien-12-one (18)

A m ix ture  of lc  (9 g; 0.05 mol, as the  base), 2d (19 mL), ethanol (20 m L ), 10% NaOH 
(2 mL) and w ater (3 mL) was refluxed for 16 h under nitrogen. A fter evapora tion  to dryness, 
th e  residue was taken  up in ether (50 m L), washed w ith w ater (3 x 5 0  m L) and  ex trac ted , in 
ten  portions, w ith a m ixture of 6 N  hydrochloric acid (10 mL) and w ater (90 m L). The first 
tw o fractions contained unchanged lc ;  the  th ird  fraction was m ade alkaline, and the oily 
p rec ip ita te  w hich separated was tr itu ra ted  w ith some ethanol to  ob tain  a m ix ture  of 18b 
and  18c (1.35 g; 9% , m.p. 156— 173 °C), which was recrystallized tw ice from  25. volum es of 
e thanol to  give pure 18c (0.5 g), m .p. 170— 173 °C.

‘H -NM R (CDC13): <5 1.12 (d, 3H , 11-CH3), 3.90 (d, 1H, 9-H), 3.57 (m , 1H , 11-H), 5.88 
(s, 2H , OCH2), 6.50 and 6.55 (s each, 2H , arom atic H).

IR  (K B r): r  1490, 1510 and 1700 cm 4 ; (CIICL): v 2775, 2880, 2920, 2940 and  2980 cm 4 .
C18H 2lN 0 3 (299.4). Calcd. C 72.21; II 7.07; N 4.68. Found C 72.35; I I  7.02; N 4.68%.
E x trac ts  4—6 of the above preparation  were combined, m ade alkaline and the preci­

p ita ted  oil tr itu ra ted  w ith some ethanol to  give the crude product (3.8 g; 25% ), which was 
recrystallized from ethanol (40 m L) to ob tain  pure 18b (2.0 g), m .p. 128— 121 °C.

'H -N M R  (CDC13) : <5 0.95 (d, 3H , 11-CH3), 4.10 (d, 1H, 9-H), 3.70 (q, 1H, 11-H), 5.90 
(s, 2H, 0C H 20 ), 6.55 and 6.57 (s each, 2H , arom atic H).

IR  (K B r): v 1490, 1510 and 1705 cm 4 ; (CHC13): v 2740, 2780, 2820, 2880, 2920, 2940 
and 2980 cm -1 .

C,8H 2,N 0 3 (299.4). Calcd. C 72.21; II 7.07; N 4.68. Found C 71.83; H  7.20; N 4.73%.

( —)-7£-M ethyl-8-aza-9£,13f-gona-l,3,5(10)-trien-12-one (19)

A m ixture of (—)-3-m ethyl-3,4-dihydroisoquinoline ( l i ,  14.5 g; 0.10 m ol), 2a (25 mL), 
m ethylam ine hydrochloride (0.67 g) and ethanol (75 mL) was k ep t a t  75 °C for 8 h. After 
stand ing  overnight in a refrigerator, the product was filtered off and w ashed w ith ethanol
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to  give crude 19a (6.6 g; 26% ), m .p . 101— 104 °C. R ecrystallization  from  8 volumes of ethanol 
gave pure  19a (4.0 g; 16% ), m .p. 102— 104 °C; [<х]Ь° — 237° (c =  1% , CHC13), —243° (c =  1% , 
e thano l), — 233° (c =  1% , d ioxane) and — 271° (c =  1% , benzene).

HI-NM R (CDC13): 6 0.91 (d , 3H , 7-CH3), 4.20 (q, 1H , 9-H ), 7.15 (m, 4H, arom atic H). 
IR  (KBr): v 1455, 1500 an d  1715 cm “ 1; (CHC13): v 2740, 2765, 2840, 2880, 2915, 2940 

an d  2975 cm -1.
UV (EtO H ): 265 (2.79) an d  272 (2.77) nm (log e).
C17H21NO (255.4). Calcd. C 79.96; H  8.29; N  5.49. Found  C 79.89; H  8.83; N  5.53% .

( — )-7-£-M ethyl-8-aza-D -hom o-9f,13f-gona-l,3 ,5(10)-trien-12-one (20)

A m ixture of (—)- l i  (14.5 g ; 0.10 mol), 2b (25 m L), m ethy lam in  hydrochloride (0.67 g) 
an d  e thano l (75 mL) was k e p t a t  75 °C for 20 h. A fter standing  overn igh t a t room tem perature  
th e  p ro d u c t was filtered off an d  w ashed w ith cold ethanol to  give crude 20a (10.2 g; 39% , m .p. 
134— 139 °C), which was recrysta llized  from  five volum es o f e thanol to give pure 20a (8.3 g; 
31% ), m .p. 136—139 °C.

[a]b° — 132° ( c =  1, CHClg), — 130° (c =  1% , ethanol), — 152° (c =  1% , dioxane), 
-— 164° (c =  1% , benzene).

IR  (KBr): v 1450, 1460, 1500 and 1715 cm “ 1; (CHC13): v 2865, 2940 c m '1.
UV (EtO H ) 265 (2.71) and  272 (2.70) nm (log s).
CI8H 23NO (269.4). Calcd. C 80.25; H  8.61; N  5.20. F ound  C 79.38; H  8.90; N 5.30% .

rac-2 ,3-D im ethoxy-7f-m ethyl-8-aza-9f,13f-gona-l,3 ,5(10)-trien-12-one (21)

A m ixture of l j  hydrochloride (19.4 g; 0.08 mol), 2a (26 m L) and ethanol (26 mL) 
w as refluxed  for 24 h. A fter evapora tion  to  dryness th e  residue was crystallized from  acetone 
(40 m L ) to  obtain im pure 21a HC1 (2.7 g; m.p. 187— 193 °C), while the  m other liquor contained 
a  m ix tu re  of isomers. The cry s ta ls  were taken up in  w ater, th e  solution was made alkaline, 
an d  th e  precipitated crude 21a (0.5 g) was recrystallized from  ethanol to  give pure 21a (0.3 g) 
m .p . 146—147 °C.

4 I-N M R  (CDC13): <5 1.35 (d , 3H, 6-CH3), 3.82 (s, 6H , OCH3), 4.12 (q, 1H, 9-H), 6.55 
(s, 2H , arom atic H).

IR  (KBr): v 1525,1620 and  1710 cm “ 1; (CHC13): v 2840, 2880, 2920, 2945 and 2980 cm “ 1. 
C19H 25N 0 3 (315.4). Calcd. C 72.35; H  7.99; N  44.44. Found  C 72.42; H  8.00; N  4.48% .

rac-2,3-D im ethoxy-7f-m ethyl-8-aza-D -honio-9£,13£-goua-l,3 ,5(10)-trien-12-one (22)

A  m ixture of l j  (8.85 g; 0.04 mol, as the base), 2b (15 m L), ethanol and 10% N aOH  
(2 m L ) was refluxed for 32 h. A fter standing overnight in  a  refrigerator, the product (1.3 g; 
m .p . 172—185 °C) was filte red  off an d  recrystallized firs t from  benzene and then  from ethanol 
to  give 22a (0.4 g), m .p. 195— 197 °C. The other isomers rem ained in  th e  m other liquors.

1H-NM R (CDC13): <5 1.28 (d , 3H , 7-CH3), 3.82 (s, 6H , OCH3), 4.22 (q, 1H, 9-H), 6.55 
(s, 2H , arom atic H).

IR  (KBr): v 1520, 1620 and  1710 c m -1; (CHC13): v 2800, 2850 and  2880 cm -1 . 
C20H 27NO3 (329.4). Calcd. C 72.92; H  8.26; N 4.25. F ound  C 73.05; H  8.80; N 4.40% .

( — ) - 7 { , l l i -  Dimethyl-8-aza-9|,13c;-gona-1,3,5(10)-trien-I2-one (23)

A m ixture of (—)- lj (14.5 g; 0.1 mol). 2d (25 mL), m ethylam ine hydrochloride (0.67 g) 
an d  ethano l (75 mL) was m a in ta in ed  a t 75 °C for 20 h. A fter acidification w ith anhydrous 
perch loric  acid the perchlorate was filtered  off and recrystallized  from  50% aqueous ethanol. 
T he p ro d u c t (6.4 g, m.p. 206— 209 °C) was converted to  th e  base while stirring it in a m ixture 
o f w a te r (100 mL) and chloroform  (50 mL). The organic phase wa3 separated  and the aqueous 
phase  washed with chloroform  (2 X 2 0  mL). The combined ex trac ts  were evaporated, the residue 
tr i tu ra te d  w ith some m ethanol and  th e  crystals obtained (0.8 g) recrystallized from m ethanol 
(8 m L ) to  give 23 (0.5 g), m .p . 123—-126 °C.

IR  (KBr): v 1450, 1500 and  1715 c m '1.
Cl8H 23NO (269.4). Calcd. C 80.25; H  8.61; N 5.20. F ound  C 80.35, H  9.00, N 5.24% .
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The stereochem istry of some 8-azagonan-12-ones, obtained b y  th e  cycloaddition 
of 1-acyl-l-cycloalkenes to 3,4-dihydroisoquinolines, was determ ined and  th e  inter­
conversion of epimers studied. Ry varia tion  of the reaction conditions stereoselectivity 
could be im proved.

In  a previous paper [1] we described a simple, one-step  procedure for 
the convenient preparation o f 8 -azagonane derivatives b y  th e  cycloaddition  
o f 1 -acyl-l-cyclohexen es to  3,4-dihydroisoquinolines, giving a m ixture of 
epim ers in  good yields. Our further studies aimed at the d eterm ination  of the 
stereochem istry o f  the products and the selective preparation o f  th e  individual 
stereoisom ers. This paper deals w ith  the products obtained from  th e  reaction  
o f  6,7-dim ethoxy-3,4-dihydroisoquinoline w ith 1-acety l-1-cyclopentene and
1-acety l-l-cycloh exen e, respectively.

Acta Chimica Academiae Scientiarum Hungaricac, Tomus 109 (2), pp. 129—137 (1982)

Effect of reaction conditions on the ratio of stereoisom ers

C ycloaddition m ay lead, in  principle, to  four racemic pairs o f  diastereo- 
isom ers (1— 4) distinguished, follow ing a notation  w idely  used  in  alkaloid 
chem istry [2], b y  the prefixes normal (9a, 13/3, 14a), pseudo  (9/3, 13/3, 14a), 
alio (9a, 13a, 14a) and epiallo (9/3, 13a, 14a).

The stereoisom ers can be separated either on silica gelT L C  p la tes impreg­
nated  w ith  boric acid, or som etim es b y  fractional crystallization  [1].

In  the reaction m ixture obtained from 6,7-dim ethoxy-3,4-dihydroiso- 
quinoline and 1-acety l-l-cycloh exen e three stereoisomers ( lb , 3b and 4b), 
w hile in  that derived from 1-acety l-l-cyclop en ten e only tw o (2a and 4a) could 
be detected  by TLC. Their ratio was determ ined by UV spectroscopy following  
th e  elution  o f th e  spots. In  order to  establish the stereoselectiv ity , the ratio 
o f  th e  stereoisom ers was determ ined under various reaction cond itions at the 
half-tim e o f the reaction (с/. Table I).

2 *

* For P a rt I I , see preceding paper.
** To whom correspondence should be addressed.
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71

a l

b 2

From  the Table it  is apparent that under th e  conditions o f fast and  
slow  conversion the m ajor stereoisom ers are d ifferent. This finding is independ­
ent o f  th e  substitution o f  th e  aromatic ring. C ycloaddition  is thus stereo­
se lec tiv e , and the isom eric ra tio  can be influenced b y  a proper choice of the  
ca ta ly st .
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Table I

Isomeric ratios at the half-time o f the cycloaddition reaction o f 6,7-dimethoxy-3,4- 
dihydroxyisoquinoline and 1-ucelyl-cyclopentene or 1-acetyl-cyclohexene

Catalyst *l/t
(h)

2a
(%)

4a
(%)

‘l/t
(h)

lb
(%)

4b
(%)

3b
(%)

W ater 11.5 36 64 52 14 69 17
NaOH (1% ) 8.5 40 60 40 23 70 7
N aO II (100% ) 16.5 30 70 46 22 64 14
HC1 (10% ) 1.5 65 35 7 70 25 5

HC1 (100% ) 11.5 46 54 40 36 52 12

M ethylamine-IICl (10% ) 0.5 70 28 1 75 22 3

W hile 2a and 4a, containing five-m em bered  ring, could be read ily  sepa­
rated  by crystallization  from ethanol, th is  m ethod was found less efficient 
in  the D -hom o series. On the other hand, w hen  the com ponents w ere allowed  
to  react in the presence o f  sodium  hyd rox id e, pure 4b was o b ta in ed  after 
refluxing for 24 h, and further refluxing o f th e  m other liquor after th e  addition  
o f m ethylam ine hydrochloride afforded alm ost pure lb .

Epinierization experim ents

E pim erization o f  the centre o f  ch ira lity  at C-13, adjacent to  a carbonyl 
group, under conditions favouring enolization  gave im portant clues to  the 
stereostructure o f  our com pounds. W e h ave shown earlier [3] th a t  benzofa]- 
quinolizine-3-ones m ay epim erize in  acids v ia  ring cleavage at th e  bridgehead  
carbon atom  (in our case C-9). E pim erization  at C-14 has not been  reported.

W hen refluxed in  ethanol for 10 h, lb  remained unchanged, whereas 
both  3b and 4b gave rise to  an equilibrium  m ixture consisting o f  24%  3b and 
75%  4b. It m ay be assum ed that under such conditions only en o liza tion  took  
place and the substrates are epimers at C-13 Under similar cond itions the five  
m em bered ring com pounds 2b and 4a rem ained unchanged, hence presum ably  
th ey  have the more stable cis ring ju n ction  at C-13 and C-14.

W hen refluxed in  ethanolic sodium hydroxide for 5 h, lb  did n o t change 
either, while 3b and 4b, as well as 2a and 4a were converted into equilibrium  
m ixtures of the stereoisom ers.

Boiling any o f lb , 3b. or 4b in 0.1 N  hydrochloric acid gave rise to the 
sam e three-com ponent m ixture containing 50%  of lb , 25% o f 3b and 25%  
o f 4b, while a m ixture consisting o f 60%  o f  2a and 40% o f 4a w as obtained  
under the same conditions either from 2a or 4a. This indicated th a t w ith  the
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Fig. 1. Conversion of stereoisomers lb , 3b and  4b on trea tm en t with acid

D -hom o com pounds b oth  enolization and ring cleavage, while w ith th e  five-  
m em bered ring com pounds o n ly  ring cleavage occurred.

U tilizing our m eth od  reported earlier [1, 3 ], ring cleavage was stud ied  
in m ore detail. On h eatin g  th e  ketones in 0.1 N  hydrochloric acid, th e  con ­
centration  o f the C =  N  chromophore increased due partly to the form ation  
o f the im m onium  salt 8 and partly  to the corresponding isoquinoline d erivative  
generated by retro-addition during prolonged h eatin g .

The stereoisomers responded differently to  treatm ent w ith acid, and 
th ese differences could be follow ed until equilibrium  had been attained. W ith  
the D -hom o ketones th is  w as reached after reflu x in g  in 0.1 N  hydrochloric  
acid for 30— 40 h. D ifferences were m anifest b o th  in  the relative am ount of 
im m onium  salt (c f. F ig. 1) and the primary product o f  successive epirneriza- 
tion  (F ig . 2).

The amounts o f  both  th e  immonium salt and isoquinoline were determ ined  
as a fu nction  of tim e from  th e  acid solution o f  th e  D-hom o stereoisom ers lb ,  
3b and 4b. In Figure 1 th e  upper curve represents th e  to ta l C = N  concentration, 
the m iddle one that after m aking sample a lkaline, and the lower curve shows 
the difference betw een th e  first two. W ith lb  th e  am ount of im m onium  salt 
increases rapidly (20%  after 10 h), with 4b th e  increase is much slower and,
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Fig. 2. P rim ary  products of the epim erization of lb , 3b and 4b

finally , with 3b the salt can first be detected on ly  after 10 h. The equilibrium, 
concentration o f the im m onium  salt is 10% for all three substrates. The isom eric  
ratio also has been determ ined as a function o f tim e (с/. F ig. 2).

Dehydrogenation experim ents

To make possible correlation of the chiral centers at C-13 and C-14, 
the centre at C-9 w as elim inated by dehydrogenation .

Mercury (II) acetate [4] is a convenient reagent for the ox id ation  o f  
quinolizidines, and it  could be anticipated [5, 6 ] th a t oxidation  would proceed  
faster w ith com pounds having a trans B/C ring junction  as com pared w ith  
the cis isomers. In  fact, lb  and 2a were dehydrogenated at the highest rate: 
th ey  are followed b y  4a and 4b, while 3b is the slow est to  undergo oxid ation  
(cf. Fig. 3). This is in  accordance with the assignm ents to  be presented later. 
As products due to  over-oxidation, only the achiral 4-pyridone type com pounds 
5a and 5b were isolated.
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Reaction t ime ( h )

Fig. 3. R eaction rates of the oxidation  of stereoisomers

S elective dehydrogenation w ith D D Q  converted both lb  and 3b to  6 
proving th a t they  are epim eric at C-9, w hile 4b gave a different product 
(7b). A lso  2a and 4a gave rise to the sam e dehydrogenation product (7a) 
and th u s the epimeric relationship has been established.

T he enam ine structure o f  6 , 7a and 7b was supported b y  their  1H -NM R  
spectra , in  which signals for C9— H  and Cn — H 2 were replaced b y  a = C H —  
signal. A lso due to deshielding by the new ly introduced double bond, th e  C4— H  
signal had  a downfield shift.

In  th e  spectrum  o f 7b signals for th e  C13 and C14 protons overlap in  
CDC13, b u t can be resolved b y  the addition  o f  trifluor о acetic acid. Double  
resonance experim ents dem onstrated th at C13— H  had coupling constants o f  
10, 3, and 3 Hz, respectively , corresponding to  one adjacent proton in  anti- 
p er ip la n a r  and two in  synclinal  disposition. C14— H , in turn, exh ib ited  coupling  
con stan ts (6.3, 6.3 and 2 H z) indicating three synclinally  oriented adjacent 
protons. From  the synclinal relationship o f  C13— H  and C14— H  a cis C/D 
ring ju n ctio n  can be deduced for 7b, and consequently a trans one for its 
epim er (6 ).

O xidation  of the five-m em bered ring com pounds 2a and 4a w ith  DD Q  
y ield ed  th e  same product (7a), th ey  are therefore epimeric at C-9.

Study o f the B/C ring junction

T he relative rates o f oxidation  w ith  m ercury(II) acetate provided ev i­
dence concerning th is point, and this could be further corroborated b y  a study  
o f th e  solution  infrared spectra, w hich show ed pronounced “ B o h l m a n n  
bands”  in  the range o f  2700— 2800 c m -1  for lb  and 2b, ind icating a trans-
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quinolizidine structure [8, 9], while com pounds За, 4а and 4b d id  not show 
such bands at all.

The number o f  stereoisom ers form ed, i.e. three for the six-m em bered, 
and tw o for the five-m em bered D-ring com pounds, needs som e com m ents. 
A s it has been established b y  F oot and W oodward [11] for th e  analogous 
4-hydrindanones, in contrast to  1-decalones, owing to  less ring strain, cis 
ring junction  is more stable th an  trans,  w hich well explains th a t isom ers with 
trans-fused rings ( la  and 3a) od not appear in the five-m em bered ring series.

Since trans 1-decalones, in turn, are more stable than  th e  cis  ones [10], 
tha lack o f form ation o f 2b, otherw ise feasible via  enolization  o f  lb , is not 
unexpected . R epulsive interactions betw een  the non-bonded electron  pair 
at the nitrogen atom  and the Cle— H  and C17— H bond also con trib u te to  the 
relative instab ility  o f  com pound 2b.

The relationship o f  3b and 4b is, how ever, different. In  3b th e  aromatic 
ring is axially  disposed in relation to ring C thus destabilizing th e  trans C/D 
ring junction  to a degree where its energy becom es com parable w ith  that of 
a cis C/D ring junction , such as in  4b.

A fact still lacking adequate explanation  is that 2a and 4a  can also he 
interconverted by heating w ith  alkali, though the C9— H bond, being  adjacent 
to  a nitrogen, is expected  to  be stable under such conditions.

A detailed NM R study o f the stereostructures o f  the com pounds and some 
derivatives will be reported in tw o subsequent papers.

Experim ental

D eterm ination of the ratio  of diastereomeric ketones

The m ixture (25 m L  of a 10% solution) were chrom atographed on 1 m m  thick , boric 
acid-im pregnated [1] silica gel plates. The spots were scarped off, eluted w ith  ethanol, the 
eluates m ade up to 25 m L w ith  ethanol, and their UY absorbance m easured a t  ab o u t 283 nm. 
F inally , the ratio  of isomers was calculated from  the absorbances.

Epim erization experiments

(a) In acid: A solution of the substrate  (0.15 g) was refluxed in 0.1 N  hydrochloric acid 
(10 m L) and periodically a 25 /iL  sample was w ithdraw n; the ratio of stereoisom ers was deter­
m ined by chrom atography.

(b) In  alkali: A solution of the substrate  (0.15 g) in ethanol (10 m L) contain ing 10% 
N aOH  solution (0.1 mL) was refluxed until its composition did not change anym ore (5 h); 
then  the ratio  of isomers was determ ined.

(c) In ethanol: E xperim ent (b) was repeated w ithout the addition of a lkali.

Ring opening of ketones in acid

Stock solutions of the substrates (0.1 mm ol in 20 mL 1 N  hydrochloric acid) were 
d istribu ted  into 5 mL am poules, each containing 1 m L of sample. After sealing, th e  ampoules 
were k ep t in a therm osta t a t 75 °C and one of them  was periodically rem oved , opened, its
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c o n te n t transferred to a 25 m L  ca lib ra ted  flask and m ade u p  to  25 m L w ith ethanol. The 
UV sp ec tru m  of the solution w as recorded  and the absorbance o f th e  band a t about 363 nm  
m easured .

Determination of the rates of oxidation of ketones

To a solution of the s u b s tra te  in  acetic acid (0.3 m m ol in  10 mL) m ercury(II) acetate  
(0.3 g) w as added and th e  sam ples were kept in a th e rm o sta t a t  40 °C. Periodically 50 fih - 
sam ples were withdrawn, w hich w ere m ade up to 25 m L  w ith  ethanol. The UV absorbance 
of th e  sam ples was determ ined a t  365 nm.

2,3-D im ethoxy-8-aza-gona-l,3,5(10),9,(ll),13(14)-pentaen-12-one (5a)

To a solution of m e rcu ry (II) acetate (4.0 g; 12.5 m m ol) in 5% acetic acid (20 m L) 
2a (1.0 g; 3.3 mmol) was added a n d  th e  solution heated on a s team  b a th  for 90 min, w ith stirring. 
T he p rec ip ita ted  mercury (I) a c e ta te  was filtered off, th en  hydrogen sulfide was bubbled 
th ro u g h  th e  solution and th e  p re c ip ita te  formed was filte red  off. The solution was ad justed  
to  p H  9 and  extracted w ith  chloroform . The chloroform solution  was dried and perchloric 
acid  w as added dropwise. The c ry s ta ls  were filtered off and  w ashed w ith ether to afford 5a 
(1.0 g; 75% ), m.p. 258—260 °C.

UV (EtO H ): 313 (4.24), 257 (4.37) and 237 (4.38) n m  (log e).

2,3-D im ethoxy-8-aza-D-hom o-gona-l,3,5(10),9(11), 13(14)-pentaen-12-one (5b)

Following the m ethod described  for 5a, lb  (1.0 g; 3.2 mm ol) gave 5b (1.2 g; 91% ), 
m .p . 286— 288 °C.

IR  (K B r): v 1620, 1605, 1575 and  1510 c m '1.
UV (EtO H ): 313 (4.24), 257 (4.37), 237 (4.38) nm  (log e).
MS m/e (rel. int.): 311 (100), 310 (84), 296 (34) and  294 (17).

rac-2,3-Dim ethoxy-8-aza-D -hom o-gona-l,3,5(10),9(ll)-tetraen-12-one (6)

To a solution of lb  or 3b (10 mmol) in benzene (50 m L ) a solution of 2,3-dichloro-5,6- 
dicyanobenzoquinone (5 m m ol) in  benzene (50 mL) was ad d ed  in  10 min, w ith stirring. A fter 
re flux ing  th e  solution for 2 h , th e  precip ita te  containing som e sta rtin g  m aterial and p a r t  of 
th e  p ro d u c t was filtered off. T h is w as taken up in a m ix tu re  o f sa tu ra ted  sodium carbonate 
(20 m L ) and  water (180 m L), a n d  ex trac ted  with benzene. A fte r washing w ith w ater th e  ben­
zene solu tion  was evaporated an d  th e  residue recrystallized from  benzene. The original m other 
liq u o r w as washed with dilute sod ium  carbonate and evapora ted . The residue was recrystallized 
from  benzene to afford a second crop . The combined yield, ca lcu la ted  for DDQ was 65— 75% , 
m .p . 230— 232 °C.

1H -NM R (CDCI.j): <5 3.70 (m , 1H, 14-H), 4.90 (s, 3H , OMe), 3.94 (s, 3H, OMe), 5.71 
(s, 1H , 11-H), 6.61 (s, 1H, 4-H ), 7.12 (s, 1H, 1-H); (CDCL, +  C F3COOH): Ő 3.80 (t, 2H , 7 -C H s), 
.3.8 (overlapped, 1H, 14-H), 3.95 (s, 3H , OMe), 4.01 (s, 3H , OMe), 6.23 (s, 1H, 11-H) 6.81 
(s, 1H , 4-H ) and 7.16 (s, 1H , 1-H ).

IR  (K B r): v 1505, 1545, 1585, 1620, 2840, 2860 and 2930 c m - 1.
UV (EtO H ): 355 (4.34), 282 (4.00) and 236 (4.40) nm  (log e).
MS m/e (rel. int.): 313 (100), 285 (22), 258 (37), 230 (17), 205 (32).
CI9H 23N 0 3 (313.4). Calcd. C 72.83; H 7.40; N 4.47. F o u n d  C 72.80; H  7.10; N 4.48% .

rac-2,3-Dim ethoxy-8-aza-13a-gona-l,3,5(10),9(ll)-tetraen-12-one (7a)

W hen oxidized as described above for 6, both 2a and  4 a  yielded 7a, (2.0 g; 70% ), m .p. 
186— 188 °C.

Ш -NMR (CDC1,): <5 2.95 (m , 1H , 13-H), 3.9 (m, Ш , 14-H ), 5.55 (s, 1H, 11-H).
IR  (K Br): v 1510, 1540, 1580 and  1610 c m -1.
UV (EtO H ): 364 (3.78), 282 (3.81) and 2.31 (4.00) nm  (log s).
MS m/e (rel. int.): 299 (100).

Acta Chirti. Acad. Sei. Hung. 109, 1982



VEDRES ct a t: 8-AZAGONAN-12-ONES 137

rac-2,3-Dim ethoxy-8-aza-D-hom o-13a-gona-l,3,5(10),9(ll)-tetraen-12-one (7b)

W hen oxidized as described above for 6, com pound 4b yielded 7b, m.p. 186—-188 °C.
'H -N M R  (CDC13): <5 2.60 (m, 1H, 17a-H), 2.85— 3.0 (m , 311, 14-H, 6-CH2), 3.4— 3.7 

(m , 3H, 14-H, 7-CH2), 3.98 (s, 3H, OMe), 4.02 (s, 3H , OMe), 5.54 (s. 1H, 11-H), 6.62 (s, 1H, 
4-H ), 7.11 (s, 1H, 11-H); (CDC13—CF3C 02H): v  2.60 (m , 1H, 13-H), 3.44 (m, 1H, 14-H ), 3.40 
(t, 2H, 6-CH2), 3.95 (t, 2H , 7-CH2), 3.95 (s, 3H , OMe), 4.01 (s, 3H, OMe), 6.20 (s, 1H , 11-H), 
6.85 (s, 1H , 4-H ), 7.17 (s, 1H, 1-H).

IR  (K B r): v 1220, 1490, 1510, 1540, 1578, 1608, 2845 and 2940 c m '1.
UV (E tO H ): 364 (4.26), 282 (4.00) and 236 (4.30) n in  (log e).
MS m/e (rel. in t.): 313 (100), 285 (10), 230 (16) and 205 (63).
Found C 72.88; H  7.80; N 4.46% .
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Stereoisomeric 8-azagonan-12-ones w ere studied to establish relations betw een 
their stereochem istry and  basicity, the possib ility  of quaternization , the stereostructure  
of their oximes and th e  elim ination of th e  carbonyl group.

D erivatives o f  8-azagon.an-12-on.es are o f interest both as a m eans of 
studying  the relations betw een  stereostructure and reactiv ity , and as com ­
pounds o f  pharm acological interest. A ctu a lly , som e o f the oxim es showed  
valuable pharm acological properties; depending on the stereostructure, th ey  
have either tranquillizing properties or d igitalis-like effects [2 , 11].

Basicity and quaternization

Owing to the in d u ctive  effect o f  th e  carbonyl group, 8-azagonanes, like 
4-piperidones [3], are w eak bases (cf. pK  values in  Table I).

Table 1

Dissociation constants o f  ketones

Configuration Compound P K A

pseudo 3a 5.10
normal la 4.83
alio 2 a 4.66
epiallo 4b 4.75

4a 4.43

The com pound w ith  pseudo  configuration  (3a) is the m ost basic, to  such  
an ex ten t th at it can be separated from its  stereoisom ers by extraction  with

* For P a rt I I I ,  see Ref. [1].
** To whom correspondence should be addressed.
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lb  N— OH 2
lc  HO—N 2
Id H2 1

X

3b N— OH 2
Зс HO— N 2

H

3

H

2b N— OH 1
2c N— OH 1
2d H2 1
2c —NNH—Tos 1

X

4a О 1
4b О 2
4 c N ~ O H  1
4d X— OH 1
4c X— OH 2
4f НО—X 2
4g H2 1
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acid. This is nam ely the stereoisomer in  w hich th e  non-bonding pair o f  electrons 
on th e  nitrogen is th e  m ost accessible. Corresponding, the two epiallo  deriva­
tives 4a and 4b, in which the non-bonding pair is m ost shielded, show  the  
w eakest basicity.

The rate o f  quaternization w ith  m eth y l iodide follows th e  grade o f  
basicity . W hile ketones l a  and 3a were com pletely  m ethylated in  d im eth y l 
form am ide at room tem perature w ith in  5 h , on ly  insignificant conversion was 
observed under the sam e conditions w ith  th e  epiallo compounds 4a  and 4b. 
It is o f  interest th a t 2a having an alio configuration  undergoes degradation  
and gives 6,7-dim ethoxy-2-m ethyl-3,4-dihydroisoquinolinum -iodide as the  
only  isolable product. This can be exp la ined  b y  the proxim ity o f  th e  D -ring  
and the non-bonding pair, as a consequence o f  which the entering m eth y l 
group is subjected to  considerable steric com pression.

The oxim es

W hen reacting the ketones l a ,  2a, 3a, 4a and 4b w ith hydroxylam ine, 
eight o f the ten  different, theoretically  possib le oxim es could be obta ined . 
The reactions were com plete w ithin a few  m inutes at any of the p H  values  
investigated  (3.5, 7.0 and 10). Product ratios were determined by TLC, fo llow ed  
by UY spectroscopy, and are shown in T able II .

Tabic II

Products ratios in  the form ation o f oximes

Ketone
Product (yield, %)

acid
neutral
medium alkaline

l a lc  (100%) lc  (100% ) lc  (100%)

41 (90%) 4f (66% ) 4f (74% )

4b — 3c (34% ) 3c (26%)
4e (10%) — —

3a 3c (100%) 3c (65% ) 
4f (35% ) ■

4a 4c (92%) 4c (92% )
4d ( 8 % ) 4d ( 8 % )

The oxim e pairs derived from 2a and 4a could not be separated, th e  other  
oxim es were obtained as pure com pounds.

Acta Chim. Acad. Sei. Hung. 109, 1982



142 VEDRES et al.: REACTIVITY OF 8-AZAGONAN-12-ONES

Inspection  o f m odels reveals that th e  (E ) oxim es ( lc  and 3c) derived  
from  com pounds having  the normal or pseudo  configuration are sterica lly  
m uch  less hindered th an  their (Z) diastereom ere. In the alio com pounds no 
interference o f the D -ring and therefore no preference for one of th e  oxim es  
can  be anticipated. The skeleton o f the epiallo  com pounds is flex ib le , and an 
axia l  d isposition o f C13— H favours the form ation  o f an (E ) oxim e, w hile an 
equatorial one that o f  a (Z) oxim e.

In  fact, independently  o f  the conditions o f  the reaction, only one oxim e  
( lc )  w as obtained from the ketone la ,  h avin g  normal configuration. In  turn, 
4b. w ith  an epiallo configuration, afforded th e  expected  pair of ox im es, i.e. 
4e and 4 f, in acid m edium , whereas under n eu tra l or basic conditions 4 f  and  
3c form ed. As a consequence of epim erization at C12, 3c has pseudo  skeleton .

The m ost direct evidence for skeletal epim erization  during ox im ation  is 
a reversion to the original ketones, provided th a t the latter process itse lf  does 
n ot in vo lve  further epim erization. Cleavage o f  th e  oximes w ith b isu lfite  [4], 
as w ell as some other m ethods resulted in  epim erization but, surprisingly, 
h yd ro lysis  with aqueous ethanolic hydrochloric acid under controlled cond i­
tio n s le ft the configuration o f  the skeleton in ta c t. D eoxim ation experim ents  
are sum m arized in Table III , suggesting th a t the skeletal configurations of 
our ox im es are as follow s: l c  normal, 4e and 4 f  epiallo, the inseparable pairs 
2b +  2c, and 4c -)- 4d alio and epiallo, 3c pseu do , respectively.

Table ITT

Results o f deoximation

Oximation Deoximation

Ketone Oxime Ketone

l a

4b

3a

2a

4a

lc  --------Э- l a

4f --------> 4b
3c -------- > 3a
4e -------- > 4b

4f — - 4b
3c -------- »- 3a

2b
-------- > 2a

2c

4c
4a

4d

Since the parent ketones 3a and 4b undergo interconversion even  on  
h ea tin g  in aqueous ethanol [1], it is not surprising that the same reaction  
occurs during oxim ation . Since the oxim es w ere found to be stable at neutral
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pH , epim erization o f the oxim es them selves can  be excluded under such con­
ditions. The interconversion o f 3c and 4 f  in  alkaline m edium  associated w ith  
an inversion at C13, adjacent to  the oxim e m oiety , w as, however, unexpected .

Apart from epim erization alkali also affected  the Z— E isom erization o f  
the oxim es. Thus we experienced an equilibration  o f 2b and 2c, as w ell as o f  
4e and 4f, w ith  4 f  predom inating. O xim e l c  rem ained unchanged in  alkali. 
These results are in  accordance w ith  exp ectation s deduced from a stu d y  o f  
m olecular m odels.

The configuration  o f oxim es was assigned by NM R spectroscopy and 
w ill be reported in  Part У o f th is series [5].

Elim ination of the carbonyl group

The stereostructures o f  the ketones used in  the present work were 
discussed in  Part I I I  o f this series [1]. R eduction  o f the carbonyl group to  
m ethylene provides another was to correlate 2a and 4a, both containing a 
five-m em bered D-ring, since a m ethod elaborated b y  B r o w n  et al. [6] perm itted  
the synthesis o f  reference com pounds w ith well defined C/D ring junction . 
On this analogy, we prepared the epim eric lactam s 5 and 6, followed b y  ring  
closure and reduction to  y ield  a m ixture o f 2d and 4g (from 5), and com pound  
Id (from 6). For com parison o f these products w ith  2a and 4a, reduction o f  
the carbonyl group in  the latter com pounds was necessary.

Under the conditions o f H uang— M inion reduction the substrates suffered  
decom position; the hydrazones also failed to  undergo reduction in  DMSO  
containing potassium  t-butoxide [7]. C lem m ensen reduction gave a m ixture  
o f products. I t  m ay be o f interest th at under such conditions l a  afforded the  
dehydro derivative [8 ] 7.

R eduction o f the tosylhydrazone 2a w ith  sodium  cyanoborohydride
[9] was successful. 2a and 4a yielded the sam e hydrazone (2e), though 2a 
reacted at a higher rate. W hen the product was reverted to a ketone b y  trea t­
m ent w ith  boron trifluoride d iethyl etherate in  acetone [10], 2a, contain ing  
some 4a, was obtained; the latter com pound probably formed by subsequent 
isom erization o f 2a.

R eduction  o f 2e gave rise to tw o products, identical w ith 2d and 4g, 
both prepared independently, whereas the form ation o f Id having a Irans 
C/D ring junction  could not be detected.

Experim ental

Determination o f the basicity o f ketones: To a solution of the ketone 1—4 (0.5 mmol) 
in ethanol (20 m L), w ater (20 mL) was added and the solutions were titra ted  a t 20 °C w ith 
0.1 N  perchloric acid in 50% aqueous ethanol, using a Type PHM  27 pH -m eter w ith glass 
and sa tu ra ted  calomel electrodes.
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Quaternization o f ketones: A solution of the ketone 1 4 (1 mmol) in dim ethyl form am ide
(5 m L ) w as allowed to react a t room  tem peratu re  w ith  m ethyl iodide (0.5 mL). A fter 5 h 
in s ign ifican t conversion of 4a and 4b was observed, while lb  and 3a were converted quan tita - 
tiv e lv  to  give the corresponding m ethiodides, m .p. 225— 226 °C (from lb )  and m .p. 205— 
206 °C (from  3a).

Compound 2a gave a qu an tita tiv e  yield of 6,7-dim ethoxy-2-m ethyl-3,4-dihydroiso- 
qu ino lin ium  iodide of m .p. 198— 200 °C, identical w ith  a sample prepared by  reacting  6,7- 
dim ethoxy-3,4-dihydroisoquinoline (1 mmol) w ith  m ethyl iodide (0.5 mL) in dim ethyl form am ­
ide (5 m L).

Product ratio in oxime form ation^
(а) In  acid medium: A solution of hydroxylam ine hydrochloride (3.0 g) in w ater (30 mL) 

was h ea te d  to  95 °C, and the appropriate  ketone (1—4) (10 mmol) was added. A fter allowing 
th e  m ix tu re  to  stand in a refrigerator overnight, the crystals were filtered off, w ashed w ith 
w a te r  and  dissolved in 50% aqueous ethanol. The solution was made alkaline, th e  ethanol 
ev ap o ra ted , the crystals were filtered  off, washed w ith  w ater and dried to obtain the oxime 
in th e  base form in alm ost q u an tita tiv e  yields.

F ifty-m g samples of the p roducts were chrom atographed on silica gel p lates (2 mm , 
M erck), th e  spots scraped off, e lu ted  w ith  chloroform (10 mL), and the isomeric ra tio  was 
d e te rm ined  by measuring the absorbance of the m axim um  a t about 283 nm.

(б) In  neutral medium: To a solution of th e  ketone (1—4) (10 mmol) in ho t ethanol 
(50 m L ) there was added a neutralized solution of hydroxylam ine hydrochloride (0.8 g) in 
w a te r (4 m L). A fter 10 min more w ater (20 mL) was added and the ethanol evaporated . The 
p ro d u c t w as filtered off, washed w ith  w ater and dried to  give the oxime in the base in  quan ti­
ta t iv e  yield. P roduct ratio  was determ ined as above.

(c) In  alkaline m edium : A h o t solution of th e  ketone (1—4) (10 mmol) was p repared  in 
e th an o l (50 m L), and a solution of hydroxylam ine hydrochloride (0.8 g) and sodium hydroxide 
(0.8 g) in  w ater (5 mL) was added; th e  experim ent was then  carried ou t as described under (b).

Deoximalion: To a solution of th e  oxime (1 mm ol) in ethanol (10 m L) and w ater (6 mL), 
1 N  hydrochloric acid (2 mL) was added and the solution refluxed for 2 h. A fter neu tralization  
th e  e thano l was evaporated, the p roduc t filtered off, washed w ith w ater and dried. The products 
w ere iden tified  by chrom atography and IR  spectroscopy.

Skeletal isomerization o f oximes: A solution of 3c or 4f (0.5 mmol) was prepared  in a 
m ix tu re  o f ethanol (5 mL) and w ater (1.5 mL), and 10% NaOH solution (2.4 mL) was added. 
T he m ix tu re  was then refluxed for 3 h. One ml of th is solution was run on a silica gel plate 
(2 m m , Merck) and the product ra tio  was determ ined as described above. Pure 4 f and  3c 
eq u a lly  gave m ixtures consisting of 4 f and 3c (74% and  26% , respectively).

rac-2,3-D im ethoxy-8-azagona-l,3 ,5(10)-triene (Id )

rac-2,3-D im ethoxy-8-azagona-l,3,5(10),8(9)-tetraene perchlorate (1.0 g; 2.58 mmol) 
w as hyd rogenated  a t 3.54 bar in 50%  aqueous ethanol (500 mL) in the presence of p latinum  
oxide (0.2 g). The solution was filtered  while w arm , m ade alkaline and ex tracted  w ith  ether. 
A fte r evaporation  of the solvent, th e  residue was crystallized from ether—petroleum  ether 
(5 : 2) to  give Id  (0.35 g; 48% ), m .p. 120— 123 °C, identical w ith an au then tic  sample.

IR  (CHC13): v 2760, 2820, 2840, 2880, 2920, 2945 and 2975 c m " 1.
MS m/e (rel. in t.): 287 (76), 286 (10), 272 (4), 258 (46) and 191 (71).

rac-2,3-Dim ethoxy-8-aza-9/?,13a-gona-l,3,5(10)-triene (4g)

R eduction  of rac-2,3-Dim ethoxy-8-aza-13a-gona-l,3,5(10),8(9)-tetraene perchlorate (10 g; 
2.58 m m ol) b y  the above m ethod gave, a fter the vaporation  of the ethereal solution, a m ix ture  
of 2d and  4g from  which by column chrom atography on silica gel w ith chloroform as the e luan t 
pu re  4g w as obtained (0.15 g as H B r salt, m .p. 218— 222 °C). The product was identical w ith  
an au th e n tic  sample.

IR  (CHCl-j): v 2840, 2880, 2925, 2945, and 2980 c m - 1.
M S  m/e (rel. in t.): 287 (53), 286 (100), 272 (13), 258 (23), 191 (19).
A  m ix tu re  of the same isomers (2d and 4g) was obtained on reduction  of th e  tosyl- 

hyd razone  2e. A solution of 2e (0.94 g; 2 mmol), p-toluenesulfonic acid (0.1 g) and sodium 
cyanoborohydride (0.76 g) in  a m ix tu re  of dim ethylform am ide (4 mL) and sulfolane (4 m L)
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was heated a t 110 °C for 3 h ; the same am ount of reducing agent was th en  added  and the 
heating  continued for another 5 h. A ddition of w ater, m aking the m ixture a lkaline and  extrac­
tion w ith  benzene and evaporation of the e x trac t gave a m ixture of 2d and  4g (0.5 g) from 
which 4g was isolated as described above.

rac-2,3-D im ethoxy-8-Bza-D -hom ogona-l,3,5(10),12-tetraene (7 )

A m ixture of zinc powder (5 g), HgCl2 (0.25 g), w ater (5 mL) and cone. HC.l (0.25 mL) 
was shaken for a few m inutes and th en  the liquid phase was decanted. T he residue and la  
(6.3 g, 0.02 mol) were refluxed in a m ix ture  of w ater (2.5 mL) and cone. HC1 (12 m L ) for 1 h. 
A fter adding 40% N aO II solution (40 m l.) and w ater (160 mL), the m ix tu re  w as extracted 
w ith  chloroform , the organic layer washed w ith  w ater and evaporated to give an oil (4.9 g), 
w hich was dissolved in ether. A ddition of petro leum  ether precipitated th e  p ro d u c t (1.75 g; 
29% ). m .p. 131-—136 °C. R ecrystallization from e ther gave pure 7 (1.0 g), m .p . 139-—142 °C.

‘H-NM R (CDC13): <5 3.84 (s, 6H , OMe), 5.55 (m , 1H, 12-H), 6.67 and 6.53 (s each, 2H, 
arom atic H).

IR  (K B r): v 1260, 1510, 1520, 1610, 2740, 2860 and 2930 cm 4 ; (CHC13): v 2760, 2805 
and 2820 cm 4 .

MS m/e (rel. in t.): 299 (25), 298 (7) and 191 (100).
CI9H 2bR 0 2 (299.4). Caled. C 76.22; H  8.42; N 4.68. Found C 76.47; H  8.90; N  4.47%.

rac-2,3-D im ethoxy-8-azagona-l,3,5(10)-trien-12-p-toluencsulfonylhydrazone (2e)

A solution of 2a (4.8 g; 16 mm ol) and tosylhydrazone (3.6 g; 19.2 m m ol) in ethanol 
(10 m L) was refluxed for 30 min, crystalline p roduct (6.75 g; 90%) filtered off and  recrystallized 
from  five volumes of benzene to  yield 2e (4.2 g), m .p. 150— 152 °C. By th e  sam e m ethod 4a 
afforded 2e as well.

IR  (K B r): v 1170, 1340, 1520, 1600, 1610, 2880 and 3180 cm 4 .
MS m/e (rel. in t.): 469 (1), 405 (2), 313 (100), 297 (50) and 285 (40).
C26H ,,N 30 4S (469.6). Caled. C 63.95; II 6.65; N  8.95; S 6.83. Found C 63.59; H  7.57; 

N  8.67; S 6"88°/0.
To a solution of 2e (0.47 g) in acetone (10 m L) boron trifluoride e th e ra te  (0.19 ml) 

and w ater (1 m L) were added and th e  m ixture was left standing a t room tem p era tu re  for 20 h. 
E vaporation , tr itu ra tio n  of the residue w ith benzene and evaporation of the  benzene extract 
gave 2a (0.2 g, m .p. 115— 119 °C) containing 5— 10% 4a.

rur-(7'.)-2.3-üiiiiethow -8-aza- U-liomogonu-1.3,5(10)-Irien-12-onr oxime ( l c )

To a w arm  solution of l a  (18.4 g; 0.0585 mol) in ethanol (185 m l.) there  was added 
hydroxylam ine hydrochloride (4.1 g) dissolved in w ater (30 mL). The solution w as m ade alka­
line by  the addition of sodium hydroxide solution, and it  was refluxed for 5 m in. A fter standing 
in a refrigerator overnight, the crystals were filtered  off, washed w ith 50% ethano l (3X  15 mL) 
and dried to give a crude product (15.2 g), m .p. 237— 242 °C. This was recrystallized  from  etha­
nol (1200 m L) to  yield Ic  (10.5 g; 55% ), m .p. 238— 241 °C.

4 I-N M R  (CDC13): <5 3.67 (q, 1H , 9-H), 3.84 and 3.86 (s each, 6H , OMe), 6.58 (s, 1H, 
4-H ), 6.69 (s, 1H, 1-H), 9.75 (s, H I, =  NOH).

IR  (K B r): v 1525, 1620, 1675, 3160 and 3250 c m " 1; (CHC13): v 2760, 2820, 2845, 2865, 
2945 and 2980 cm 4 .

UV (E tO H ): 285 (3.62) nm (log e).
MS m/e (rel. in t.): 330 (62), 329 (25), 313 (100), 272 (33) and 191 (33).
C19H 2CN20 3 (330.4). Caled. C 69.06; II 7.93; N  8.48. Found C 69.05; IT 8.13; N 7.60%.

rac-(E)-2,3-D iiiiethoxy-8-aza-D -honio-9/?,13a-gona-l,3,5(10)-trien-12-one oxime (4f)

To a solution of hydroxylam ine hydrochloride (31.5 g) in water (315 m L ), 4h (31.5 g ; 
0.1 mol) was added a t  95 °C. A fter boiling for 5 m in the solution was cooled to  8 °C, th e  crystals 
filtered off and washed w ith 50% ethanol (3 x 2 0  m L) to  obtain the hydrochloride (35.7 g; 
98% ), m.p. 213— 217 °C. This was dissolved in h o t 50%  ethanol (800 m L) an d  a solution of
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N aO H  (4.4 g) in w ater (20 m L ) was added. The solution was cooled to  room tem peratu re , the 
p rec ip ita te  filtered  off, w ashed w ith  50% ethanol and dried  to  give 4f (25.2 g; 77% ), m .p. 
216— 218 °C M.p. after recrysta lliza tion  from a 100 volum es of ethanol: 217— 219 °C.

'H -N M R  (CDC13): 8 3.84 (s, 6H , OMe), 4.05 (q, 1H , 9-H ), 6.5 (s, 1H, 4-H), 6.70 (s, 1H, 
1-H), 9.70 (s, 1H, = N O H ).

I R  (K B r): v 1530, 1620, 1670, 3090 and 3200 c m - 1; (CHC13): v 2845, 2865, 2945 and 
2985 c m -1 .

UV (E tO H ): 285 (3.59) nm  (log s).
MS m/e (rel. in t.): 330 (46), 329 (21), 314 (23), 313 (100) and  191 (37).
C,9H 26N „03 (330.4). Calcd. C 69.06; H 7.93; N 8.48. F ou n d  C 69.15; II 8.12; N  8.52% .

rac-(/5 )-2,3-Dim<'thoxy-8-aza- D -liom o-9/i-goiia-l,3,5(10)-trien-12-oiie oxime (3c)

To a solution of hydroxylam ine hydrochloride (1.25 g) in  w ater (13 mL), 3a (1.25 g, 
4 m m ol) w as added w ith stirring  a t  95 °C. W ork-up as described for 4f gave 3c (l.O g; 75% ); 
m .p. 220— 223 °C.

‘H -N M R  (CDC13): 8 3.84 and  3.86 (s each, 611, OMe), 4.46 (t, 1H, 9-H), 6.52 (s, 1H , 
4-H) and  6.90 (s, 1H, 1-H).

IR  (K B r): v 1525, 1615, 1670, 3090 and 3480 cm “ 1; (CDC13): v 2845, 2870, 2950 and 
2985 cm “ 1.

MS m/e (rel. in t.): 330 (54), 329 (27), 314 (23), 313 (100), 272 (28) and 190 (21). 
C,9H 26N20 3 (330.4). Calcd. C 69.06; II 7.93; N 8.48. F ound  C 69.26; II 8.30; N 8.53% .

rac-(.Z)-2,3-D iinethoxy-8-aza-D -hom o-9/?-13a-goiia-l,3,5(10)-trien-12-one-oxim e (4e)

T he  aqueous m other liquor from  the preparation of 4f, starting  from 0.1 mol of 4b, 
was ev ap o ra ted  to  about h a lf o f its  original volume. The cry s ta ls  obtained (6 g) were filtered  
off and  recrystallized  from  e thy l ace ta te  (100 mL), w ith  tre a tm e n t w ith decolorizing carbon. 
The c ry s ta ls  were filtered off a t 25 °C to obtain 4f (1.7 g) and  th e  m other liquor was cooled 
fu rth e r to  10 °C. The p rec ip ita te  was filtered off, washed w ith  ice-cold ethyl acetate, and dried 
to  give 4c (0.7 g; 2% ), m .p. 131— 135 °C.

'H -N M R  (CDC13): 8 3.81 and  3.88 (s each, 6H , OMe), 4.47 (t, 1H, 9-H), 6.52 (s, 1H, 
4-H ), 6.90 (s, 1H, 1-H) and 9.53 (s, 1H , = N 0 H ) .

U V  (E tO H ): 280 (3.52) nm  (log s).
MS m/e (rel. in t.): 330 (51), 329 (25), 313 (100), 192 (18), 191 (45), and 190 (30).
Ci9H 20N2O3 (330.4). Calcd. C 69.06; II 7.93; N 8.48. F ound  C 68.60; H 8.13; N  8.75% .

rac-(£)-2,3-Dim ethoxy-8-aza-13<x-gona-l,3,5(10)-trien-12-one-oxim e (2b and 2c)

To a solution of hydroxylam ine hydrochloride (22.0 g) in  w ater (220 mL), 2a (12.0 g; 
0.04 m ol) w as added a t 90 °C. The solution was stirred  for 30 m in a t this tem pera tu re  and 
cooled to  20 °C. The crystals w hich precipitated were filte red  off and washed w ith w ater to 
ob tain  a m ix tu re  of 2b and 2c (12 g). This was dissolved in w arm  50% ethanol (100 m L), m ade 
alkaline, and  kep t in a refrigerator overnight. Compound 2b (4.4 g) separated and i t  was re ­
crystallized  from  acetone (100 m L ) to  yield pure 2b (1.9 g; 15% ), m.p. 180—182 °C.

'H -N M R  (CDC1;): 8 3.80 (s, 6H , OMe), 6.55 and  6.72 (s each, 2H, arom atic H ), 9.50 
(s, H I, = N O H ).

IR  (K B r): v 1520, 1615, 1670 and 3280 c m '1; (CDC13): 2760, 2820, 2840, 2880, 2920, 
2945 and  2975 cm -1 .

C18H 21N20 3 (316.4). Calcd. C 68.33; II 7.64; N 8.85. F ou n d  C 68.59; H 8.26; N 8.85% .
T he aqueous ethanol from  th e  preparation of 2a was concentrated, the prec ip ita ted  

p roduc t f ilte red  off, aud recrystallized  from acetone (30 m l). A t 5 °C 2b (0.5 g) was rem oved 
by filtra tio n  and the rem aining solution  was slowly cooled to  — 20 °C to afford, a fter w ashing 
w ith cold acetone, crude 2c (2.0 g). Recrystallization from  aqueous acetone (1 : 2) gave pure 
2c (1.25 g), m .p. 97—99 °C.

4 I-N M R  (CDC13): <5 3.45 (q, 1H, 9-H), 3.89 (s, 6H , OMe), 6.57 and 6.67 (s each, 2H , 
arom atic H ), and 9.3 (s, 1H, = N O H ).

IR  (K B r): v 1520, 1615, 1670 and  3480 cm 4 , (CHC13): 2760, 2820, 2840, 2880, 2920, 
2950 and  2980 cm -1.

C18H 24N20 3 (316.4). Calcd. C 68.33; II  7.64; N 8.25. F o u n d  C 68.51; H 7.48; N  8.81% .
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rac -(f)* 2 .3 -D im eth o x y -8 -aza -9 /?-1 3 a-g o n a-l,3 ,5 (1 0 )-trien -1 2 -o n e  oxim e (4 c  a n d  4d)

To a solution of hydroxylam ine hydrochloride (20 g) in w ater (200 m L ), 4a (10.0 g; 
0.033 mol) was added a t  80— 90 °C, w ith stirring. S tirring  was continued a t  th is  tem perature  
for 30 m in; th e  m ix ture  was then cooled to  20 °C, th e  product filtered off and  w ashed w ith 
w ater to give th e  hydrochloride (10.2 g; 93% ), m .p . 183— 185 °C. This was dissolved in  warm 
50% aqueous ethanol (70 m L), made alkaline, th e  p recip ita ted  product filtered  off and  washed 
w ith  w ater to  afford 4c (7.35 g; 70% ), m .p. 208— 210 °C. After recrystallization  from  ten 
volum es of dioxane: m .p. 211— 213 °C. The m other liquors contained the more polar oxim e, 4d.

!H-NM R (CDC13): <5 3.80 (s, 6H , OMe), 6.55 and  6.70 (s each, 2H , arom atic H ).
1R (K B r): v 1530, 1615, 1670, 3080 and 3190 c m '1.
C18H 2)N20 3 (316.4). Calcd. C 68.33; H 7.64; N  8.85. Found C 68.62; II  7.73; N  8.91%.
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Uf- UND 13C-N M R -SPEK TR O SK O PISC H E U N TERSU CH U N G EN  
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Eingegangen am 16. Septem ber 1980

Zur Veröffentlichung angenom m en am  13. Oktober 1980

Die 41- und l3C-NM R-Spektren der 8-Azasteroide la ,  lb , l c  u n d  2 8 wurden
untersucht. Dabei konnten  die R ingverknüpfungen und die M olekülkonfigurationen 
und  -konform ationen sowie die K onfigurationen der Oxime eindeutig bestim m t werden.

In  unseren früheren M itteilungen berichteten  wir über die Synthesen  
einiger 8-Azasteroide [1— 3]. In dieser A rbeit m öchten wir die Stereochem ie  
und die K onform ationen der V erbindungen in  dieser Klasse au f der Basis 
ihrer 1H- und 13C-NM R-Spektren diskutieren.

A priori Betrachtung der K onform ationen und ihrer G leichgew ichte

B ei Durchführung der früher von  uns beschriebenen C ycloaddition  von  
3,4-D ihydroisochinolinonen und 1-A cetylcycloalkenen sind vier D iastereo- 
m erenpaare la ,  lb ,  l c  und ld  zu erwarten. E s entstehen hei d iesen R eaktionen  
natürlich racemische Gemische; der Ü bersichtlichkeit halber sind in  den Abbil­
dungen aber immer nur Isomere aus einer Enantiom erenreihe dargestellt. Um  
die D iastereom eren leichter unterscheiden zu können, übernehm en wir die 
in  der A lkaloidchem ie gebräuchlichen Bezeichnungen »normal«, »epiallo«, 
»pseudo« und »allo« für die verschiedenen Isom eren [4] (siehe Abb. 1). Im  
folgenden gehen wir davon aus, daß Ring В in  der H albsessel- und die Ringe 
C und D  nur in der Sesselkonform ation vorliegen.

D ie einzelnen Konform eren können durch Stickstoff- und/oder Ringin­
version ineinander übergeführt werden. B ei einem  trans-Isom er (trans-Verknüp- 
fung der Ringe В und C) führt Stickstoffinversion  zu einem cis-1- und zusätz­
liche R inginversion, die allerdings nur bei cis-Verknüpfung der R inge C und 
D  m öglich ist, zu einem  cis-2-Isom er [4]. D ie K onform erengleichgewichte  
sind durch die unterschiedlichen sterischen W echselwirkungen in den einzelnen

♦ S. Lit. [1].
** Korrespondenz b itte  an diesen A utor richten.
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Konform eren bestim m t, wobei die A bstände einzelner A tom e anhand von  
Dreiding-M odellen abgeschätzt werden können. Obwohl die M odelle die wirk­
liche Geometrie der Moleküle nicht exakt w iedergeben können —  die W echsel­
wirkungen sind durch die R ingedeform ationen m eist etw as verm indert —  
war es doch m öglich, auf Grund dieser Überlegungen inetw a die relativen  
Energien der K onform eren m it H ilfe der B artell-Funktion [5] abzuschätzen. 
D iese läßt bereits verm uten, daß l a  überwiegend in der irans-Form  vorliegt. 
Für lb  scheint nach dieser allerdings nur groben A bschätzung die c is-l-F orm  
ein wenig gegenüber der traras-Form begünstigt zu sein. D ie cis-2-F orm  scheidet 
danach ganz aus. B ei ld  ist nur das trans-K onform er zu erw arten, da bei den 
cis-1- und cis-2-Form en ungünstige syn-diaxiale  W echselw irkungen auftreten.

Überführung der Epimeren l a —ld  ineinander und ihre therm odynam ische
Stabilität

Enolisierung der C-12-Ketogruppe führt zu einer E pim erisierung am 
C-13-Atom, wodurch das norm al-(la) und das allo-isom ere ( ld )  ineinander 
übergeführt werden können. In diesem  G leichgewicht überw iegt au f Grund 
der günstigeren sterischen Verhältnisse das norm al-Epim er la ;  dem entspre­
chend fanden wir kein allo-isom er ld  [2]. Im  Epim erisierungsgleichgew icht 
von lb  und l c  ist das V erhältnis 3 : 1, was darauf h inw eist, daß in diesem  
Falle der Energieunterschied geringer ist. B ei der B ehandlung m it Säure tritt 
gleichzeitig Epim erisierung an C-13 und C-9 ein, wodurch m an ein Gleichge­
w ichtsverhältn is der Isom eren la ,  lb  und l c  im  Verhältnis 2 : 1 : 1  erhält [2]. 
D ies zeigt, daß erwartungsgem äß das norm al-Epim er l a  das therm odynam isch  
günstigste ist. Für die A ufklärung der konfigurativen Zusam m enhänge der 
Verbindungen l a — ld  waren selektive O xidationsreaktionen von  großem  N ut­
zen. So führten l a  und l c  zum gleichen zle,n-01efin 6, lb  jed och  zu 7 (siehe 
Abb. 2). D ies ist ein weiterer B ew eis dafür, daß sich l a  und l c  nur durch die 
K onfiguration an C-9 unterscheiden. Zum Vergleich und für die weiteren  
spektroskopischen U ntersuchungen haben wir auch das A13,14-01efin  8 dar­
gestellt [18].

Stereochemie der C-12-K etoxim e

U m setzung der K etone zu den entsprechenden O xim en bringt weitere 
sterische W echselwirkungen m it sich. B ei den Verbindungen, in  denen die 
Ringe C und D trems-verknüpft sind, d. h. bei 2 und 5, k on n ten  wir unter 
Bedingungen, bei denen Epim erisierung an C-13 ausgeschlossen ist, nur die 
E-Isom eren isolieren, da bei Z -K onfiguration eine starke A bstoßung zwischen 
der H ydroxygruppe des Oxims und dem equatorialen W asserstoffatom  an 
C-17a auftritt.
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B etrachten wir die trans-  und c is-l-K onform ationen  von  lb , bei denen 
die R in ge C und D cis-verknüpft sind, so können  wir erwarten, daß die B ildung  
der Z- O xim e ebenso unw ahrscheinlich ist, da auch hier eine entsprechende 
W echselw irkung, diesm al jedoch  m it dem axialen  W asserstoffatom  an C-17a, 
ex istier t. W enn trotzdem  ein Z-Oxim gebildet wird, muß es in der cis-2- 
K onform ation  vorliegen, da dann diese sterischen A bstoßungen n ich t mehr 
a u ftreten . E xperim entell fanden  wir ein H auptprodukt, daß sich , wie wir 
im  folgenden  noch zeigen werden, als H -Isom er in  der trrm s-Konform ation  
h erau sste llte , und ein N ebenprodukt, w elches das Z-Oxim  in der cis-2-K on- 
form ation  ist [3].

Spektroskopische M ethoden bei der Strukturaufklärung

D ie  am m eisten b en u tzten  spektroskopischen M ethoden bei K onform a- 
tionsbestim m ungen  von  Chinolizidinen, w ie es die 8 -Azasteroide ja  sind, sind 
die IR -, die hH-NMR- und seit kurzem  auch die 13C-NM R-Spektroskopie.

D ie An- bzw. A bw esenheit von B ohlm ann— Banden in den IR -Spektren  
der L ösungen  wurden zur U nterscheidung von  trans- und cis-Chinolizidinen  
herangezogen  [6], obw ohl einige Autoren gefunden haben, daß diese Absorp­
tion sb an d en  trotz V orliegen einer Irans-Verknüpfung der R inge m anchm al 
n ich t sichtbar sind, w enn Ringverzerrungen auftreten [7]. A ndererseits schließt 
ihr A u ftreten  einen beträchtlichen  A nteil des eis-K onform eren im  Gleichge­
w ich t n ich t unbedingt aus [8 ].

B e i den 1H -N M R -U ntersuchungen wurden folgende K riterien ange­
w en d et:

(а ) Man kann die P osition  und die M ultip lizität des Signals des angularen  
P roton s benutzen, um  die trans- von der cis-Verknüpfung der R inge В und 
C zu  unterscheiden. D er Grenzwert von  6 =  3,8 [9] ist dabei aber nur eine 
A nnäherung, da es auch noch andere E inflüsse auf die Signallagen der Protonen  
in  d ieser Position geben kan n , und in einigen Fällen fand m an, daß dieser 
G renzw ert ein wenig bei tieferem  Feld liegt [10, 13].

(б) Steht das freie E lektronenpaar des Stickstoffatom s antiperiplanar  
zu einem  W asserstoffatom , so wird dessen Signal zu hohem  Feld verschoben, 
w as b ei den Chinolizidinen zu einem U nterschied  der chem ischen Verschie­
b u n gen  von axialen und equatorialen Protonen  von  ca. 0,9 ppm  führt; bei 
C yclohexanen  liegt dieser W ert nur bei 0,5 ppm . W ird das Stickstoffatom  
p roton iert, verschw indet dieser besondere H ochfeldeffekt wieder [11].

(c) D ie geminale K oppelkonstante von  M ethylenprotonen neben einem  
Stick sto ffa tom  zeigt die Stellung des freien Elektronenpaares an. Ist es 
n äm lich  antiperiplanar  zu einem  dieser Protonen, verm indert sich der A bsolut­
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wert der gem inalen K oppelkonstante um ca. 2 H z im  Vergleich zur syn- 
clinalen Anordnung [12].

D ie M öglichkeiten, die in der A nw endung der 13C-NM R-Spektroskopie 
bei der Aufklärung der Stereochem ie von C hinolizidinen [10, 14] und Steroiden  
[15] liegen, wurden in einer R eihe von  V eröffentlichungen dem onstriert. Am  
deutlichsten  kann m an dabei eine U nterscheidung von  cis- und irrms-Ring- 
Verknüpfung auf Grund von  H ochfeldverschiebungen der Signale von  angularen 
und sich in y-gauc/ie-Position befindlichen K ohlenstoffatom en treffen.

Kürzlich wurde gezeigt, daß das freie E lektronenpaar einen stereo­
spezifischen E influß au f die 13C-1H -K oppelkonstante hat [16]. A uf dieser 
Basis wurden bevorzugte cis- und frans-K onform ationen von  Chinolizidinen  
bestim m t [17].

D iskussion der Ergebnisse

1H-iVMR- Untersuchungen

D ie H l-N M R -U ntersuchungen lieferten w ichtige H inw eise bei der Struk­
turaufklärung der hier diskutierten  Verbindungen, obw ohl einige der im  vorigen  
A bschnitt vorgestellten  M ethoden nicht angew endet werden konnten. So konn­
ten  wir z. B . nicht au f die sehr inform ativen Protonierungs-Shifts [11] zurück­
greifen, da Säurezugabe bei diesen M olekülen zu Epim erisierungen führt.

Die B estim m ung der Verknüpfung der R inge В , C und D ist im  Prinzip  
m öglich, wenn m an die chem ischen V erschiebungen und die M ultiplizitäten  
der Signale der angularen A tom e H-9, H-13 und H -14 untersucht. Leider 
führte in unseren Spektren Überlagerung der Signale von  H-13 und H-14 
durch die der anderen G erüstprotonen dazu, daß deren M ultiplizität nicht 
bestim m bar war. N ur das Signal von C-9 konnten  wir in einigen Fällen getrennt 
beobachten. B ei dem  Isom eren l a  war es allerdings von  den Signalen der 
M ethoxygruppen bei ö =  3,87 und 3,90 überdeckt. Um  trotzdem  die M ulti­
p lizität bestim m en zu können, wurde Eu(dpm )3 nach und nach in  kleinen  
M engen zugegeben, und bei einem molaren V erhältnis von  0,22 konnte das 
H -9-Signal getrennt beobachtet werden. Da die induzierten Signalverschie­
bungen für die M ethoxysignale die größten W erte annahm en, schließen wir, 
daß sich dort der bevorzugte K om plexierungsort befindet. Wir können daher 
annehm en, daß sich die K onform ationsgleichgew ichte durch die Zugabe des 
Eu(dpm )3 nicht w esentlich  geändert haben. D afür spricht auch, daß sich bei 
versehiedenen K onzentrationen  des Shift-R eagenzes die A ufspaltungen des 
H-9-Signals (11,0 und 3,4 Hz) nicht w esentlich änderten. Die E xtrapolation  
der induzierten V erschiebungen des H -9-Signals auf eine K onzentration des 
Shift-R eagenzes von  0,0 ergab eine chem ische Verschiebung von  6 =  3,88. 
Obgleich dieser W ert den von U sicokovic angegebenen Grenzwert von 3,8
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[9] ein  wenig übertrifft, w eist er doch eindeutig auf eine trans-Verknüpfung 
der R inge В und C hin, zum al, w enn m an neuere U ntersuchungen [10, 13] 
(siehe oben) berücksichtigt. Außerdem  treten hei dem in Chloroform aufgenom ­
m enen  IR -Spektrum  von  l a  die Bohlm ann-Banden auf.

D urch D oppelresonanz-E xperim ente suchten wir unter den Signalen  
der übrigen G erüstprotonen zw ischen 6 — 1,0— 3,0 die der Protonen an C -ll .  
E s ste llte  sich dabei heraus, daß das Zentrum des A B-Teils dieses A B X - 
T eilspektrum s hei 6 =  2,75 lieg t. Deshalb können die K oppelkonstanten aus 
den A ufspaltungen des H -9-Signals nicht direkt entnom m en werden. Die 
Sum m e von  14,4 Hz bew eist aber, daß die Ringe В und C trans-verknüpft 
sind . D as Signal des equatorialcn H-7 konnte zwar hei <5 =  3,35 beobachtet 
w erden , doch war auch hier die K oppelkonstante aus der Signalaufspaltung  
n ich t zu  entnehm en. Im  O xim  2 jedoch war dies am entsprechenden Signal bei 
ö =  3 ,39 möglich; die K oppelkonstante 2J le la beträgt 10,5 H z. D ieser kleine 
A b solu tw ert weist darauf h in , daß das freie Elektronenpaar am Stickstoff 
an tiperip lcnar  zum axialen  W asserstoff an C-7 steht [12]. D ies ist ein weiteres 
A rgum ent dafür, daß hei l a  und 2 das irans-Konform er bei w eitem  überwiegt.

Im  Gegensatz zu den sehr ähnlichen chem ischen Verschiebungen der 
b eid en  H -ll-P ro to n en  in  l a  (ca. 2,75 ppm ), ist in 2 infolge der A nisotropie 
der O xim gruppe [19] das S ignal des equatorialen H - l l  zu tiefem  Feld  nach 
<5 =  3 ,85 und das des axialen  zu hohem  Feld nach ö — 2,09 verschoben. 
A ußerdem  erleidet auch das H -l-S ig n a l eine Tieffeldverschiebung von  0,18 ppm . 
D ies is t  ein eindeutiger B ew eis für die E -K onfiguration  des O xim s.

B eim  Isomer l c  ist die chem ische Verschiebung von  H -9 m it ö =  4,75 
rech t groß, und sein Signal wreist eine Triplettstruktur m it den K oppelkon­
sta n ten  Jge,iia =  Jve,ne =  5,0  Hz aus, was daraufhin deutet, daß H -9 sich in  
equatorialer Position relativ  zu R ing C befindet und das die R inge В und C 
cis-verknüpft sind. D ie Signale der Gerüstprotonen erscheinen als breites 
M u ltip lett zwischen ö =  1,0 und 3,5; unter ihnen wraren nur die Protonen an 
C - l l  identifizierbar. F ührten wir das K eton in das Oxim 5 über, beobachteten  
w ir analoge Veränderungen in  den Spektren wie bei 2, d.h. 5 erwies sich ebenso 
als E -O xim . Entsprechend beobachteten  wir in  seinem  IR -Spektrum  keine 
B ohlm ann-B ande, so daß sich für l c  und 5 die pseudo-K onfiguration ergibt, 
hei der nur ein Konformer m öglich  ist (siehe Abb. 1).

Im  Spektrum von  lb  fanden wir das Signal von H-9 bei ő =  4,24 als 
d op p eltes D ublett m it A ufspaltungen  von 10,5 und 3,8 Hz. D ies könnte  
b ed eu ten , daß wieder eine cis-Verknüpfung der Ringe В und C vorliegt, daß 
diesm al jedoch H-9 in B ezug au f R ing C eine axiale P osition  einnim m t. W ieder 
w urde keine eindeutige B ohlm ann-B ande gefunden. B erücksichtigt man 
jed och  die Tatsache, daß C-9 und C-15 gauche-konfiguriert sind, m uß man 
auch bei ВС-írans-Verknüpfung m it einem hohen W ert der chem ischen Ver­
sch iebung für H-9 rechnen [27]. Es ist also aus diesen D aten  die Verknüpfung
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der Ringe В und C n icht zu entnehm en. Im  Spektrum  des als H auptprodukt 
bei der Oxim hildung entstandenen Isom ers 3 findet sich das H -9-S ign al bei 
6 =  4,03 m it K oppelkonstanten von Jga,iia — 11*0 und J 9a,iu  — 3 ,5 H z. Gleich­
zeitig  fanden wir w ieder analoge Signalverschiehungen von H -l und den P roto­
nen an C -ll  wie bei 2 und 5. Dies bew eist, daß 3 wieder die eis-l-K on form ation  
einnim m t und daß es sich dabei um das E -Isom er handelt. Ü b er die B/C- 
Bingverknüpfung ist jedoch  wieder n ichts E indeutiges auszusagen. B ei dem 
als Nebenprodukt anfallenden Oxim 4  fanden  wir das H -9-Signal bei ö =  4,47 
als Triplett m it einer A ufspaltung vo n  4 ,5  H z, so daß sich erg ib t, daß die 
Ringe В und C eis-verknüpft sind, und daß H -9 bezogen auf R ing C equatorial 
steh t, d. h. 4 liegt in  der cis-2-K onform ation vor. Das Zentrum der Signale 
der Protonen an €-11 lieg t hier bei 6 =  2 ,93. D iesm al jedoch b eob ach teten  wir 
keine ausgeprägte Tieffeldverschiebung des Signals des equatorialen H - l l  in­
folge der O xim hildung w ie hei 2, 3 und 5 und das Signal des axialen  H - l l  ist 
nicht hoch-, sondern tieffeldverschoben, so daß sich 4 als Z -Isom er erweist. 
D ie trotzdem  auftretende Tieffeldverschiebung von H -l läßt sich  durch die 
unterschiedlichen K onform ationen von  lb  und 4 erklären. Wir fin d en  praktisch  
den gleichen W ert w ie hei l c ,  in 5 dagegen, w o zusätzlich der A nisotropieeffekt 
der E-O xim gruppe w irkt, ist das H -l-S ig n a l um  weitere 0,25 ppm  zu tiefem  
Feld verschoben.

Bei all diesen bisher besprochenen V erbindungen konnten w ir die Signale 
der Protonen an C-13 und C-14 nicht e indeutig  bestim m en. Aus d iesem  Grunde 
haben wir l a  und l c  zu 6 un d lb  zu 7 ox id iert, bei denen es sich  um  Д а,П- 
D ehydroderivate h an d elt, wie sich einerseits aus dem Vergleich m it dem  be­
kannten Isomeren 8 [18] und andererseits aus dem Verschwinden der Signale 
der H -9- und H -ll-P r o to n e n  ergibt. Zu dem  konnten wir im  O lefinbereich  
ein S ingulett erkennen, das einem P roton  entspricht, und infolge der Aniso­
tropie dieser D oppelbindung [20] w erden die H -l-S ignale in  den Spektren  
von  6 und 7 deutlich tieffeldverschoben.

Obgleich wir im  Spektrum  von 6 das H -14-Signal bei 6 =  3 .70  eindeutig  
auffinden konnten, w aren wegen der T atsache, daß es sich dabei um  den 
X -T eil eines A BM X -Spektrum s h andelt, die einzelnen K oppelkonstanten  
nicht bestim m bar. D ie H alhw ertsbreite ist ca. 30 Hz, und aus d iesem  großen 
W ert schließen wir, daß H -14 zu H-13 und zu dem axialen H-15 antiperip lanar  
steh t, was nur bei einer tran.s-Verknüpfung der Binge C und D  m öglich  ist. 
Strahlen wir ein H 2-Feld  hei ő =  2,85 ein , vereinfacht sich das S ignal von 
H -14, so daß wir annehm en daß sich in  dieser Gegend das S ignal des axialen 
H-13 befindet. Gehen wir von CDC13 zu einem  Gemisch von CDC13/C F 3C 00I1  
( 4 : 1 )  als L ösungsm ittel über, können wir au f Grund der Stickstoffproton ie­
rung eine ausgeprägte Tieffeldverschiebung der Signale der H - l l -  und H-7- 
Protonen beobachten. Gleichzeitig ste llen  wir fest, daß das E nam in-Im in- 
T autom eren-G leichgew icht praktisch vo llstän d ig  auf die E n am in-Seite  ver-
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Tabelle I

XH  Chemische Verschiebungen und Signalaufspaltungen

Lösungsmittel H -l H-4 H,-6 H,-7 Ha-9 He-9

l a  CDC13 6,51 s 6,58 s 3,35 m  (He) 3,88 dd 
11,0 Hz; 
3,4 Hz

—

2 CDCI3 6,69 s 6,58 s 2,60* (Ha) 3,39 (H £)
Jgem =
10.5 H z;
4.5 H z,
4.5 H z

3,67 dd 
12,0 Hz; 
2,5 Hz

lb  CDCI3 6,47 s 6,56 s — — 4,24 dd 
10,5 Hz; 

3,8 Hz

3 CDCI3 6,70 s 6,59 s — 4,03 dd 
11,0 Hz; 

3,5 Hz

—

4 CDCI3 6,71 s 6,56 s — — — 4,47 t  
4,5 Hz

lc  CDCI3 6,64 s 6,56 s — — — 4,75 t  
5,0 Hz

S CDCI3 +  CD3OD 
2 : 1

6,90 s 6,52 s — — — 4,46 t  
4,5 Hz

6 CDC13 7,12 6,61 s — —

CDCI3 +  TFA 
4 : 1

7,16 6,81 s 3,08 t 
7 Hz

3,80 t  
7 H z

— —

7 CDCI3 7,11 6,62 s 2,85—3,00* 3,4—3,7* — —

CDCI3 +  TFA 
4 : 1

7,17 6,85 s 3,44 t 
7 Hz

3,85 t  
7 Hz

— —

8 CDC13 6,60 s 6,58 s — 3.06 (H a);
4.07 (H £)

4,55 dd 
15,0 Hz; 
4,0 Hz

—

* Diese Werte wurden durch  Doppelresonanzexperimente bestimmt.
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der 8-Azasteroide 1 —8; in  ppm

H.-11 H-13 H-14 OH CH,0 Gerüstprotonen

2,75* 
J g e m  =  
12,0 Hz

— — 3,87 s 
3,90 s

1,0— 3,0 
(15 H)

2,09 t 3,85 
J g em  =  
12,0 Hz

9,75 3,90 s 
3,92 s

1,25— 3,05 
(14 H)

2,47 dd 2,67 dd 
J g e m  =  
14,0 Hz

— — — 3,85 s 
3,87 s

1,2— 3,4 
(16 H)

2,04 dd 3,76 dd 
J g e m  =  
14,5 Hz

— 9,70 3,89 s 
3,91 s

1,25— 3,25 
(15 II)

2,93* 
J g em  —
12,0 Hz

— 9,58 3,78 s 
3,86 s

1,2— 3,45 
(16 II)

3,05* — _ _ 3.90 s
3.90 s

1,0—3,5 m 
(16 H)

1,45 dd 3,86 dd 
J g e m  =  
14,5 Hz

— — — 3.86 s
3.87 s

1,2—3,6 
(15 H)

5,71 e 
(1 H)

2,85* 3,70 m 
H ^i/i —  
30 Hz

3,90 s 
3,94 s

1,2— 3,4 
(13 H)

6,23 s 
(1 H)

3,80 m — 3,95 s 
4,01 s

1,3— 2,85
(9)

5,54 8 
(1 H)

2,85— 3,00* 3,40—3,70* — 3,98 s 
4,02 s

1,2— 2,7 
(8)

6,20 s 
(1 H )

2,60 ddd
10.5 Hz; 
3,0 Hz;
2.5 Hz

3,44 m
6.0 Hz;
3.0 Hz;
2.0 Hz

— 3,95 s 
4,01 s

1,3— 2,1 
(8)

2,47* 2,87* — — — 3,85 s 
3,87 s

1,4—3,2 
(15 H)
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sch o b en  ist.* Leider fü h rte  h e i 6 auch die Salzbildung nicht zu einer Separie­
ru n g  der H -13-und H -14- Signale. Dies war dagegen im Spektrum  von 7 der 
F a ll, vto wir das Signal v o n  H-14 bei 8 =  3 ,44 und das des H-13 bei 2,60  
fa n d en . Aus dem H -14-S ign a l im  Spektrum v o n  7  waren K oppelkonstanten  
v o n  6 , 3 und 2 Hz ab lesbar, w as einer H albw ertsbreite von  nur 10— 12 Hz 
en tsp r ich t. Dies b ed eu tet, d aß  H-14 bezogen au f den Ring D in  equatorialer 
S te llu n g  steht, woraus sich  eindeutig eine eis-Verknüpfung der Ringe C und  
D  erg ib t. Darauf deutet auch  b in , daß im H -13-Signal nur eine große Kopplung  
v o n  10,5 Hz identifiziert w erden  kann; die beiden anderen K opplungen betra­
g en  со. 2 und 3 Hz. B e i der Entkopplung vo n  H -13 vereinfachte sich das 
H -14-S ign a l zu einem d o p p elten  D ublett m it den K opplungen von  6 und 2 Hz, 
so d aß  für die Ji30,ue e in  W ert von 3 Hz resultiert.

A ls Schlußfolgerung erg ib t sich, daß l a  und  lc ,  welche beide bei der 
O xid ation  in 6 übergeführt werden, die gleiche trons-Yerknüpfung der Ringe  
C und  D  aufweisen. Für l b  ergibt sieb dam it die cis-Verknüpfung.

E s ist noch erw ähnensw ert, daß in den Spektren der Salze von  6 und 7  
die Signale der H -6- und H -7-M ethylenprotonen jew eils Triplettstruktur auf­
w e isen . Offenbar läuft in  d iesem  Fall die Inversion  des R inges В sehr schnell 
a b , so daß m anE quilibrierung der axialen und equatorialen Protonen beobachtet.

Im  Spektrum von  8 w e ist das Signal von  H -9 bei <5 =  4,55 eine doppelte 
A u fsp a ltu n g  von 15,0 und  4 ,0  Hz auf, d. h. die V erknüpfung der Ringe В  
u n d  C ist cis, und H -9 s te h t axial  in Bezug au f R ing  C. D ie K oppelkonstante  
Jsa .iia  is t  damit erheblich größer als die entsprechenden bei den Verbindungen  
1 — 5. E s ist jedoch b ek an n t, daß ein solcher W ert dann auftritt, wenn die 
R in g e  В  und C beide in  der H albsesselkonform ation vorliegen [10].

13C -N M R - Untersuchungen

Signalzuordnungen

D ie Signale der C arbonyl-, Oxim- und O lefinkohlenstoffatom e können  
seh r le ich t zugeordnet w erden , da sie in den erw arteten charakteristischen  
B ereich en  erscheinen [27]. D ie  chemischen V erschiebungen der A tom e in den 
R in g e n  A und В ergeben sich  durch Vergleich m it bekannten Spektren von  
T etrahydroisoch inolin -D erivaten  [21, 22] und stim m en gut m it denen überein, 
d ie  kürzlich für analoge Verbindungen, allerdings ohne R ing D , angegeben  
w u rd en  [23]. Dies gilt auch  für die K ohlenstoffatom e in R ing C. U ngew öhn­
lic h  k leine chemische V erschiebungen von ca. 42 ppm  fanden wir für die 
C -7-S ignale von la  und 2 , w ogegen die der anderen Verbindungen (lb , l c ,  
3 u n d  4) bei 8 — 46— 48 lagen . D ie hohen W erte erklären sich aus einer gauche-

* U nter den M eßbedingungen findet erst frühestens nach  einer Woche eine merkliche 
E pim erisierung von 6 und 7 s ta tt .
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Tabelle П

,3C Chemische Verschiebungen von 8-Azasleroidderivaten’’

c l a 2 lb 3 4 lc 5 8

1 108,9 d 109,4 d 109,1 d 109,5 d 109,9 d 110,2 d 109,8 d 108,7 d

2 147,6 s 147,5 8 147,7 в 147,5 s 147,5 s 147,9 s 147,2 s 148,0 8

3 147,9 в 147,9 s 147,9 s 147,8 s 147,7 8 148,2 s 147,6 s 148,2 s

4 111,5 d 111,4 d 111,9 d 111,7 d 112,1 d 112,4 d 111,6 d 111,4 d

5 126,5 s 126,9 в 126,3 s 126,8 s 127,2 s 127,3 s 126,4 s 126,2 s

6 29,7 t 29,7 t 29,9 t 29,3 t 25,8 t 25,0 t 25,5 t 29,9 t

7 41,4 t 42,2 t 46,9 t 47,7 t 46,3 t 46,0 t 46,1 t 45,1 t

9 62,3 d 61,4 d 54,8 d 53,2 d 49,9 d 58,7 d 58,6 d 57,7 d

10 129,4 s 130,0 s 129,8 s 130,2 в 127,6 в 127,8 8 127,2 s 127,7 8

11 47,0 t 29,7 t 47,2 t 28,9 d 30,5 t 43,5 t 27,3 t 42,5 t

12 1208,7 s 159,5 s 209,3 s 157,4 8 159,7 8 209,7 s 158,3 8 191,3 s

13 52,3 d 44,1 d 48,5 d 40,1 d 36,3 d 52,8 d 45,2 d 108,7 s

14 66,4 d 66,8 d 65,8 d 64,0 d 58,5 d 59,2 d 58,3 d 160,3 8

15 30,9 t 30,7 t 25,7 t 25,9 t 28,2 t 32,4 t 31,0 t 27,7 t

16 24,8 t 25,5 t 24,2 t 23,0 t 20,1 t 24,7 t 05,0 t 22,2 t

17 24,3 t 25,3 t 22,1 t 21,9 t 23,4 t 24,1 t 23,7 t 21,8 t

17a 25,3 t 26,0 t 25,0 t 25,7 t 24,5 t 25,0 t 25,2 t 22,9 t

CHsO 55,9 q 56,3 q 55,9 q 56,2 q 55,9 q 56,2 q 55,8 q 56,0 q

CH30 55,7 q 55,9 q 55,6 q 55,9 q 55,9 q 56,0 q 55,8 q 56,0 q

* Chemische Verschiebungen in ppm  relativ  zu Tetram ethylsilan in Deuterochlorofurm 
(außer 5: CDCl3/CDsOD (2 : 1)). Die Bezeichnungen s, d, t  und q geben die M ultip liz itä t der 
Signale in den Off-Resonanz-Spektren an.

W echselwirkung zw ischen C-7 und C-15 in  l a  und 2. Da für alle drei K etone  
die entsprechenden O xim e Vorlagen, konnten  die Signale der A tom e in  Ring 
C au f Grund der charakteristischen Verschiebungen zugeordnet w erden, die 
sich bei Vergleich der entsprechenden K eton/O xim -Paare ergeben [24]. Von 
den vier M ethylenkohlenstoffatom en C-15, C-16, C-17 und C-17a in R ing D 
ist C-15 am stärksten entschirm t, da es sich in /^-Position zum Stickstoffatom  
befindet. D ies ist nur dann nicht der Fall, w enn andere K ohlenstoffatom e in 
gaucAe-Position zu C-15 stehen, z. B . C-9 in lb  und 3 oder C-7 in 4 . D ie  übrigen  
drei Signale liegen m eist nahe beieinander, nur in 4 kann das Signal bei höch­
stem  Feld (<5 =  20,1) C-16 zugeordnet werden, da dieses A tom  eine gauche- 
W ecliselwirkung m it dem  Stickstoffatom  N -8 eingeht. Im  Spektrum  von 8 
sind die Signale von C-16, C-17 und C-17a, verglichen m it denen der 13,14- 
D ihydroverbindungen leicht hochfeldverschoben.
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Verknüpfung der Ringe В  und  C

Vergleicht man die írans-Verbindungen l a  und 2 m it lc ,  4 und 5, bei 
denen  die Ringe В und C cis-verknüpft sind, fin d et man, daß C-10 seine 
P o sitio n  von der equatorialen  bezüglich R ing C zur axialen ändert, w ährend  
C-7 equatorial bleibt. D er Ü bergang von der Irans- zur cis-Verknüpfung (z. B. 
l a  —► lc )  verursacht einen H ochfeldeffekt v o n  7,2 ppm  am C-14-Signal, was 
sich  aus der gauche-Stellung der beiden A tom e C-10 und C-6 ergibt; in  l a  sind  
diese antiperiplanar.  D er entsprechende W ert für O xim e (2 —<- 5) ist 8,5 ppm . 
A us dem  gleichen Grund erfahren auch die C-6-Signale der zwei B /C -cis- 
V erbindungen d iam agnetische Verschiebungen vo n  4,7 bzw. 4,2 ppm . D ie  
chem ischen  V erschiebungen der C-12-Atome dagegen bleiben relativ  unverän­
dert —  die Unterschiede sind nur - ) - l ,0 b z w .— 1,2 ppm  —  obwohl C-10 in den  
B/C-cis-Verbindungen zu  C-12 gauche orientiert is t . D ies erklärt sich le ich t 
aus der Tatsache, daß sich an beiden K ohlenstoffatom en keine W asserstoff­
atom e befinden [25]. D ie  C-10-Signale sind in  den B/C-cis-Isom eren um  1,6 
bzw . 2,8 ppm hochfeldverschoben, da sich die C-10-Atom e hier in axialer  
P o sitio n  zu einem R ing, näm lich  Ring C, befinden  [26].

M it Hilfe der 1H -gekoppelten  13C-NM R-Spektren läßt sich nun auch  
die Frage entscheiden, ob lb  in  der cis-1- oder der irtm s-K onform ation vorliegt. 
D ies w ar anhand der ^H -NM R-Spektren ja n ich t m öglich gewesen (s. o.). D ie  
d irekten  13C-1H -K oppelkonstanten  der C-9- und C-14-Signale sind in l a  (all- 
irans-K onform ation) m it 131,5 Hz gleich. In  l c  finden  wir für C-9 140 und  
für C-14 132 Hz. A ufgrund der gauc/ie-Position v o n  H-9 bezüglich des freien  
E lektronenpaares des S tick sto ffs  ergibt sich hier also eine deutliche Vergröße­
rung der K oppelkonstante b ei C-9. Bei dem fraglichen lb  finden wir 131 Hz  
für C-9 und 138 Hz für C-14. D ies zeigt eindeutig , daß das freie E lektronen­
paar des Stickstoffs bezüglich  H-9 antiperiplanar  und bezüglich H-14 gauche 
angeordnet ist. D am it resu ltiert für lb  die irares-Konformation,* die auch  
au f Grund der 15N-NM R U ntersuchungen bew iesen wurde [28]. D ie versch iede­
nen K onfigurationen des R inges C in 3 und 4  können  aus der B eobachtung  
a b g le ite t werden, daß im  F alle  von 3 das C-15-Signal und im  Falle von  4 das 
v o n  C-16 diam agnetische Verschiebung erfährt.

Effekte der Oximbildung

E s gibt einige U ntersuchungen über die 13C-NM R-Spektren von O xim en, 
in  denen  gezeigt wird, daß ein  wesentlicher U nterschied  in  den chem ischen  
V erschiebungen von K ohlenstoffatom en ex istiert, die sich in ysyn- bzw. yantr

* Z ur Bestimm ung der konform ativen R einheit der V erbindung lb  fertigten wir jeweils 
eine 13C u n d  eine 41 S pektrum aufnahm e in einem Gemisch von  CDC13 und CD3OD 1 : 1 bei 
40 °C sowie — 60 °C an. D urch die 100 °C Tem peraturerniederung änderte sich das Spektrum  
p rak tisch  nicht. Signale fü r eine eventuelle M inderheitskonform ation tra ten  n ich t auf. So 
können  w ir m it großer W ahrscheinlichkeit behaupten, daß  die V erbindung l b  kouform ativ  
einheitlich  ist.
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Position  bezüglich der H ydroxygruppe des Oxims befinden [24]. M ißt m an also 
die E ffekte, die sich aus dem V ergleich der Spektren der Oxim e und der ent­
sprechenden Carbonylverbindungen ergeben, erhält man einen deutlichen  und 
zuverlässigen Hinweis auf die Stereochem ie der Oximgruppe [24]. In den 
Spektren von  2, 3, 4 und 5 kann die E-  oder Z-K onfiguration le ich t durch die 
V erschiebung der Signale von  C - ll  und C-13 heim Übergang von  den K etonen  
zu den O xim en abgeleitet w erden. In A dam antanonoxim  [24] is t  die syn- 
Gricnticrung m it einer H ochfeldverschiebung von 18 ppm für das Signal des 
zur Cxim gruppe ^-ständigen K ohlenstoffatom s und die anii-O rientierung mit 
einer v cn  nur 10 ppm verbunden. In dieser Arbeit sind die /^ „ -E ffe k te  auf 
die C -ll-S ign a le  bei den E -Iscm eren  — 17 bis — 19 ppm und die /San<,"Effekte 
auf C-13 ca. — 8 ppm. Im Z -Isom er 4 dagegen sind die entsprechenden Werte
— 16,7 ppm für C -ll ( ß a r t i )  und — 12,2 ppm für C-13 ( ß s y n ) -  D ie A bw eichungen  
dieser letzteren  Effekte von  den üblichen W erten sind auf die U m kehrung der 
K cnform aticn  von Eing C zurückzuführen. So wird die erw artete E ffekt von
— 18 ppm für das C-13-Signal durch das Fehlen der gauche-W echselwirkung  
m it der C-7-M ethylengruppe die in lb  ex istiert, erniedrigt. Für C - l l  ist die 
Situation komplizierter, da durch die Oxim bildung die gauc/ie-W echselwir­
kung mit C-7 durch eine andere m it C-17a ersetzt wird. Darum  is t  in  diesem  
Fall eine quantitative A bschätzung kaum m öglich.

Experim enteller Teil

Die 1H -NM R-Spektren w urden  m it einem Jeol-PS-100-Spektrom eter (100 MHz) auf­
genommen. D ie 18C.-NMR-Spektren erhielten wir m it Hilfe eines B ruker W H -90 (22, 64 MHz) 
und eines Jeo l FX-100 (25,0 M Hz). Die K onzentrationen der Lösungen schw ankte zwischen 
0,5 und  1,0 m olar in CDC13, bei 5 verw endeten wir ein 2 : 1-Gemisch von CDC13 u n d  CD3OD. 
T etram ethylsilan  diente als in te rner S tandard . Die Zuordnung der lsC-Signale w urde durch 
Aufnahm e der »Off-Resonancec-Spektren un te rstü tz t.

*

Die A utoren danken H errn  P rof. Dr. G. Sn a t z k e , Bochum, für hilfreiche Diskussionen. 
G.T. dank t der A lexander-von-H um boldt-S tiftung fü r ein Stipendium und  H .D . der Deutschen 
Forschungsgem einschaft für finanzielle U nterstü tzung .
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Copper(II) complexes of general com position, Cu(ligand)2X 2, w here X  =  Cl, Br 
N 0 3 or 0.5 SO, and  ligand =  sem icarbazones of acetone, ethyl m ethyl ke tone  and  cyclo­
hexanone have been prepared and  characterised  by elemental analysis, m agnetic 
mom ents, electronic infrared and electron spin resonance spectral stud ies. The chloro, 
brom o and n itra to  complexes are hexa-coordinated and octahedral. T he sulphato 
complex of acetone semicarbazone is square pyram idal and those o f e thy lm ethy l 
ketone and cyclohexanone are trigonal b ipyram idal.

Introduction

Campbell et al. have reported electronic spectra [1] and esr spectra
[2] o f  copper(II) com plexes of the ty p e  Cu(ligand)2X 2, where X  =  Cl or Br 
and the ligands are th e  semicarbazones o f  cycloheptanone, m eth y l isopropyl 
k etone and diacetyl ketone to show th a t th e  stereochem istry o f  th e  com plexes 
changes from six-coordinate tetragonal to five-coordinate trigonal bipyram idal 
as the alkyl group on the ketone becom es bu lky. In  the present stu d ies copper-
(II) com plexes o f  th e  same type w ith  the semicarbazones o f aceton e (acsc), 
eth y lm eth y l ketone (emse) and cyclohexanone (chsc) and w ith  anions as 
chloride, bromide, n itrate and su lphate have been prepared and it  has been  
show n that the stereochem istry is also dependent on the coordinated anions. 
For exam ple, w hen th e  coordinating anion is chloride, brom ide or n itrate, 
com plexes are hexa-coordinated octahedral, while with the su lphato  anion  
penta-coordinated com plexes are obtained . Further among the su lp h ato  com p­
lexes, the acetone semicarbazone com plex  is square pyramidal, w hereas those  
o f  ethylm ethyl k etone and cyclohexanone are trigonal bipyram idal.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 109 (2), pp. 165 — 173 (1982)

E xperim ental

The semicarbazones were prepared by  the lite ra tu re  m ethod [3].
For preparing th e  complexes, ho t aqueous ethanolic solution of the h y d ra ted  copper(II) 

salts and  corresponding semicarbazone were m ixed in the molar ratio 1 : 2. On cooling crystal­
line complexes p recip ita ted  out in each case. The sam e were filtered, washed w ith  5%  ethanol 
and  dried in an electric oven a t ~ 6 0  °C. In  all the  cases good analytical resu lts were obtained 
for Cu(L)2X 2 (X  =  Cl, B r, N 0 3 and 0.5 SO,) (Table I). Chloro, bromo and n itra to  complexes

* Present address: Departm ent o f C hem istry, Zakir Husain College, A jm eri Gate, 
Delhi-110006, India.
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Table i

Colour, composition, magnetic moment and electronic spectra o f the complexes §
Complex Colour

Found (Calcd.) %
Heft

(BM)
^max

(cm-1)Cu c H N

Cu(acsc)2Cl2 Green 17.4 26.1 4.8 23.1 1.77 14100
(17.42) (26.34) (4.94) (23.04) 12500

Cu(acsc)2Br2 Green 14.1 21.2 3.9 18.4 1.81 14100
(14.03) (21.21) (3.97) (18.56) 12500

Cu( acscWNO,).. Green 15.1 22.9 4.2 26.6 2.12 16000
(15.21) (22.99) (4.31) (26.83) 13300

Cu(acsc)2S04 Blue 16.2 24.6 4.4 21.5 2.06 13000
(16.30) (24.65) (4.62) (21.57) 11600

Cu(emsc)2Cl2 Green 16.2 30.6 5.8 21.3 1.96 14800
(16.18) (30.57) (5.60) 121.40) 12900

Cu(emsc)2Br2 Green 13.2 24.9 4.6 17.5 1.86 14400
(13.22) (24.97) (4.58) (17.48) 12600

Cu(emsc)2(N 03)2 Green 14.2 26.7 4.6 25.1 2.03 15500
(14.25) (26.94) (4.94) (25.14) 13200

Cu(emsc)2S 0 4 blue 15.2 28.7 5.2 20.1 2.1 11000
(15.21) (28.74) (5.7) (20.12)

Cu(chsc)2Cl2 Green 14.6 37.7 5.9 18.7 1.88 13800
(14.30) (37.79) (5.84) (18.89) 11500

Cu(chsc)2Br2 Green 12.1 31.7 4.9 15.9 1.56 12500
(11.94) (31.61) (4.89) (15.80) 11300

Cu(chsc)2(N 03)2 Gre$n 13.0 33.9 5.4 22.4 1.94 15400
(12.76) (33.76) (5.33) (22.51) 13000

Cu(chsc)2S 0 4 Yellowish 13.7 35.9 5.7 17.8 2.08 11000
(13.52) (35.78) (5.54) (17.89)
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are soluble in w ater, e thanol and  methanol. The su lphato  complexes are insoluble in w ater as 
well as in common organic solvents.

Physical measurements
M agnetic susceptibility  measurem ents were m ade on finely powdered solid complexes 

by th e  G o u y  m ethod using mercury te tra th iocyana tocoba lta te (II) as a calib rating  agent 
(£g =  16.44 X 10-e  cgs units). Electronic spectra o f all th e  complexes were recorded on nujol 
mull on an DMR-21 au tom atic  recording spectrophotom eter. ESR  spectra of the  po lycrysta l­
line complexes were recorded on a V arian E-4 E P R  spectrom eter operating a t  ~ 9 .4  GHz 
and 100 K H z field m odulation.

Results and D iscussion

M agnetic m om ents of all the com plexes lie  in the range 1 .8— 2.1 BM  
(Table I), corresponding to one unpaired spin  and suggesting m onom eric  
nature o f  the com plexes.

C u(ligand)2X 21 ( X  = [ C l  or Br)
The electronic spectral bands o f all th e  com plexes are presented in  Table I. 

A ll the chloro and bromo com plexes show  id en tica l spectra and are, therefore, 
considered to be isostructural, ob v iou sly  tetragonal with tw o (presum bly  
trans) sem icarbazone molecules providing in -p lane coordination and th e  anions 
interacting along the Z-axis [1]. Such a structure for semicarbazide com plexes  
Cu(sc)2Cl2, has been confirmed by X -ray  crystallography [4]. The electronic  
spectra o f these com plexes show absorption m axim a in  the visible region ta ilin g  
deep into the near i.r. region. The spectra are sim ilar to those reported  for 
octahedral Cu(II) com plexes w ith a very  large tetragonal distortion  [5— 7].

E SR  spectra o f these com plexes are anisotropic characterising tetragonal 
copper(II) com plexes (F ig. 1). The {/-tensor values have been eva lu ated  by  
K n e u b u h l ’s m ethod [8 ] and the results are presented in Table I I . The g -  
tensor values obey th e  criterion [9] o f  g ц ^>g± for the dx._y. ground state  
obtain ing in the elongated octahedral copper(II) complexes.

Recalling the tetragonal geom etry for th e  com plexes stronger in teraction  
along the Z-axis is to  be accom panied b y  an increase in the value o f  g^. Strong  
axial bonding leads to  an increase in  th e  bond length in X Y  p lane, which  
results in an increase o f both in plane cova len cy  and the energy dxy —► dx>_y. 
transitions [10]. B oth  these effects are factors, which tend to increase the  
value o f g||. Further in an axial sym m etry  g-values are related b y  th e  expres­
sion [11] G =  (gЦ — 2)/(gx —  2), which m easures the exchange in teraction  
betw een copper centers in the polycrystalline solid. According to  H a t h a w a y  
[12— 15] i f  the va lue o f  G is larger than  four, exchange interaction is negligible  
while G value o f  less than  four indicates considerable exchange in teraction  in 
solid com plexes. The calculated G-values are given in Table II . For all the 
ligands the chloro com plex exhibits sm aller G values and hence larger exchange  
interaction. For both  the anions, the ligands follow  the follow ing order of 
G values, aese <7 chsc <  emse.
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C u (l ig a n d )2(  N 0 3) 2

N itra te  can coordinate as a m onodentate as well as b identate ligand  
[16— 18] so th a t the possib ility  o f  the follow ing tw o  structures arises for the  
nitrato  com plexes. In terestingly the com plexes under discussion contain  both  
the exam p les. As will be evident from the d iscussion  on the E SR  spectra, the  
cycloh exan on e sem icarbazone appears to  have structure I and the com plexes  
w ith  aceton e sem icarbazone and eth y lm eth y l k etone semicarbazone appear  
to  h ave structure II.

Acta Chim. Acadi Sei. Hung. 109, 1982

Fig. 1. ER S Spectra of: (a) Cu(chsc)2Cl2, (b) Cu(chsc)2Br2
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Fig. 2. E SR  Spectra of: (a) Cu(acsc)2(N 0 3)2(v =  9.38 GH2),
(b) Cu(emsc)2(N 0 3)2(v =  9.381 G H Z), (c) Cu(chsc)2(NO.,)2 (v =  9.499 G H Z)

The infrared spectrum  of Cu(chsc)2( N 0 3)2 corresponds to  th e  m onoden- 
ta te  behaviour o f  n itrate groups. I t  d isp lays i. r. bands at 1425 c m -1  (pj), 
1290 cm -1  (p5), 1010 c m -1  (r2) and 820 c m -1  (p„). In the infrared spectrum  
there is no band at 1390 cm -1 which is assignable to  the ionic n itrate, suggest­
ing th at both n itrate groups are coordinated to  copper. Further th is com plex  
is a non-electrolyte in  nitro-m ethane, ind icating that both nitrates are in the 
coordination sphere. The electronic spectrum  o f this com plex is also similar 
to the halide com plexes. Cu(acsc)2( N 0 3)2 and Cu(emsc)2( N 0 3)2 show  molar 
conductance 80 o h m -1  cm 2 m ole-1 , ind icating  that these are uni-univalent 
electrolytes. Thus a penta-coordinated structure is also possible for these  
com plexes. B ut i.r. electronic and esr spectra to  be discussed below , indicate 
th a t these com plexes are hexa-coordinated octahedral. Infrared spectra of 
these com plexes d isplay bands at 1505 c m -1  (pj) 1390 cm -1  ( p3), 1290 cm -1  
( p5), 1030 cm -1  ( p2) and 825 cm -1  (pe). The separation o f > 2 0 0  c m -1  between  
Pj and p5 indicates the hidentate nature o f  nitrate group. Broad adsorption  
band at 1390 cm -1  is assignable to  p 3 o f  uncoordinated nitrate. It indicates 
th at one nitrate is ionic and other coordinates to  copper. Further electronic
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and esr spectra of these com plexes are sim ilar to  the octahedral copper(II) 
com p lexes.

E S R  spectrum o f Cu(chsc)2( N 0 3)2 (F ig. 2) is characteristic o f  the e lo n ­
ga ted  tetragonal geom etry and is similar to  those o f  the chloro and the brom o  
com p lexes discussed above. The com plex m ay, therefore, be assigned to

Table II
E SR  parameters o f  the chloro, bromo and nitrate complexes

Complex s ± go G

Cu(acsc)2Cl2 2.260 2.139 2.179 1.87
Cu(acsc)2B r2 2.260 2.124 2.169 2.09
Cu(acsc)2(N 03)2 2.208 2.077 2.121 2.70
Cu(emsc)2CI2 2.244 2.089 2.141 2.74
Cu(emsc)2Br2 2.245 2.082 2.136 2.98
Cu(emsc)2(N 03)2 2.219 2.072 2.121 3.04
Cu(chsc)2CI2 2.260 2.124 2.169 2.10
Cu(chsc)2B r2 2.260 2.118 2.165 2.20
Cu(chsc)2(N 03)2 2.261 2.109 2.159 2.39

stru ctu re(I). ESR  spectra o f  Cu(acsc)2( N 0 3)2 and Cu(emsc)2(N 0 3)2 (F ig. 2) 
are sim ilar to  each other but are entirely different from  th at o f Cu(chsc)2( N 0 3)2. 
In  th e se  la tter  com plexes the absorption is very  w eak and g ± signal is broader  
as com pared  to that o f the Cu(chsc)2(N 0 3)2 spectra and appears to  be a com ­
p osite  absorption of tw o com ponents. It is not possible to  analyse the tw o  
sp ectra  because o f their com plicated  nature. B u t it is apparent th at th e  
ground sta te  in the tw o com plexes has contributions from both dxs_yi and dzl.

C u ( l ig a n d  ) 2S 0 i

Infrared spectra o f th ese com plexes show  m onodentate behaviour o f  
the su lp h ato  group (Fig. 3). A  penta-coordinated structure is, thus, read ily  
su ggested  for these com plexes. There are tw o basic configurations [19] th a t  
can b e adopted  by com plex com pounds of coordination  number five , the tr ig o ­
nal b ipyram idal (TBP) and th e  square pyram idal (SP). In practice there  
appears to  be very little  difference in  energy [2 0 ] betw een the two configura­
tions and  the large distortions form the ideal geom etries obtaining in  th e  
com p lexes o f  the type being discussed makes th is  difference still smaller. I t  is 
not surprising, therefore, th a t while Cu(acsc)2S 0 4 is square pyram idal 
C u(em sc)2S 0 4 and Cu(chsc)2S 0 4 are trigonal bipyram idal.

T h e tw o  configurations SP and T B P  are characterized by the ground  
sta tes  dX2_ya and d2s, resp ectively  [21, 22]. E S R  spectra o f copper(II) (F ig. 4)

Acta Chim. Acad. Sei. Hung. 109, 1982
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1200 1000 900

Fig. 3. Infrared spectrum  of Cu(chsc)2S 0 4

Fig. 4. E SR  Spectra of: (R T ) (a) Cu(acsc)2S 0 4 (v — 9.38 GII2),
(b) Cu(emsc)2S 04 (v =  9.383 GH2), (c) Cu(chsc)2S 0 4 (v =  9.44 G H Z)

com plexes provide a very  good basis for d istinguish ing between these tw o  
ground states. For system s with 9з !> f/a >  i / i  th e  ratio [22] o f (g 2 —  gf4)/ 
(g3 - g2) (hereafter called as parameter R) is a v ery  useful param eter for th is  
purpose. I f  the ground sta te  is predom inantly d2t the value of R is greater

Acta Chim. Acad. Sei. Hung. 1091 1982



172 CHANDRA et al.: COPPER(II) COMPLEXES OF SEMICARBAZONES

th a n  on e. On the other hand, for th e  ground sta te  being predom inantly  dxi_y, 
th e  v a lu e  [23] of R  is less th an  one. A ll th e  three sulphate com plexes give 
E S R  sp ectra  showing three (/-values. The values o f g v  g 2, g 3, and R  are pre­
sen ted  in  Table III. The calculated  value o f  R  (Table III) for Cu(acsc)2S 0 4

Table III

E SR  parameters o f the sulphate complexes

C o m p le x 01 02 03 0 0 R

Cu(acsc)2S 0 4 2.049 2.117 2.327 2.164 0.324
Cu(emsc)2S 0 4 2.043 2.190 2.29 2.174 1.47
Cu(chsc)2S 0 4 2.040 2.158 2.223 2.160 1.81
Cu(cpsc)2SO* 2.037 2.161 2.282 2.160 1.025

* R ef. [27].

in d ica tes  a dx»_y> ground sta te  w hich is consistent w ith a d istorted  square 
p yram id a l structure which is in agreem ent w ith  the electronic absorption  
sp ectra . T he nujol m ull electronic spectrum  for th is com plex exh ib its a band  
around 13000 cm -1  w ith a shoulder around 11600 cm -1 . These data  are 
com parable w ith a square pyram idal structure [1 1 — 13]. H ow ever, since the  
crysta l structure of th is com plex is not know n, we can not conclude to  what 
e x te n t  th e  (/-values reflect th e  actual m olecular structure.

T he values o f R  calculated for Cu(emsc)2S 0 4 and Cu(chsc)2S 0 4 reveal 
dz, ground state, i.e. trigonal bipyram idal geom etry for these com plexes. 
H ow ever , the g 1 value is 2 .00 for an ideal trigonal bipyram idal copper(II) 
com p lex . Such high values suggest considerable distortion from th e trigonal 
b ip yram id al geom etry as also expected . H igher (/-values of th is  order have  
earlier been  observed [24, 25] in trigonal [Cu(tren)NCS] SCN in  w hich the 
tr igon a l axes are aligned parallel to  one another and in [Cu(bipy)I] I in  which  
th e  tr igon a l axes are also lined  up but the trigonal bipyram idal structure is 
rather d istorted  [26].

T he electronic spectra o f  Cu(emsc)2S 0 4 and Cu(chsc)2S 0 4 com plexes 
show  one intense absorption each at 11000 cm -1 , assignable to  th e  2A [  —>■ 2E' 
tra n sitio n . These are similar to  earlier reported trigonal b ipyram idal Cu(II) 
com p lexes [24— 26]. In such com plexes the transition  2A 1 —*■ 2E" is norm ally  
forb idden . H owever, the crysta l structure o f these com plexes are n o t able 
to  con clu d e to what extent the (/-values reflect the molecular structure.

*

O ur grateful thanks are due to  C .S.I.R . (New Delhi) for awarding a S .R .F . to  one of 
th e  a u th o r  (S. C h a n d r a ) .
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AMINOPYRAZOLES, II*
SY N TH ESIS O F PY RA ZO LO [3,4,-6]PY RID IN ES V IA  

V IL SM E IE R — HAACK REACTION OF 5-ACF.TAMINOPYRAZOLES**
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The title  com pounds 4 and 5 were isolated as by-product in th e  V ilsm eier—H aack 
reaction of 5-acetylam inopyrazoles 1. The structures were supported spectroscopically 
and proved by  a p repara tive  route. On th e  basis of prelim inary investigation  of the 
mechanism, the conditions of the Vilsmeier— H aack reaction were m odified to  obtain 
4 and 5 as m ajor products. Some chemical transform ations of 5b, including th e  synthesis 
of the dipyrazolo [3,4-6; 4’,3’-e]pyridine derivative 20 are also reported .

Earlier we reported [1] that 5-acetylam inopyrazoles 1, as w ell as their 
5-form yl- and 5-benzoylam ino analogues, under the conditions o f  th e  V ilsm eier- 
H aack reaction w ith  dim ethylform am ide—phosphoryl chloride reagent undergo 
acyl-sp litting to  form  products 2 and 3.

In the case o f  com pounds 1, how ever, unlike the related form yl- and 
benzoylam ino derivatives, m inor am ounts o f  acid-insoluble by-products were 
also isolated. These proved to  be m ixtures o f  tw o com pounds w hich were 
separated by colum n chom atography. Spectroscopic and an a ly tica l data of 
th e  products supported structures 4 and 5 (Scheme 1).

Analogous cyclization  o f acetanilide and acetam inothiophene derivatives  
was recently reported [2] to  give quinolines and th ieno[3 ,4-c]pyrid ines, w ithout 
an y  structure proof for the products beeing indicated. The u n equivocal struc­
ture elucidation o f  com pounds 4b and 5b was performed by a preparative route, 
show n in Scheme 2.

Compound 6 was synthesized  by a literature m ethod [3], condensing the  
corresponding 5-am inopyrazole-4-carbaldehyde w ith m alono n itrile. In an 
analogues process, using eth y l cyanoacetate instead o f m alononitrile, the ester 
derivative 7 was obtained, which was alternatively  synthesized  also b y  acid- 
catalyzed  alcoholysis o f  6 . Basic hydrolysis o f  either 6 or 7 gave th e  carboxylic  
acid 8 .

Compound 8 was decarboxylated to  give 9 which, in  turn, reacted  with  
phosphorous pentachloride resulting in a product, identical w ith  4b obtained  
via  V ilsm eier— H aack reaction o f lb .

* For P a rt I , see R ef. [1].
** Presented a t th e  A nnual Session of the H ungarian Academy of Sciences, Section 

Heterocyclic Chemistry, B alatonfiired, H ungary, 1977.
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Scheme 1

T h e structure elu cid ation  o f 5b was also based on com pound 8 . N am ely, 
h y d ro ly s is  of 5b afforded 10 , w h ich  was oxidized to  8 , identical w ith the sam ple 
p repared  from 6 or 7 as described  previously.

Prelim inary in v estiga tion s concerning the route o f  the cyclization proc­
ess 1 —► 4 - f  5 were also carried out. Neither th e  transform ation o f 9 to  4, 
nor th a t  o f 10 to 5 could be observed under the Y ilsm eier— H aack conditions. 
F orm y la tio n  of 4 to give 5 also failed. Consequently, both  the form ation o f the  
im id o y l chloride m oiety and th e  C-formylation step s m ust precede the cycliza­
tio n  to  4  or 5. Furtherm ore, th e  cyclization reaction to  give 4 and 5 took place 
on ly  a t  higher tem peratures (above 60 °C), while a t room  tem perature exclu ­
s iv e ly  deacylated products 2 and 3 were obtained.

On the basis o f th e  ab ove  observations, th e  Y ilsm eier— Haack reaction  
o f com pounds 1 was carried o u t under modified and carefully controlled condi­
tio n s  (cf. [1] and E xperim ental). In  this way on ly  m inor am ounts o f com pounds 
3 w ere formed and m ixtures o f  4 and 5 were ob ta in ed  as the major products
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5 b 4 b
Scheme 2
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11 R = OH 15 R ОН о
//

12 К = OEt 16 R = O—C—Ar

13 R Cl a Лг = Pli

14 R NH— R ‘ b Ar Py-3

a R 1 = Ph ____ 17 к Cl

b R 1 = CH»—CH2—1(  Q  У----ООН a 18 R M l —R1

4----- ( a R' Ph
ОСНз b R 1 CHs—CHs—\  О  / — осНз

c R 1 ОСНз

Scheme 3

in reasonab le yields. Separation  of the products was performed b y  colum n  
chrom atography on silica.

C hem ical transform ations of com pound 5b allowed the preparation o f  
a n u m b er o f  pyrazolo[3,4-6]pyridine derivatives show n in Scheme 3.

K M n 0 4 oxidation o f 5b gave the carboxylic acid 11 which was esterified  
to 12 or chlorinated to 13. A m inolysis of the la tter  gave rise to  carboxam ide  
d er iv a tiv es  14a and b.
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On N aB H 4 reduction  of 5b, the hydroxym ethyl d erivative 15 was 
obtained. It was esterified  w ith acid chlorides to  give 16a, b or chlorinated 
to  17. A m inolysis o f 17  w ith  primary am ines resulted in the secondary amines 18.

The aldehyde grouping of 5b reacted w ith  hydrazine and its  derivatives 
to  form  hydrazone com pounds 19a— c. Prolonged heating o f 5b (or 19a) with 
hydrazine hydrate gave, however, th e  tricyclic dipyrazolo [3,4-6; 4 ’,3’-e]- 
pyridine derivative 20. Similar cyclization  could not he effected  b y  phenyl- 
hydrazine; even after 60 hours o f  heating exclusively  19b w as isolated. On 
treatm ent with hydrazine hydrate, how ever, 19b was also converted  into 20 
in good yield.

Experim ental

M.p.’s are uncorrected . All new com pounds had  satisfactory C, H , N , Cl and/or S 
microanalyses, accurate w ith in  0.40% . IR  spectra were obtained on a Zeiss U R  20 type  spectro­
m eter in K B r pellets and  UV spectra on a U nicam  SP 800 A spectrom eter in 96%  ethanol 
solution. The IR  da ta  are given as rmax in cm -1 , th e  UV data  as Amax(log e) in  nm . 4I-NM R 
spectra  were recorded on a B ruker W P-80 (80 M Hz) instrum ent, unless o therw ise indicated. 
The chemical shifts are given in ppm  (Ó) downfield from TMS as in ternal s tan d ard .

Vilsmeier—Haack reaction of compounds 1

Compound 1 [1] (10 mmol) was warmed on a w ater-bath  a t 90— 95 °C for 3 h  with 
6.3 m L (70 mmol) of POCl3. DM F (3.2 m L, 40 m m ol) was added gradually  an d  w arm ing was 
continued for an add itional 2 h. A fter pouring in to  ice-water the separated  solid was filtered 
off, washed w ith 2 N  HC1 and  dried. The crude p roduct was chrom atographed on 50-fold 
w eight of silica w ith d ichlorom ethane-petroleum  ether (b.p. 40—70 °C) 1 : 1 vol/vol mixture 
as eluent. Compounds 4 and  5 synthesized in th is w ay are listed in Table I .

l-Phenyl-3-methylpyrazolo[3,4-í)]pyri«lin-6(7íí)-one-5-carbonitrile (6)

This compound w as synthesized by the lite ra tu re  method [3].

Ethyl l-phenyl-3-methylpyrazoIo[3,4-i>]pyridin-6(7H)-one-5-carboxylate (7)

Method A
l-Phenyl-3-m ethyl-5-am inopyrazole-4-carbaldehyde [1, 3] (4.0 g; 20 m m ol) and  ethyl 

m alonate (5.0 mL; 33 m m ol) were boiled in  AcOH (50 mL) for 30 h. A fte r evaporation to 
one-th ird  volume and stand ing  overnight, crystalline 7 separated from th e  reaction  mixture.

Method В
Compound 6 (1.0 g; 4 mmol) was dissolved in  15 m L of cone H 2S 0 4. To th e  solution 

15 m L of E tO H  was added  gradually , and the m ix tu re  was warmed on a w a te r-b a th  for 10 h. 
On pouring into ice-w ater, com pound 7 separated  w hich was filtered off, dried  and recrystal- 
lized.

l-Phenyl-3-methylpyrazolo[3,4-6]pyridin-6(7H)-one-5-carboxylie acid (8)

Method A

Compound 6 (1.0 g; 4 mmol) was refluxed in 40 m L of 5% N aO lI for 5 h. A fter cooling 
th e  solution was acidified, th e  separated solid was filtered  off, washed, dried and  recrystallized.
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Table I

S o m e  p h y s ic a l  a n d  sp e c tra l d a ta  o f  c o m p o u n d s  4 a n d  5
oo
О

Compd. Yield,
0/
Jo

M.p., °c
(solvent)

u v
^max (l°g ё)

IR 1H-NMRC, <5 ppm

vC=0 ^aromatic aromatic R* 4-CH R

4a 14 65—6 254 (4.11) 1603 s 762 s 7.2—7.65 m 8.16 sd 8.03 dd 7.19 dd
(a) 310 (3.38) 1510 m 696 m 8.1—8.3 m ( J =  8.5 Hz)

5a 53 155—8 260 (4.38) 1694 s 1598 s 775 s 7.25—8.0 m 8.46 sd 8.82 s 10.64 s
(EtO H ) 270 sh (4.32) 1510 m 702 m 8.2—8.6 m (III) (1H)

310 (3.79)
4b 23 87—8 257 (4.37) — 1596 s 769 s 7.3—7.65 m 2.61 s 7.94 da 7.16 de

(a ) 316 (3.61) 1515 s 701 m 8.1—8.3 m (3H) ( J =  8 5 Hz)

5b 47 184—6 264 (4.35) 1693 ms 1600 s 761 s 7.3—7.65 m 2.65 s 8.62 s 10.50 s
(MeCN) 270 sh (4.26) 1520 m 700 w 8.1—8.3 m (3H) (III) (1H)

317 (3.76) (5H)
4c 25 128—30 252 (4.17) — 1600 s 771 s 7.3—7.7 m 7.3— 7.7 md 8.33 dd 7.25 dde

(a) 263sh (4.15) 1515 s 700 m 8.2—8.4 m 7.8—8.1 m ( J =  8 Hz)
335 (3.68)

5c 49 208— 10 255b 1694 m 1598 s 765 s 7.3—7.7 m 7.3—7.7 md 8.94 s 10.52 s
(EtOAc) 268 sh 1516 m 700 m 8.1—8.4 m 7.8—8.1 m (1H) (1H)

337
4d 13 142—3 260 (4.21) — 1603 m 834 ms 7.48 d 8.16 sd 8.04 dd 7.20 dde

(a ) 310 (3.46) 1508 m 8.23 d ( J — 8 Hz)
( J  =  9 Hz)

5d 53 189—91 264 (4.44) 1685 ms 1619 s 839 s 7.50d—2H 8.32 sd 8.69 s 10.50 s
(EtOAc) 307 (3.83) 1510 s 8.22 d (1H) (1H)

( J =  9 Hz)
4e 8 251—4 230” not rneasured 8.39d—2H 8.25 s 8.10 d 7.32 d '

(E tO H ) 283 sh 8.66d— 2H (1H) (1H)
325 ( J  =  9.5 Hz) ( J  =  8.5 Hz)

5e 35 216—9 231b 1685 m 1605 s 1532 s 8.37 d 8.37 sd 8.70 sd 10.37 s
(EtOAc) 284 sh 1510 s 1350 s 8.59 d (1H)

326 865 s ( J  =  9.5 Hz)

a Petroleum ether (b.p. 40—70 °C); b Owing to  insufficient solubility, log £ cannot be given; c All spectra recorded in CDC13 solution; 
d Overlapping w ith the 1-PhH signal; e Overlapping w ith the solvent signal.
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Method В
Compound 7 (0.3 g; 1 mmol) was refluxed in 12 m L of 5% NaOH for 2 h. The m ix ture  

was worked up as given in Method A .

Method C
Compound 10 Í0.5 g; 2 mmol) was dissolved, w ith  boiling, in 100 mL of 2%  N aO H  

containing 15 drops of pyridine. A fter cooling to room  tem peratu re  0.35 g (2.2 m m ol) of 
K M n04 was added to  th e  solution and the m ixture was stirred  for 8 h. The p recip ita ted  M n02 
was filtered off and  the filtra te  acidified. The separated  solid was filtered off, w ashed, dried 
and recrystallized.

l-Phenyl-3-methylpyrazolo[3,4-b]pyridin-6(7H)-one (9)

Compound 8 (1.0 g; 3.7 mmol) was heated a t 260 °C for 3 h in a sublim ation appara tus. 
The sublimed p roduct was collected and recrystallized.

l-Phenyl-3-methylpyrazolo[3,4-i>]pyridin-6(7H)-one-5-carbahlehyde (10)

Method A
Compound 5b (2.7 g; 10 mmol) and 0.4 g (10 mm ol) of powdered NaOH were suspended 

in  20 mL of DMF and th e  suspension was warmed on a w ate r-b a th  for 6 h, then poured  into 
w ater. The precip ita ted  solid was filtered off, washed, dried and recrystallized.

Method В
Compound 5b (2.0 g; 7.5 mmol) was dissolved in  10 m L of cone H2S04. The solution 

was warmed on a w ater-bath  for 3 h, then poured in to  ice-w ater and the p recip ita ted  solid 
isolated as given in Method A .

l-Phenyl-3-methyl-6-chloropyrazolo[3,4-6]pyridine-5-carboxylic acid (11)

Compound 5b (10.0 g; 37 mmol) and 10.0 g (63 m m ol) of powdered K M n04 were sus­
pended in 100 m L of pyridine. W hile stirring and cooling, 6 m L of w ater was added dropwise 
a t  room tem peratu re  and  th e  m ixture was stirred for add itional 6 h. After th e  add ition  of 
150 mL of w ater, the insoluble m aterial was filtered off. The filtra te  was neutralized  w ith 
5 N  IICl, trea ted  w ith  ac tiva ted  carbon, filtered and th e  f iltra te  acidified. The prec ip ita ted  
cream y solid was filtered  off to  give 6.7 g of 11.

Ethyl l-phenyl-3-niethyl-6-ehloropyrazolo[3,4-6]pyridine-5-carboxylate (12)

Compound 11 (1.5 g; 5.2 mmol) was refluxed for 7 h  in  15 m L of E tO Il containing 1 mL 
o f cone H 2S 0 4 to give a clear solution. On cooling 1.4 g of 12 crystallized.

l-Phenyl-3-methyl-6-chloropyrazolo[3,4-b]pyridine-5-carboxylic acid chloride (13)

To 4.9 g (17 mmol) of compound 11 30 m L of S0C12 was added and the m ix tu re  was 
warmed on a w ater-bath  for 4 h. The resulting yellow solution was evaporated, th e  residue 
suspended in petroleum  ether (b.p. 40—70 °C) and filtered  to  give 4.9 g of 13.

l-Phenyl-3-inethyl-6-chloropyrazolo[3,4-b]pyridine-5-carboxamides (14)

(a) Compound 13 (0.9 g; 3mmol) dissolved in 15 m L of CIIC13 was added a t  room  tem ­
perature , w ith cooling, to a solution of 0.28 mL (3 mm ol) o f aniline and 0.42 m L (3 mmol) 
of E t3N in 10 m L of CHC13. The reaction m ixture was allowed to stand a t room tem peratu re  
for 60 h, then  ex trac ted  successively w ith 2 N  HC1, w ater, 5%  NaOH and w ater. The CHC1., 
phase was dried, evaporated  and the residue recrystallized to  give 0.42 g of 14a.
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Table П

Some physical and spectral data o f compounds 6—10

Compd. Yield, % 
(Method)

uv
m̂axO°g e)

IR *H-NMRe, Ő ppm

(Solvent) rHN —C =  0  
1 1 vR° Solvent 3-CH, 4-CH R®

6 59 306—83 
(AcOH)

264 (4.38) 
315 (3.93)

3600— 3300 tv, b r 
3300—2600 w, br 

1663 s

2239 m TFA f 2.80 s 
(3H)

8.82 s 
(1H)

—

7 28 (A) 
42 (B)

193—4
(PhH)

266 (4.43) 
316 (3.99)

3600— 3300 w, br 
3200— 2500 w, br 

1663 s

1625 md CDC13 2.59 s 
(3H)

8.55 s 
(1H)

1.47 t—3H 
4.48q— 2H 
( J =  7 Hz)

8 66 (A) 
82 (B) 
52 (C)

257—60
(MeCN)

263 (4.33) 
315 (3.92)

3200 sh, 3160 m 
3050 in 
1648 s

1710 s DMSO-dc g 8.75 s 
(1H)

9 84 175—8
(PhH)

258 (4.10) 
296 (3.68)

3200— 2600 m, br 
3069 m 
1668 vs

— CDC13 2.48 s 
(3H)

7.75 db 

(J  =  9 Hz)

6.41 d 
(1H)

( J =  9 Hz)

10 22 (A) 
62 (B)

247—50
(BuOH)

270b
331

3600—3300 w, br 
3300—2600 m, br 

1660 s

1687 ms TFA-d, 2.75 s 
(3H)

8.86 s 
(Ш )

10.06 s 
(1H)

a Lit. [3] m.p. 316 °C; b Owing to  insufficient solubility, log e cannot be given; CR: substituent in  position 5; d Hydrogen bonded C = 0  
(cf. [4 ]);e 1-Ph protons: m ultiplet a t 7.1—8.5 in CDC13 or DMS0-d6, singulet a t 7.75—7.80 inT FA  (integral: 5H) ; 1 Spectrum recorded on a Perkin- 
Elm er R  12 (60 MHz) instrum ent; g Obscured by the solvent signal; h Overlapping w ith the 1-PhH signal.
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(6) Compound 13 (1.5 g; 5 mmol) dissolved in  15 mL of CHC13 was ad d ed  a t  room 
tem peratu re , w ith  cooling, to  a solution of 1.8 g (10 m m ol) of 2-(3,4-dim ethoxyphenyl)ethyl- 
am ine in 10 m L of CHC13. The solution was allowed to  stand  a t room tem p era tu re  for 60 h, 
then  ex tracted  w ith  w ater. The CHC13 phase w as dried and evaporated to  a b o u t one-third 
volum e. On cooling 1.8 g of 14b crystallized.

l-Plienyl-3-methyI-5-hydroxymethyl-6-chloropyrazolo[3,4-b] pyridine (1 5 )

Compound 5b (13.6 g; 50 mmol) was suspended in 300 mL of MeOH. N aB H 4 (2.0 g; 
50 mmol) was added in small portions while stirring  and cooling. The resulting  solution was 
allowed to  stand  overnight a t room tem perature , th en  evaporated to about o n e-th ird  volume. 
A fter the addition of w ater the precipitated solid was filtered off, washed, d ried  and  recry­
stallized to ob tain  10.8 g of 15.

l-Phenyl-3-methyl-5-acyloxymethyl-6-chloropyrazolo[3,4-6] pyridine (1 6 )

To 5.5 g (20 mmol) of compound 15 dissolved in 45 m L of acetone th e re  was added 
25 mmol of E t3N in 10 mL of acetone, w ith s tirr ing ; th is was followed by th e  add ition  of a 
solution of 25 mmol of benzoyl chloride or nicotinoyl chloride in 25 mL of acetone. The reac­
tion  m ixture was stirred  for 10 h a t room tem pera tu re  and then evaporated to  dryness. The 
residue was taken  up  in w ater, filtered, washed successively w ith 2 N  HC1, w ate r, 5%  NaOH 
and  w ater, dried and recrystallized.

l-Phenyl-3-methyl-5-chloromethyl-6-chloropyrazolo[3,4-b]pyridine (17 )

Compound 15 (10 g; 36.5 mmol) was dissolved in  60 m L of benzene. To th e  solution 
15 m L (0.2 mol) of S0C12 was added gradually , and  the m ixture was w arm ed on a water- 
b a th  for 8 h, then  poured into ice-water. The phases were separated, the benzene lay e r washed 
w ith  w ater, dried and  evaporated. The residue was taken  up in cyclohexane an d  filtered to 
obtain  8.0 g of 17.

l-Phenyl-3-methyl-5-(substituted amino)methyl-6-chloropyrazolo[3,4-b]pyridines (18)

To 1.45 g (5 mmol) of compound 17, suspended in 15 mL of E tO H , 15 m m ol of aniline, 
2-(3,4-dim ethoxyphenyl)ethylam ine or n-butylam ine was added, and the reac tio n  m ixture 
was refluxed for 5 h. A fter cooling overnight, th e  separated  solid was filtered off an d  recrystal­
lized to give 18a, b and c, respectively.

l-Phenyl-3-methyl-6-chloropyrazolo[3,4-b]pyridine-5-carbaldehyde 
hydrazone derivatives (19)

To 5 mmol of compound 5b, suspended in  60 m L of E tO H , 5.5 m m ol o f hydrazine 
hydra te , phenylhydrazine or semicarbazide was added  and the mixture refluxed fo r 4 h. After 
cooling overnight th e  crystallized product was filte red  off to  obtain the corresponding hydra- 
zone (19a) phenylhydrazone (19b) or sem icarbazone (19c), respectively.

l-Phenyl-3-methyI-l,7-dihydrodipyrazolo[3,4-b; 4’,З’-e] pyridine (20)

To 2 mmol of com pound 5b, 19a or 19b, suspended in 10 mL of E tO H , 2 m L  of hydra­
zine hydra te  was added and the m ixture was refluxed  for 18 h. After cooling, th e  crystalline 
product 20 (yields: 81% , 92% and 73% , respectively) was filtered off and  recrystallized.

M.p. 236— 238 °C (i-PrO H).
TTV: 265 (4.47), 310 (4.03), 315 (4.05), 342 (3.87).
IR : 3220 ms, b r (N H ), 1625 s (C = N ), 1602 ms, 1508 ms (arom atic), 756 ms, 695 m 

(m onosubst.).
'H -N M R  (DMSO-de): 2.69 s (3-CH3); 8.42 s and  8.82 s (4-CH and 5-CH )i 7.3— 7.85 m 

and  8.35—8.6 m (1-PhH ); 13.75 bs (N H ).'
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Table III

Some physical and spectral data o f compounds 13—14

Compd.
Yield, M.p.,°c

(Solvent)
uv

^mai 0°g e)
IR »H-NMRa, Ő ppm

% vC=0 vR Solvent 3-ciL 4-CH R

l i 63 214—5
(EtO H )

263 (4.45) 1705 s 3200—2400 w, br 
(OH)

DMSO-<irb 2.63 s 
(3H)

8.84 s 
(1H)

5.5 bs
(changeable)

12 86 120— 1
(EtO II)

264 (4.46) 1735 s 1246 vs, 1145 ш 
(COC)

DMSO-drb 
+  CDC13

2.66 s 
(3H)

8.68 s 
(1H)

1.46 t— 3H 
4.81 q—2H 
( J  =  7 Hz)

13 94 144 not measured 1777 s — TFAb 3.02 s 
(3H)

8.37 s 
(Ш )

—

14a 40 178
(EtOH)

264 (4.35) 
322 (3.38)

1665 ms 
1558 ms

3280 m, br 
(NH)

CDCI3 2.66 s 
(3H)

8.56 s 
O H )

7.1—7.3 m°

14b 80 162—4
(EtO H )

262 (4.25) 
320 (3.32)

1670 s 3265 ms (NH) 
1265 m, 1035 m 

(OCH3)
895 w, 813 m 

(trisubst.)

TFAb 2.95 s 
(3H)

8.72 s 
(1H)

6.9—7.3 m 
(3H; ArH)

3.97 s
(6H ; CH30 )

3.1 bs; 4.0 bs
( г х г н . - ^ н , ) , - )

a 1-Ph protons: multiplet a t 7.3—8.4 in DMSO-dc or CDC13, singulet a t 7.75 in TFA (integral: 5H); b Spectrum recorded on a Perkin-Elm er 
R  12 (60 MHz) instrum ent; c Overlapping w ith the 1-PhH signal.
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Table IV

Some physical and spectral data o f compounds 15—18

Compd. Yield, M.p., °c uv IR >H-NMRb, 6 ppm

% (Solvent) ^max (l°g e) vR Solvent 3-CH, 4-CH 5-CH, R

15 79 118- 9 
(PhH)

not measured 3600—3000 m, br 
(OH)

CDC13° 2.60 s 
(3H)

8.16 sd 4.84 s 
(2H)

—

16a 58 140— 1
(EtO H )

259 (4.28) 
320 (3.26)

1735 s (C = 0 )  
1280 vs, 1140 m 

(COC)

CDClj' 2.63 s 
(3H)

8.15 sd 5.61 s 
(2H)

7.2—8.5 md

16b 61 160
(BuOH)

260 (4.27) 
320 (3.34)

1735 s (C = 0 )  
1290 s, 1130 m 

(COC)

CDC13 2.62 s 
(3H)

8.14 sd 5.58 s 
(2H)

9.25 b ; 8.75b 
(1H) (1H) 
8.3 bd; 7.6 bd

17 75 1 4 0 -2
(PhH )

261 (4.23) 
321 (3.35)

— CDCI3 2.62 s
(3H)

8.13 sd 4.78 s 
(2H)

—

18a 48 170— 5
(PhMe)

260a
325

3280 m, br 
(NH)

CDCI3 2.56 s 
(3H)

8.03 sd 4.52 s 
(2H)

4.22 b s — 1H 
(changeable) 
6.5—7.7 md

18b 62 120
(MeCN)

261 (4.24) 
323 (3.40)

3295 w (NH) 
1262 s, 1040 m 

(OCH3) 
860 w, 817 m 

(trisubst.)

C6D 6 2.34 s 
(3H)

7.78 sd 3.83 s 
(2H)

1.55 bs -  1H
(changeable)
2.83 t—4H e 

3.53 s; 3.56 s—6H 
6.77 s—3H

18c 88 90—3
(EtO H )

260 (4.23) 
322 (3.40)

3300 w (NH) TFA° 2.92 s 
(3H)

8.82 s 
(1H)

4.85 s 
(2H)

1.02 t— 3H 
1.7—2.2 m — 4H 

3.5 bs— 2H

a Owing to insufficient solubility, log e cannot be given; b 1-Ph protons: multiplet a t 7.2—8.5 in CDC13, a t 7.0—8.8 in CcDe; singulet at 
7.70 in TFA (integral: 5H); c Spectrum recorded on a Perkin-Elmer R 12 (60 MHz) instrum ent; d Overlapping with the 1-PhH signal; e After 
addition of TFA: 2.37 t (J  =  6 Hz), 2H, С— CH2— C; 3.09 t (J  =  6 Hz), 2H, C—CHj—N.
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Table V

Some physical and spectral data o f compounds 19

Compd. Yield,
%

M.p., cc
(Solvent)

uv
^mai (log e)

IR 1H-NMR*, <J ppm

vC=N pN H -R Solvent 3-CH, 4-CHb CH=Nb R

19a 81 155—8
(MeOH)

292 (4.46) 
345 (3.76)

1620 sh 3370 inw 
3290 w 
3200 w

DMS0-<V 2.64 sd 8.32 s 
(1H)

8.64 s 
(1H)

5.42 s—2H 
(changeable)

!9b 86 229—31 
(BuOH)

265 (4.08) 
343 (4.18) 
395 (3.79)

1647 sh 3310 m DMSO-(i„ 2.68 sd 8.25 s 
(Ш )

8.78 s 
(1H)

7.1—7.8 m ' 
10.75 bs— 1H 

(changeable)

19c 76 280—3
(DMF)

258 (3.94) 
294 (4.21) 
342 (3.50)

1615 sh 3485 ms 
3400—

—2800 m 
1712 s

TFA-d, 2.86 s 
(3H)

8.45 s 
(Ш )

9.03 s 
(1H)

я 1-Ph protons: inultiplet a t 7.1—8.3 in DMSO-d6, singulet a t 7.56 in ТРА-с^; b Assignment is arb itrary; 0 Spectrum recorded on a Perkin 
Elmer R 12 (60 MHz) instrum ent; d Overlapping w ith the solvent signal; e Overlapping w ith the 1-PhH signal.
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The p ro tonation  constants of the DTTA chelating ion exchange resin, containing 
diethylene triam ine te traacetic  acid functional groups, were determ ined a t  25 °C by 
ba tch  titra tion  of th e  resin w ith standard  alkali a t  ionic strengths of 0.01, 0.1 and 
1.0 mol d m -3 .

The constan ts were calculated using a modified B je r r u m  n m ethod  and a general 
resin protonation  equation  to  give the following values:

log ß I =  10.38 ±  0.05

log #2 =  18.74 ±  0.10

lo g # 3 =  23.04 ±  0.11

lo g # , =  25.87 ±  0.11

The theoretical titra tio n  curve generated from  these values agreed well w ith the 
experim ental d a ta  obtained a t all three ionic strengths.

F u rther refinem ent of the protonation constan ts was carried ou t using a modi­
fied M INIQUAD com puter programme, w hich yielded protonation constants with 
an even b e tte r f i t  to  th e  experim ental d a ta , although the values o f th e  protonation 
constants appeared to shift slightly w ith ionic streng th .

Introduction

Previous work has shown that chelating ion-exchange resins of wellо  о

defined and reproducible chemical com position containing either polyamino- 
or polyam ino-polycarboxylic acid functional groups can be synthetized  by 
careful am ination or am ination and subsequent carboxym ethylation  o f chloro- 
m ethylated  polystyrene-divinylbenzene copolym er [1]. The resin described 
in th is paper (the D TTA resin) is one containing diethylene triam ine tetra­
acetic acid functional groups (Fig. 1).

As part o f th e  programme aiming to  stu d y  the properties o f  these resins 
and the developm ent o f  analytical m ethods based upon the use o f  these it is

* To whom correspondence should be addressed.
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HOOC— H 2C R CH2—COOH

N— C H 2— CH2—N— CH2—CH2— N
I I

HOOC— H 2C CH2—COOH

R  =

CH2—

F ig . 1. T he immobilised ac tive group of the DTTA-resin. R : th e  m atrix  of th e  resin

n ecessary  to  establish va lu es for the protonation and cation-resin sta b ility  
co n sta n ts . The determ ination o f  the protonation constants of L igandex-E , 
co n ta in in g  ethylene diamine tr iacetic  acid functional groups, has been described  
earlier [2 ] , and the techniques developed in th at w ork have now been applied  
to  a s tu d y  o f the protonation equilibria of the DTTA resin. It was show n there 
th a t step w ise  protonation equilibria  of the type

R -  +  G + +  H + -  R H  +  G+ (1)

m ay b e described by eq u ation s o f  the form

log К  =  p H  +  log — +  log (2 )
« (G)

w here th e  bar refers to param eters in the resin phase, x  being the degree 
o f  d isso c ia tio n  of the resin:

R
x  =  ,

R H  +  R

(G) is th e  to ta l molality o f  th e  counter ion in the resin  phase, 
oo is th e  activ ity  of the counter ion in the aqueous solution , and pH  refers to  
the p H  o f  the aqueous so lu tion . These equations enabled the calculation of 
the step w ise  protonation co n sta n ts  o f  the L igandex-E  resin.

B y  defining pH , the p H  o f  the resin phase as

PH  =  pH  +  lo g - ^ -

Acta Chim. Acad. Sei. Hung. 109, 1982
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and correcting for the autodissociation o f w ater by introducing

-  , (H+) +  (O H -)
ot* =  «  4- —----- -------——-Ct

[3], where is th e  analytical concentration o f  the active groups in the resin  
phase, mmol • g _1 w ater, equation (2) reduces to  the form

log К =  pH +  log — z "** (3)
a *

being com pletely analogous to  those equations describing hom ogeneous sys­
tem s. It therefore follow s that any o f the conventional hom ogeneous proto­
nation equations, such as th at o f B j e r r u m ’s n  m ethod, m ay be applied to  
the resin equilibria. This has been discussed more fu lly  in recent papers [4, 5].

Experimental

To study  the pro tonation  of the DTTA resin, a b a tch  m ethod was used to  ensure th a t 
full equilibration was reached. The hydrogen form  of th e  resin converted by trea tm en t w ith 
dilute hydrochloric acid was washed w ith distilled w ate r un til free from chloride ions, and 
then  dried in air. The w ater content of the air-dried  resin was determ ined by  drying 
small samples of th e  resin a t  110 °C for 24 hours. The titra tion  curves were obtained 
over a range of ionic streng ths I  =  0.01, 0.1, 1.0 by  weighing exactly  known quantities 
(0.5 4  0.01 g) of th e  a ir dried hydrogen form resin in to  100 cm3 Quickfit Erlenm eyer flasks, 
adding various know n am ounts of 0.1 M  carbonate-free potassium  hydroxide solution, followed 
by  the requisite q u an tity  of potassium  chloride solution, to give the desired ionic strength  
upon dilution to a final volum e of 100 cm3 w ith C 02-free distilled water. The flasks were sealed 
under argon atm osphere and then  left a t a constant tem pera tu re  for 2— 3 weeks un til equilibra­
tion had been reached. M easurements of the solution pH  were then  made under argon atm os­
phere using a  calibrated  glass electrode. Several series of m easurem ents were necessary in 
order to establish th a t  equilibrium  had been reached.

A fter m easurem ent of the pH , the resin sam ples were separated from the solution phase 
by  centrifugation, th e  resin weighed, and then  dried in  a vacuum  oven a t 80 °C to  constant 
weight. This weight difference, when referred to  the d ry  hydrogen form resin, gave the w ater 
content, H20 ,  in g g _1.

U ptake of potassium  ions by the resin occurs by  neutralization of the hydrogen form 
resin (carboxylic acid functional groups — chemically bound potassium  ions) and by  ion inva­
sion, as potassium  chloride penetrates the resin la ttice  because of osmotic pressure differences 
between the aqueous and  resin phases (invaded potassium  ions). The quantities of potassium  
ions in the resin arising from  these two processes were obtained by eluting th e  resin w ith a 
known am ount of stan d ard  0.1 M  nitric acid, washing well w ith distilled w ater and then  deter­
mining the chemically bound potassium  ions from  an acid-base titra tion , and the ‘invaded’ 
potassium  ions from a Mohr’s titra tion  of the associated chloride ions. The washed resin was 
then  dried to  constan t w eight a t 105 °C to give the w eight for the dry  resin in the hydrogen form.

Results and D iscussion

The experim ental data obtained are sum m arized in Tables I, II  and III. 
The plots o f  G k_, the amount of chem ically  bound potassium  ions, against 

p H  for the three ionic strengths all show  a major inflection point at Gк  =

6 Acta Chim. Acad. Sei. Hung. 109, 1982
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Fig. 2. T he  q u an tity  of chemically ho u n d  ions as a function of the calculated pH  of th e  resin 
phase. T h is  curve is used for th e  determ ination  of th e  capacity  of the resin, Q and  for the 

degree o f ti tra tio n  in the resin phase, S

Fig. 3. p H  o f  th e  equilibrium solution as a function of the  real degree of titra tio n  in th e  resin 
phase, ä*, in solutions of ionic strength  0.01, 0.1 and 1.0

=  3 .60  m m ole g -1 resin, and a further not so w ell defined reflection  at 
Gj< =  5 .4 0  m m ole g -1  resin (F ig . 2). This gives a value for Q, the cap acity  
o f th e  resin , o f  1.80 mmole g -1  resin , from w hich the a*-values m ay be calcu­
la ted , and  th en  plotted as a fu n ction  o f pH  and o f pH  (Fig. 3). It m ay  be 
seen th a t  w ith  the pH  —  a* p lo t th e  points all appear to  lie on the sam e titra ­
tio n  cu rv e , from  which it m ay be inferred th at the protonation constants are 
ap p a ren tly  independent o f the ion ic  strength o f the aqueous solution. This was 
also o b serv ed  in the earlier w ork w ith  the L igandex-E resin.
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Table 1
Titration data at an ionic strength o f 0.01

p H p H G K e , H ,0 (C) <X*

4.370 2.624 0.596 0.033 1.256 0.501 0.335

4.720 2.838 1.013 0.033 1.528 0.685 0.567
5.070 3.041 1.374 0.033 1.467 0.959 0.768
5.430 3.420 1.642 0.033 1.821 0.920 0.918
5.800 3.690 2.179 0.033 1.911 1.158 1.218

6.770 4.568 2.921 0.033 2.066 1.430 1.632

7.440 5.203 3.242 0.033 2.112 1.551 1.811

10.190 7.874 4.186 0.033 2.270 1.859 2.339

10.590 8.281 4.208 0.033 2.320 1.828 2.351

10.680 8.360 4.317 0.033 2.320 1.875 2.412

10.970 8.623 4.680 0.033 2.360 1.997 2.615

11.410 9.048 5.006 0.033 2.440 2.065 2.797

11.540 9.170 5.170 0.033 2.470 2.107 2.888

12.100 9.710 5.818 0.033 2.652 2.206 3.250

12.270 9.871 6.012 0.033 2.687 2.250 3.359

Tables I, I I , I I I :  pH  =  solution pH ; pH  =  resin pH ; G ^ — mmoles chem ically bound 
K + g -1 dry H —form resin; G/ =  mmoles invaded K +g -1 dry H —form resin; Н гО =  water 
content, g • g~ 1 dry H —form resin; (G) =  m olality of to ta l K +, moles K+ k g -1  w ater in the 
resin phase, öt* =  real degree of dissociation of the resin.

Fig. 4. The degree of th e  titra tio n  of the active groups in the resin, a , as a function  of the 
degree of titra tion  calculated from  the added q u an tity  of potassium  hydrox ide, a

It is also found, as w ith  the L igandex-E  resin, that the u p tak e o f  potas­
sium  hydroxide by the DTTA resin is at first quantitative, but th a t th is  uptake  
falls o ff at higher a-values. This is shown in Fig. 4 for I  =  0.1. On the other 
hand, the am ount o f  invaded potassium  chloride is apparently independent

6* Acta Chim. Acad. Sei. Hung. 109, 1982
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Table П

Titration  data at an ionic strength o f  0.1

pH pH GK Oi 11,0 (G) 5*

3.670 2.760 0.788 0.146 1.357 0.688 0.442

3.920 2.934 1.129 0.168 1.582 0.820 0.632

4.200 3.173 1.467 0.123 1.763 0.902 0.820

4.870 3.729 2.212 0.130 2.000 1.171 1.236

5.250 4.061 2.581 0.133 2.075 1.308 1.442

5.710 4.484 2.899 0.144 2.135 1.425 1.620

6.340 5.079 3.275 0.107 2.187 1.546 1.830

9.620 8.253 4.452 0.132 2.322 1.974 2.487

9.820 8.442 4.616 0.110 2.335 2.024 2.579

10.070 8.680 4.788 0.120 2.361 2.079 2.675

10.371 8.966 5.044 0.103 2.393 2.151 2.818

11.160 9.714 5.589 0.097 2.405 2.364 3.122

11.540 10.076 5.832 0.116 2.411 2.467 3.258

11.580 10.115 5.890 0.100 2.426 2.469 3.290

12.040 10.549 6.228 0.114 2.419 2.622 3.479

Table 1П

Titration data at an ionic strength o f  1.00

pH pH GK G , H ,0 (G) ä*

3.110 2.756 0.523 1.013 1.116 1.377 0.294

3.320 2.948 0.801 1.025 1.275 1.433 0.448

3.590 3.203 1.043 1.071 1.424 1.485 0.583

4.110 3.634 1.839 1.053 1.587 1.822 1.028

4.400 3.891 2.184 1.039 1.638 1.968 1.220

4.820 4.288 2.560 1.018 1.725 2.074 1.430

5.260 4.708 2.862 1.009 1.782 2.172 1.599

8.130 7.519 3.916 0.949 1.955 2.489 2.187

8.560 7.940 4.036 0.946 1.964 2.537 2.255

8.730 8.106 4.151 0.971 1.999 2.563 2.319

9.060 8.426 4.623 0.967 2.094 2.622 2.527

10.490 9.820 5.605 1.002 2.318 2.851 3.131

10.700 10.017 5.822 1.006 2.327 2.934 3.252
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o f  the degree o f  titra tion , hut it is a function  o f the ionic strength o f the  
aqueous phase, as w ould be expected (Table IV ). Thus the water uptake should  
be defined b y  th e  degree o f  titration, th a t is to  say, by the q u an tity  
o f chem ically bound potassium  ions in the resin, as was found in  the case o f  
the L igandex-E resin.

Table IV
The amount o f potassium chloride in  the resin phase,

Gj, at various values o f the ionic strength

Ionic Strength G,

0.01 0.03
0.1

оd<Ni-Hd
1 .0 1.02 ±  0.04

It should be noted  th at when calculating th e  pH  o f the resin phase, p H , 
the key param eters are the activ ity  o f the counter ion in the aqueous solution, 
oo, and the m o la lity  o f  the counter ion in the resin phase, (G). As th is latter

(C ) “ i p “

term  is given b y  and both Gк  and H.,0 are functions o f a*, whereas Gj  is 
essentially  independent, it m ight be expected  th a t (G) is also a function o f  <x*. 
In fact, plots o f  (G) against <x* exhibit a linear behaviour for both the DTTA  
and L igandex-E resins, and th is relationship m a y  be used to m odel protonation  
equilibria for an y  given  solution pH , yield ing the protonation constants [5].

It m ay be seen from the titration  curves (F igs. 2, 3) th at not all the  
inflection  points are clearly defined, so th a t there m ust be som e overlap of 
the protonation equilibria. Thus it is not possib le to  use the equations describ­
ing simple one step  equilibria to calculate th e  protonation constants o f  the  
DTTA resin and it  is necessary to em ploy m ore general equations to  obtain  
values for tw o or more protonation con stan ts sim ultaneously. As has been  
m entioned earlier, any o f the conventional equations describing hom ogeneous 
protonation equilibria m ay be used to describe resin protonation equilibria  
after m odification  o f the solution term s p H , [H  + ] and [O H - ] to  the resin 
term s pH , (H  + ) and (O H - ).

Thus using the m odified B je r r u m  n  m ethod, the follow ing equations 
m ust be so lv ed :

_ ( 4 - « ) C - l +  (O H -) (H+)n = --------------------------------------------
CL

-  =  (II+) K ,  +  2(R +)* K 1K 2 +  3(H +)3К 1В Д , +  ц п + у к . к ж . к ,  

1 +  (H + ) K ,  +  (H + Г К . К ,  +  ( R + f K . K . K ,  +  ( R + Y K . K ^ K ,

(4)

(5)
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In  fa c t, since there is a w ell defined in flection  point in  the titra tion  
curve a t  5c* =  2, the equations m ay be sim plified  in to  ones describing the  
pairs K x and K2, and K 3 and K t .

A ltern atively , the general equation for resin protonation equilibria  
described  b y  Szabadka m ay be used [4]:

J ( « * - 4 + y ) ^ ( H +y =  0. (6)
J =  0

V alu es of the four protonation  constants obtained by using b oth  of 
th ese  m eth od s, applying sim ple linear regression analysis, are sum m arized in  
T able V . These are the average values obtained by consideration o f th e  data  
at a ll th ree  ionic strengths. R esu lts o f analysis o f  variance to com pare calcu­
la ted  and experim ental 5c*-values derived from these protonation constants  
are sum m arized  in Table V I, and it m ay be seen from this th a t the constants

Table V

Protonation constants calculated by the B jER R U M  n 
method and the general equation fo r  resin equilibria

bg/?i l°gß , bg/3,

1 0 .3 8  ±  0 .05 1 8 .7 4  ±  0 .1 0 2 3 .0 4  ±  0 .1 1 2 5 .8 7  ±  0 .1 1

Table VI

A nalysis o f variance — comparison o f calculated and experimental <x* values

I a* due regression a 2 about regression % Fit N

0.01 1 3 .8 4 0 .1 2 9 9 .2 15

0 .1 0 1 6 .1 6 0 .0 4 9 9 .7 15

1.00 1 0 .5 4 0 .0 4 9 9 .6 13

N  =  num ber of observations

describe q u ite  adequately th e  protonation  equilibria o f the DTTA resin , the  
f it  o f  th e  calculated and experim ental 5c*-values is reasonably good. T his is 
further confirm ed by the theoretica l titra tion  curve shown in Figure 3 w hich  
upon v isu a l exam ination appears to  f it  the experim ental points w ell.

T h ese  protonation con stan t values were th en  used as input for a m odified  
form * o f  th e  computer program m e M IN IQ U A D  [6 ], and runs carried out

* D etails of modification available from  K. W. B u r t o n .
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w ith data for all three ion ic strengths to  obtain  im proved values for th e  p roto­
nation  constants. This program m e also carries out a statistical an alysis of 
the residuals o f the m ass balance equations, b y  means o f which it  is  possible  
to  pick up any system atic errors in  the chem ical m odel or the experim ental data. 
The protonation  constants so obtained, and the statistica l analysis o f  residuals, 
are sum m arized in Table V II. From these results it  would appear th a t the  
agreem ent o f data for any specific ionic strength  is quite good, th e  standard  
deviations o f  the protonation  constants being reasonably low.

Considering the som ew hat lim ited  num ber o f observations, th e  approach  
o f the residuals distribution to a Gaussian distribution  is in fact q u ite  close, 
the goodness o f f it  sta tistic  %2 being su b stantia lly  less than 12.60 (9 5 % con­
fidence level) in all three cases. H ow ever, the data at an ionic strength  of
0.01 exh ib it some abnorm alities, there being negative skew (greater residuals 
for th e  lower öc* values than  expected  for a norm al distribution), and also a 
m om ent coefficient o f  kurtosis o f  5.7 (leptokurtic behaviour). T his is also 
borne out b y  the higher standard deviations in the protonation  constant 
values obtained at I  =  0.01. H ow ever, com parison o f calculated and experi-

ТаЫе VII

Calculation o f the logarithms o f the overall protonation 
constants by means o f the M INIQUAD programme

Log of the overall protonation constants

Ionic Strength 0.01 0.1 1.0

b g / S , 10.11 ±  0.05 10.59 ±  0.03 10.52 ±  0.05

log ß t 18.67 ±  0.06 18.95 ±  0.04 18.94 ±  0.06

!°g /? a 23.00 ±  0.13 23.14 ±  0.07 23.33 ±  0.09

fo g  ßt 25.62 ±  0.15 25.82 ±  0.09 26.30 ±  0.10

Statistical analysis of residuals

Parameter 0.01 0.1 1.0

A rithm etic Mean —0.11 — 04 — 0.11 — 0.6 — 0.62 —  05
Mean D eviation 0.23 — 03 0.19 — 03 0.16 — 03
Standard  Deviation 0.34 — 03 0.22 — 03 0.22 — 03
V ariance 0.12 — 06 0.49 — 07 0.48 — 07
M oment Coefficient of Skewness — 0.11 +  01 —0.76 — 03 — 0.23 +  00
M oment Coefficient of K urtosis 0.57 +  01 0.21 +  01 0.33 +  01
Chi Square 8.93 5.73 2.31
Crystallographic Factor 0.011 0.007 0.006
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m en ta l <x*-values by analysis o f  variance show s th a t the fit  is good (although  
on ly  m arginally  better th an  th a t o f Table V I), w hich further validates the  
va lu es obtained  for the protonation  constants (Table V III). It is nevertheless

Table УП1

Comparison o f calculated MINIQUAD and experimental a*-tlalues

I a* (due regression) a2 (about regression) %  F it N

0.01 12.81 0.08 99.4 15
0.1 14.03 0.03 99.8 15
1.0 10.92 0.04 99.7 13

fou n d  th a t  there are greater deviations o f  th e  calculated values from the  
exp erim en ta l ones at low  <x* (low pH), w hich m igh t be brought about b y  
the p resence o f a further overlapping protonation reaction  involving a — COO-  
or -y;N group. C om putation o f an additional (fifth ) protonation constant 
on th e  b asis of the present d ata , using M IN IQ U A D , is not possible, th e  stan d ­
ard d ev ia tio n s o f the log  /S4 and log ß5 values b eing  too  great. Further experi­
m en ta l w ork involving titra tion  o f the D TTA  resin  w ith  acid m ust be carried 
out b efore such calculations m ay  be attem pted.

T here would appear to  be some shift in  th e  protonation constant values  
at d ifferen t ionic strengths, revealing som ew hat lower values at an ionic 
stren gth  o f 0.01 mol d m -3  in  m ost cases.
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BEITRÄGE ZUR KENNTNIS 
DER KRACKREAKTIONEN, IV

M ECHANISM EN D E R  AN M O R D EN ITEN  V E R L A U F E N D E N  
K ATALYTISCHEN R E A K T IO N E N  VON PA R A F F IN IS C H E N  

K O H LEN W A SSER STO FFEN

H. K. B e y e r ,1 F. R é t i1 und J. H orváth2
f 1 Zentralforschungsinstitut fü r  Chemie der Ungarischen Akademie der Wissenschaften, 

Budapest, 2 Donau-Erdölverarbeitungskombinat, Százhalombatta)

Eingegangen am  30. Januar 1981
Zur Veröffentlichung angenomm en am 17. F ebruar 1981

Es w erden die bei der U m setzung von Propan, n -B u tan , i-B u tan  und neo- 
Pen tan  and Ca- un d  Sr-M ordenit sowie von n- und i-B utan an H -M ordenit verlaufenden 
Reaktionen un tersuch t. Die M ethan (im  Falle des n-Butans auch Ä than ) als paraffini­
sches R eaktionsprodukt liefernde K rackung des Typs I und die D ehydrierung des 
R eaktan ten  sind unabhängig vom  O lefinpartialdruck und  erfordern  keine sauren 
Zentren des B rönsted-Typs, sondern n u r solche des Lewis-Typs. D ie m it abnehmender 
O berflächenkonzentration der sauren B rönstedzentren zugunsten der Dehydrierung 
eintretende Selektivitätsverschiebung wird m it der A nnahm e e rk lä rt, daß für die 
Dehydrierung des paraffinischen R eak tan ten  eine H ydridabstrak tion  an einem sauren 
Lewiszentrum und  gleichzeitig eine P rotonenabstraktion  an einem  benachbarten  basi­
schen B rönstedzentrum  erfolgen muß.

Die insbesondere am H -M ordenit verlaufende, bei der U m setzung  der Butane 
ausschließlich P ropan liefernde K rackung des Typs I I  sowie die Isom erisierung und die 
Bildung längerkettiger Paraffine sind s ta rk  abhängig vom O lefinpartia ld ruck  und ver­
laufen nur an  saure Zentren des Brönsted-Typs aufweisenden K atalysatoren . Die 
experim entellen Ergebnisse sind n ich t m it dem klassischen Karbenium ionenm echanis- 
mus der ka ta ly tischen  K rackung zu vereinbaren. F ü r die U m setzungen von Paraffinen 
m it K ettenlängen bis zu 5 C-Atomen wird ein Mechanismus angegeben, der auf inter­
molekularem H ydrid transfer und  H ydrid-M ethanion-Transfer zw ischen dem (wahr­
scheinlich an  basischen B rönstedzentren oder sauren Lew iszentren chemisorbierten) 
R eaktantm olekül und  einem ICarbeniumion beruht.

Saure Zentren aufweisende Z eolithe zeichnen sich als K atalysatoren  für 
die katalytische K rackung von  K ohlenwasserstoffen gegenüber amorphen 
S i0 2/A l20 3 nicht nur durch eine um bis zu 4 Größenordnungen höhere A ktivität, 
sondern auch durch eine vom  w irtschaftlichen Standpunkt aus günstigere 
Selektiv ität aus [1 — 4 ]. Bei der U m setzung von C4- bis Ce-P araffin en  an »super­
aktiven« Zeolithen werden praktisch keine kleineren Spaltprodukte als Propan 
und keine olefin ischen R eaktionsprodukte erhalten [1, 2 ] . A n den weniger 
ak tiven  amorphen K atalysatoren , aber z. B . auch an H -K lin op tilo lit [5] 
werden dagegen —  natürlich bei entsprechend höheren R eaktionstem peraturen  
—  auch größere M engen an M ethan, Ä than, W asserstoff und O lefinen gebildet. 
E s ist offensichtlich, daß es sich hierbei um verschiedenen R eaktionstypen  
handeln muß.
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In  der vorangegangenen M itteilung dieser R eihe [6 ] wurde gezeigt, daß 
bei der U m setzung von P rop an  an H-Mordenit das nach dem allgemein  
a k zep tierten  Karbenium ion-M echanism us* [7] zu  erw artende R eaktions­
p rod u k t (M ethan), aber auch e in  atypisches primäres paraffin isches R eaktions­
p rod u k t (Ä than) auftritt. D ie  b e id en  Krackreaktionen verlaufen nach grund­
sä tz lich  verschiedenen M echanism en und wurden als »Typ I« (mit für den 
k lassisch en  K arbenium ionen-M eclianism us typischen R eaktionsprodukten) und  
»Typ II«  (atypische K rackprodukte) bezeichnet.

H -M ordenit hat sich als K atalysator mit sehr hoher Selektiv ität für die 
K rack u n g  des Typs II erw iesen. D iesen  Um stand n u tzen d  werden in der vor­
liegen d en  M itteilung die K rackung des Typs II und R eak tion en  m it ähnlichem  
M echanism us an Hand der U m setzu n g  der Butane näher untersucht.

M aterial u n d  У er Suchsausführung

H erste llung  und A ktivierung des als K atalysator eingesetzten N H 4-Mordenits m it der 
E lem entarzellen-Zusam m ensetzung

(N H d ^ N a ^ lA h .r .S h o ^ A » ]  • 24,1 H 20

w urden  b e re its  in der vorangegangenen M itteilung dieser R eihe [6] angegeben. Ca- und Sr- 
M ordenit w urden  wie der NH4-M ordenit aus dem synthetischen Z eolith  »Na-Zeolon 100« der 
N O R T O N  Co. durch Ionenaustausch m it  1 N  CaCl2- bzw. S r(N 0 3)2-Lösung hergestellt. Beim 
C a-M ordenit betrug  der A ustauschgrad 62% , beim Sr-M ordenit 6 5% . Die Erdalkalim etall- 
M ordenite w urden  auf gleiche W eise w ie der NH4-Mordenit ak tiv ie rt.

F ü r  die katalytischen V ersuche w urde ein in E inzelheiten schon beschriebener [5] 
geschlossener, quasistationär a rb e iten d er Z irkulationsreaktor m it einem  Gesamtvolumen von 
etw a 0,2 d m 3 verwendet, die E n tfe rn u n g  der Olefine aus dem  zirkulierenden Gasstrom durch 
selektive A bsorp tion  wurde allerdings n u r  beim  Einsatz von Ca- oder Sr-M ordenit vorgenommen. 
Bei V erw endung  von NH4-M ordenit als K ata ly sa to r tra ten  p rak tisch  keine olefinischen R eak­
tio n sp ro d u k te  in  der Gasphase auf, so daß  kein Olefin-Absorber in  den Zirkulationskreis 
einbezogen w erden mußte.

D ie als K atalysatoren eingesetz ten  Zeolithe wurden im  allgem einen nach jedem  Ver­
such m it 0 2 bei 720—730 К  regeneriert.

E xperim entelle Ergebnisse

B e i der katalytischen K rack u n g  der in Tab. I  angeführten  R eaktanten  
an Ca- u n d  Sr-Mordenit tr itt h e i kontinuierlicher E n tfernung der olefinischen  
R eaktionsprodukte aus der G asphase des R ezirkulationsreaktors praktisch  
nur M eth an  —  im Falle des n -B u ta n s auch Äthan —  als paraffinisches-R eak- 
tion sp rod u k t auf (s. Tab. I). N eb en  der Krackung verläu ft auch die D ehydrie­
rung d es R eaktanten. Im  V ergleich  zur Um setzung an H -K linoptilo lit [5],

* In  der L iteratur wird oft d ie Bezeichnung »Karboniumion« gebraucht. W ir folgen 
dem N om enklaturvorschlag von Olah [8], nach  dem das durch P ro to n ad d itio n  an ein Olefin­
molekül en ts tehende  Ion als »K arbenium ion«, das P rodukt der P rotonenanlagerung an ein 
P araffinm olekü l dagegen als »K arbonium ion« bezeichnet wird.
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Tabelle I

Sorption der paraffinischen Reaktanten und Geschwindigkeitskonstanten der Dehydrier- und  
Krackreaktionen an Ca- und Sr-Mordenit

Vers.
Nr.

Gitter­
kation

Reaktant
Vorb.-
Temp.

Reak.-
Tcmp.

Anfangs­
druck

Sorb.
Menge

Mol - g - i .  10e

Reaktionsgeschw. — Konstante 
Mol • s "1 • P a -1 • g " 1 • 10'*

К К kPa
H, CH, C,H. csh ,*

l Propan 844 765 18,3 18 0,71 0,77 —

2 i-Butan 770 765 18,0 26 18,75 4,74 — 0,09
3

Ca
i-Butan 844 765 15,9 26 15,90 4,91 — 0,11

4 n-B utan 844 765 16,7 32 2,20 2,08 1,14 0,09
5 n-B utan 967 765 16,8 32 2,75 1,27 0,36 0,02

6 neo-Pentan 967 763 17,6 23 — 12,8 — 0,04**

7 Propan 873 764 16,9 18 0,38 0,41 — —

8
Sr

i-Butan 873 765 15,7 27 5,27 1,31 — 0,02

9 n-B utan 873 741 15,1 41 0,38 0,49 0,28 0,01
10 raeo-Pentan 873 732 14,7 38 — 24,10 — 0,08**

* Die Reaktion ist n ich t 1. Ordnung. Die auf die Zeit Null extrapolierte Reaktionsge­
schwindigkeit is t lediglich zum  besseren Vergleich m it den Geschwindigkeitskonstanten der ande­
ren R eaktionen durch den Anfangspartialdruck des R eaktan ten  geteilt.

** i-Butan.

H-M ordenit [6], H — Y  [9] und H -Chabasit [10] werden die paraffin ischen  
R eaktionsprodukte, die der Krackung des T yps II zuzuordnen sin d  (z. B. 
Ä than aus Propan und Propan aus n- oder i-B u tan ), in w esentlich  geringerer 
Menge gebildet, und zugleich wird eine v ie l schnellere D esaktiv ierung des 
K atalysators beobachtet. K inetisch verw ertbare D aten stellen d am it nur die 
durch E xtrapolation  au f die Zeit N ull erhaltenen  A nfangsgeschw indigkeiten  
der R eaktionen an frisch regeneriertem Ca- bzw . Sr-Mordenit dar. Sowohl 
die M ethan (im Falle des n-Butans auch Ä than) als primäres paraffin isches  
R eaktionsprodukt liefernde Krackung als auch die Dehydrierung sind  —  wie 
auch bei der U m setzung an H -Zeolithen [5, 6 , 9, 10] — erster O rdnung in 
Bezug au f den R eaktantpartialdruck und unabhängig vom  O lefinpartialdruck. 
Die G eschw indigkeit der Krackung des T yps II  ist dagegen, wie an H -Z eolithen  
bereits festgestellt wurde [5, 6 ], stark vom  O lefinpartialdruck abhängig . Die 
B estim m ung der R eaktionsordnung ist desw egen äußerst problem atisch , da 
der O lefinpartialdruck im  K atalysatorbett w egen des sim ultanen  Verlaufs 
der O lefine liefernden K rackung des T yps I und der Dehydrierung n ich t kon­
stant und nicht zu kontrollieren ist.

E in nicht unbeträchtlicher Teil des in den Reaktor eingespeisten  R eak­
tanten  wird bei den relativ  hohen R eaktionstem peraturen um 750 К  reversibel 
sorbiert. In  Abb. 1 ist als Beispiel die D ruck- und T em peraturabhängigkeit
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Temp. /  К
7 6 5  7 5 5  7 6 5

р /  k P a

Abb. 1. Iso therm e der Chem isorption von i-Butan an Sr-M ordenit hei 762 K (I)u n d  T em pera­
tu rabhäng igkeit der Chemisorption bei 15,5 kP a (II)

der S orp tion  von i-B u tan  am  Sr-Mordenit d argestellt. Die adsorbierte M enge 
n im m t in  der Reihenfolge Propan •— i-B utan  —  n-B utan  zu und is t  sow ohl 
vo n  der V orbehandlungstem peratur des K ata lysators als auch von der Art 
des G itterkations unabhängig (vgl. Vers. Nr. 2 u n d  3 sowie 4 und 5 bzw . 
1 u n d  4  sow ie 3 und 8 in  T ab . I). Es scheint sich  som it um eine aspezifische  
S orp tion  an Sauerstoffatom en des K ristallgitters zu  handeln, wobei allerdings 
auch d ie Struktur des M ordenitgitters eine en tscheidende Rolle spielen m uß, 
da ein  solcher Sorptionseffekt bei K linoptilolit, Z eolith  Y  und Chabasit [5, 9, 
10] n ic h t  oder viel weniger ausgeprägt zu b eob ach ten  ist.

A u s Ahb. 2 ist zu ersehen, daß Krack- und D ehydrieraktivität m it s te i­
gender V orbehandlungstem peratur durch ein M axim um  gehen. D as gleiche  
gilt für Sr-Mordernit. D iese Zeolithe verhalten  sich  dam it im  Prinzip w ie  
ein ige H -Z eolithe [5, 9, 10], unterscheiden sich aber von  diesen durch eine sich  
m it der V orbehandlungstem peratur wesentlich stärker zugunsten der D ehydrier­
reak tion  verschiebende, aber selbst auch w esentlich  höhere Selektivität.

A n  durch therm ische Zersetzung der N H 4-Form  erhaltenem H -M ordenit 
w erden  dagegen die B utane bei den für die U m setzu n g  dieser R eaktanten  an  
Ca- u n d  Sr-M ordenit und ein igen  H-Zeolithen [5,9, 10] erforderlichen R eak tion ­
tem p eratu ren  von über 700 К  in einer sehr schnellen  (mit der gegebenen  
A pparatur nicht mehr zu verfolgenden) R eaktion , d .h . in wenigen Sekunden  
in P rop an  überführt, das in  praktisch äquim olarer Menge gebildet w ird. In  
der G asphase des Z irkulationssystem s treten dabei auch dann nur sehr geringe  
O lefin m en gen  auf, wenn keine selektive A bsorption erfolgt. Aus der M assen-
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Abb. 2. Änderung der K rack- und D ehydrierak tiv itä t und  der Selektivität (gestrichelte  K ur­
ven) von Ca-Mordenit in A bhängigkeit von der V orbehandlungstem peratur. R e a k ta n t: n- 
B u tan ; Reak.-Tem p.: 765 K. a, b, c: Geschwindigkeitskonstanten der D ehydrierung  und 
der M ethan bzw. Ä than liefernden Krackung des T yps I ;  d: Geschwindigkeit der Propan 
ergebenden K rackung des Typs I I  bei einem R eak tan tpartia ld ruck  von 16,8 k P a ; e, f: D ehyd­

rierselek tiv itä t (ka(E k)~ l) und  Selektivität der K rackung  des Typs I [kb • (kb +  fec) -1 ]

bilanz ergibt sich dam it, daß bei der U m setzung der Butane zu  P ropan ein 
sicher mehr oder weniger polym erisiertes olefin isches Produkt am  K ata lysator  
chem isorbiert b leibt, das natürlich bei Tem peraturen über 670 К  in  völlig  
unübersichtlicher W eise weiterreagiert, w om it schnell eine ganze R eihe von  
sekundären R eaktionsprodukten in der G asphase auftreten.

H-M ordenit ist so ak tiv , daß diese R eaktion  selbst noch bei T em peratu­
ren um  470 К  m it gut meßbarer G eschw indigkeit verläuft. B ei d iesen  relativ  
niedrigen Tem peraturen m achen sich sekundäre Reaktionen des sich  am  K ata­
lysator abscheidenden polym eren olefin ischen Produktes noch n ic h t störend  
bem erkbar. Zusam m en m it Propan treten  jedoch  auch stets das isom ere 
B u tan  und Pentane als primäre R eaktionsprodukte auf, letztere jed o ch  immer 
in geringerer Menge als Propan. Bem erkensw ert ist, daß V eränderungen des 
K atalysators bzw. der R eaktionsbedingungen sich stets in g leicher W eise 
au f den V erlauf der drei R eaktionen, der Propan ergebenden »K rackung«, der 
Isom erisierung und der zur Bildung von P entanen  führenden R ea k tio n  aus­
wirken, die im  w eiteren unter den Sam m elbegriff »Reaktionen des T yp s II« 
zusam m engefaßt werden.
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Abb. 3. Bildung von i-B u tan  (a), P ropan  (b) und i-P en tan  (c) bei der Umsetzung von n -B utan  
(A usgangsm enge 1,42 mmol • g -1  gleich 22,7 kPa) an verschieden vorbehandeltem  H -M ordenit. 
n- u n d  neo-Pentan werden ebenfalls , jedoch in wesentlich geringerer Menge als i-P en tan  gebil­
det. R eakt.-T em p.: 486 K . V orbehandlung: 0 2-E inw irkung , 3-stündiges E vakuieren und 
H 2-E inw irkung  bei 763 K , d an ach  (1) keine weitere V orbehandlung , (2) Sauerstoffbehandlung 

bei 486 K, (3) C hem isorption von Äthylen (34 //M ol ■ g -1) bei 486 K '

D ie Reaktionen des T y p s II  setzen am H -M ordenit bei Tem peraturen von  
4 5 0 — 530 К  erst nach einer relativ  langen Induktionsperiode ein, sofern der 
K a ta ly sa to r  vor dem E in sa tz  bei Tem peraturen um  670 К  mit W asserstoff 
b eh an d elt wurde (s. A b b . 3 ). Unterbleibt die W asserstoffbehandlung oder 
fo lg t ihr eine Behandlung m it Sauerstoff bei etw a  470 K, so setzen die R eak ­
tio n en  des Typs II p rak tisch  sofort ein, der v o n  der Abszisse her gesehen  
k o n v ex e  Verlauf der U m satzkurven  deutet jed o ch  ebenfalls auf eine auto- 
k a ta ly tisch e  Reaktion b in . D ieser Effekt ist n och  ausgeprägter, w enn die 
B eh an d lu n g  mit Sauerstoff b e i Temperaturen um  670 К  erfolgt. Setzt m an  
sch ließ lich  n- oder i-B u ta n  an  dem thermisch vorbehandelten  N H 4-M ordenit 
um , an dem vorher bei der R eaktionstem peratur Ä thylen  (oder ein  anderes 
O lefin ) chemisorbiert w urde, so setzen die R eak tion en  des Typs II  —  w ie aus 
A bb. 3 zu ersehen ist —  sofort ein und die U m satzk u rven zeigen  zum indest im  
A nfangsabschnitt den norm alen  Verlauf. Erst n ach  längeren R eaktionszeiten  
bzw . größeren U m sätzen w eisen  die Kurven einen  v o n  der Abszisse her gesehen  
k o n v ex en  Abschnitt auf.

D iese B eobachtungen lassen  eindeutig den Schluß  zu, daß die R eaktionen  
des T y p s II nur in G egenw art von sorbierten (und polym erisierten) O lefinen
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Abb. 4. Bildungsgeschwindigkeit r  der bei den R eaktionen des Typs I I  and re-Butan entstehenden 
R eaktionsprodukte in A bhängigkeit von der p räsorbierten  Propylenmenge a 0. Reakt.-Tem p.: 

479 K . R eak tan tpartia ld ruck : 14,5 kP a. (1) — i-B utan; (2) =  P ropan ; (3) =  i-Pen tan

ablaufen und der autokatalytische Charakter dieser R eaktionen au f die Bil­
dung solcher Olefinspecies bei der K rackung des Typs II zurückzuführen ist. 
W eiterhin folgt, daß in Sauerstoffatm osphäre thermisch vorbehandelter NH4- 
M ordenit Zentren (oder Verunreinigungen) m it O xydationsw irkung aufweist, 
die Paraffine durch partielle oxyd ative  Dehydrierung in O lefine zu  überführen  
verm ögen [7].

Um  festzustellen , ob die Art des präsorbierten Olefins den  V erlauf der 
U m setzung von Paraffinen (als R eaktant wurde re-Butan gew ählt) beeinflußt, 
wurden in getrennten Versuchen gleiche G ewichtsm engen von  Ä th y len , Propy­
len  und 2-B utylen  bei der R eaktionstem peratur am H-M ordenit chem isorbiert. 
D ie aus den A nfangsgeschw indigkeiten der Bildung der ein zeln en  R eaktions­
produkte berechneten S elektiv itätsw erte sind in Tab. II  zusam m engefaßt 
und lassen den Schluß zu, daß die U m setzung der Paraffine unabhän gig  von 
der Art des an der R eaktion beteilig ten  O lefins ist. Ein Z usam m enhang besteht 
jedoch zwischen der Menge des präsorbierten Olefins und der R eaktionsge­
schw indigkeit, wie aus Abb. 4 zu ersehen ist.

Tabelle II

Selektivität von H-Mordenit nach Präsorption von Olefinen bei der Umsetzung von n-Butan
Tact: 796 K ; R T: 479 К

Reaktions-
produkt

Produktverteilung nach Präsorption von

Äthylen
20,4 Mol • g - i • 10-e

Propylen
16,2 Mol • g - i • 10-e

lr-2-Butylen 
9,4 Mol • g“ 1 • 10"e

Propan 0,39 0,35 0,37
i-Butan 0,54 0,57 0,57
i-Pentan 0,05 0,05 0,04
n-Pentan 0,02 0,03 0,02
neo-Pentan 0,001 0,005 0,004

Acta Chim. Acad. Sei. Hung. 109, 1982



206 BEYER et al.: BEITRÄGE ZUR KENNTNIS DER KRACKREAKTIONEN

Reakl  ionszei t  /  s

Abb. 5. R eaktionsprodukte bei der U m setzung von i-B u tan  (22,4 k P a ) an H-Mordenit. R eakt.- 
Temp.: 486 K . Vorbehandlung wie (3) in  A bb. 3

i-B u ta n  verhält sich h in sich tlich  der hier b eh an d elten  Reaktionen prin­
z ip ie ll w ie n-Butan, U n tersch ied e sind jedoch —  w ie ein  Vergleich der U m satz- 
k u rv en  der Abb. 5 m it den  entsprechenden U m satzk u rven  des n-Butans (3a, 
3b u n d  3c in Abb. 3) zeigt —  hinsichtlich der S e lek tiv itä t zu beobachten. B eim  
i-B u ta n  verläuft — im  G egen sa tz  zum n-Butan —  die Krackung schneller als 
die Isom erisierung, außerdem  werden auch die P en ta n e  in größerer Menge 
g eb ild et.

M it steigender V orbehandlungstem peratur n im m t die A ktivität des 
H -M ordenits für die R eak tion en  des Typs II ab und erreicht bei Temperaturen  
über 950  K, bei denen lieser Zeolith erfahrungsgem äß praktisch vollständig  
d eh yd roxy liert ist [9], e in en  sehr geringen W ert (s. A bb. 6). An einem th er­
m isch  in  so einem Maße desaktivierten , w eitgehend dehydroxylierten Mor­
d en it verlaufen die R eak tion en  des Typs II auch bei Tem peraturen über 700 К  
noch  so langsam, daß sie m it der gegebenen A pparatur verfolgt werden k ön ­
nen . U n ter  diesen R eaktionsbedingungen verlaufen allerdings auch die R eak­
tio n en  des Typs I mit kom m ensurabler G eschw indigkeit.

D ie  Konzentration der Reaktionsprodukte g eh t m it steigender R eak­
t io n sz e it  durch ein M axim um , wobei sich die K urve des Propans im  Verlauf 
v o n  d en  der anderen P rod u k te  unterscheidet (vg l. A bb . 7). Das erklärt sich
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Abb. 6. B ildungsgeschwindigkeit r  der bei den R eaktionen des Typs II  aus n -B u tan  en tstehen­
den R eaktionsprodukte in Abhängigkeit von der V orbehandlungstem peratur -^act des als 
K ata ly sa to r eingesetzten H-M ordenits. R eakt.-T em p.: 486 K. p: ~ 1 8  kPa. (1) =  P ropan; 

(2) =  i-B utan ; (3) =  i-P en tan ; (4) =  n-Pentan

Abb. 7. A uf die Gewichtseinheit des als K ata ly sa to r eingesetzten H-M ordenits bezogene, in 
der Gasphase vorliegende Mengen der bei der U m setzung von n-B utan en tstehenden R eak tions­
produkte  in A bhängigkeit von der Reaktionszeit. R eakt.-Tem p.: 479 K. R e a k ta n tp a rtia l­
druck: 16,4 kP a. P räsorbierte Ä thylenm enge: 2 • 10-5  Mol • g _ l. Tact ; 796 K. (1) =  Propan;

(2) =  i-B utan ; (3) =  i-P en tan ; (4) — n-Pentan

dadurch, daß Propan unter den gegebenen R eaktionsbedingungen ein  stabiles 
E ndprodukt ist, während das isomere B u tan  und die Pentane die gleichen  
R eaktionen wie der R eaktant (im  gegebenen Falle n-Butan) ein geb en  und 
som it auch Propan liefern.
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H -M ordenit u n terscheidet sich von anderen H-Zeolithen jedoch  n icht 
nur durch  die ausgesprochen hohe A k tiv itä t für Reaktionen des T yp s II, 
son d ern  auch darin, daß er eine überraschend große Menge des paraffinischen  
R ea k ta n ten  bei den R eaktionstem peraturen u m  470 К  reversibel zu chem i- 
sorb ieren  verm ag. Mit steigender Vorbehandlungstem peratur wird —  w ie aus 
T ab. I I I  zu ersehen ist —  die chem isorbierte B utanm enge im Tem peratur­
b ere ich  v o n  820-—920 К  kleiner. Im  gleichen Tem peraturbereich n im m t auch  
die G eschw indigkeit der A nfangskonversion, die in  Tab. III  ebenfalls angege­
b en  is t ,  ab. Bem erkensw ert is t  jedoch, daß die chemisorbierte B utanm enge  
nur a u f  etw a 50% des ursprünglichen W ertes ab fä llt, während die A k tiv itä t  
p ra k tisch  den W ert N ull erreicht. D ie k a ta ly tisch e  A ktiv ität kann also n ich t 
oder n ich t allein auf den C hem isorptionseffekt zurückgeführt w erden. E in  
anderer B efund m acht jed och  sehr w ahrscheinlich, das die Chem isorption des

Tabelle Ш

Chemisorption und Geschwindigkeit der Konversion von n-Butan an bei 
verschiedenen Temperaturen vorbehatideltem H-M ordenit bei 486 К

V orbehandl.—
Tem peratu r

К

Chemisorbierte 
n-Butanmenge 

mMol • g-1

Geschw. der 
K onversion 

Mol • s - i  • g - i

791 0,29 3,4 • О
1 »i

819 0,28 3,3 • 10~7
871 0,25 1 , 6  • 1 0 -7
928 0,15 0,09 • IO“ 7
967 0,14 0,03 • 10~7

Abb. 8. B ildungsgeschw indigkeit r  der bei der K rackung des T yps I I  und der Isom erisierung 
aus i-B u ta n  entstehenden R eaktionsprodukte  in A bhängigkeit von der Menge des an dem  
als K a ta ly s a to r  verw endeten H -M ordenit chem isorbierten R eaktanden ar. R eakt.-T em p.:

479 К . (1) =  Propan; (2) =  « -B u tan
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Abb. 9. Chemisorption von n -B utan  an bei 760 К  vorbehandeltem  H -M ordenit in  Abhängig­
k e it von der Menge des präsorbierten  Olefins. T act: 791 К . (1) =  Ä thylen; 486 K ; P artia l­

druck des B utans: 18,6 k P a ; (2) =  P ropylen; 479 K ; Partialdruck des B u tan s: 14,7 kPa

R eaktanten  eine R olle im  R eaktionsm echanism us der R eaktionen des Typs II 
spielt. D iese R eaktionen verlaufen näm lich  in  Bezug auf die vom  K atalysator  
chem isorbierte Menge des R eaktanten nach  erster Ordnung. D iese in  Abb. 8 
dargestellte A bhängigkeit deutet darauf h in , daß das chem isorbierte P araffin ­
m olekül reagiert.

Mit steigender O lefinvorbeladung des H-M ordenits nim m t die M enge des 
chem isorbierten R eaktanten etw as, aber n icht sehr ausgeprägt ab. Dieser 
E ffekt wird an H and experim enteller D a ten  in  Abb. 9 veranschaulicht.

D iskussion

Nach dem  K arbenium ionen-M echanism us der k ata lytischen  K rackung  
vo n  paraffinischen K ohlenw asserstoffen erfolgt zunächst interm olekularer  
H ydridtransfer zw ischen einem  zur In itiieru n g der R eaktion notw endigen , 
beliebigen K arbenium ion und einem  R eaktantm olekül:

+
R + +  R x— CH2— CH2— CH2— R 2 ^  R H  +  Rj— CH— CH2— CH2— R 2 (1)

D as gebildete K arbenium ion wird in /S-Stellung zu dem die L adung tragenden  
C-Atom gespalten (/3-Regel), wobei ein  O lefinm olekül und ein  prim äres-K ar- 
benium ion m it kürzerer K ette en tstehen . Letzteres reagiert -— even tu e ll nach 
U m lagerung in ein stabileres sekundäres oder tertiäres Ion —- m it einem  Reak­
tantm olekül unter Transfer eines H ydrid ions, so daß also ein  R eak tion szyk ­
lus vorliegt:

+ +
R j— CH— CH2— CH2— R2 —  R j— C H = C H 2 +  CH2— R 2 (2a)

4* +
R j— CH2— CH2— CH2— R 2- f  CH2— R 2^A R j— CH— CH2— CH2— R 2 +  CH3— R2

(2b)
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B ei der k ata lytischen  Krackung von P ropan bzw . i-Butan sind nach  
diesem  M echanism us M ethan und Ä thylen bzw . P ropylen  als primäre R ea k ­
tionsprodukte zu erw arten. H ä lt man an der /З-R egel fest, so muß m an an n eh ­
m en, daß dabei die energetisch  nicht begünstigten  prim ären K arbenium ionen  
reagieren. D as gleiche tr ifft für die unter B ild u n g  vo n  Ä than und Ä th y len  
verlaufende Spaltung der 2-B indung von re-Butan zu . Än der M ethan und  
P ropylen  ergebenden K rackung der 1-Bindung so llten  dagegen nur sekundäre  
B utylkarbenium ionen b ete ilig t sein.

D ie  angeführten R eaktionsprodukte treten  b e i der Krackung von P ropan  
und B u tan en  an zeolith ischen  K atalysatoren im  allgem einen auch auf. A ller­
dings is t  der klassische M echanism us —  zum indest bei der Krackung kurz- 
kettiger K ohlenw asserstoffe—  m it einer R eihe experim enteller Befunde n ich t  
zu vereinbaren. Die R ea k tiv itä t von Propan und i-B u ta n  z. B . unterscheiden  
sich um  Größenordnungen, obw ohl in beiden F ä llen  die Bildung primärer 
K arbenium ionen vorauszusetzen  ist. Andererseits ist für die Spaltung der 
1- und 2-B indung des re-Butans die gleiche scheinbare Aktivierungsenergie 
aufzubringen, und beide R eaktionen  verlaufen m it vergleichbarer G eschw in­
digkeit, obzwar die Spaltung der 1-Bindung ein sekundäres, die der 2-B indung  
dagegen ein primäres B utylkarbenium ion vorau ssetz t (s. [5] und Tab. I). 
Um  diese Befunde au f der B asis der klassischen M echanism usvorstellungen  
erklären zu  können, m üßte eine Spaltung der zu  dem  die Ladung tragenden  
C-Atom  in  a-Stellung steh en d en  Bindung ebenfalls angenom m en werden, w as  
aber zu gleich  die nicht w ahrscheinliche V oraussetzung in  sich einschließt, daß  
energiereichrt primäre K arbenium ionen aus viel stab ileren  sekundären oder sogar 
tertiären Ionen  entstehen. Schwerwiegendere A rgum ente gegen den klassischen  
K arbenium ionen-M echanism us liefern jedoch die B eobachtungen, daß die zu 
den erw ähnten  primären R eaktionsprodukten führenden K rackreaktionen  
unabhängig  vom  O lefinpartialdruck sind [5, 6 ] und n icht an sauren Zentren  
des B rönsted-T yps, sondern an solchen des L ew is-T yps verlaufen [9, 11]. 
Diese —  im  weiteren als K rackreaktionen des T yp s I bezeichneten —  R eak tio ­
nen w erden also ausgelöst, w enn das kurzkettige Paraffinm olekül eine H yd rid ­
abstraktion oder zum indest eine in diese R ich tu n g  gehende Polarisation  
erfährt [9, 11].

B ereits bei der A u fstellu n g  des klassischen K arbenium ionen-M echanis­
mus w urde als M öglichkeit in  Erwägung gezogen, daß die für die In itiierung  
der K rackreaktionszyklen  notw endigen Ionen durch H ydridabstraktion aus 
M olekülen des paraffinischen R eaktanten gebildet w erden [7]. Später wurde  
dann auch ein M echanism us vorgeschlagen, der als w esentlichen Schritt die 
Spaltung der durch H ydridabstraktion  gebildeten Ion en  in  sich einschließt [4].

M it den K rackreaktionen des Typs I geht s te ts  die Dehydrierung des 
R eak tan ten  einher, die ebenfalls unabhängig vo m  O lefinpartialdruck ist und  
deshalb dem  R eaktionstyp I zugeordnet wird. E s w ird angenom m en, daß eine
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Zweizentren-Chem isorption des R eaktantm oleküls Voraussetzung für die 
Dehydrierung ist [11]. Als aktives Zentrenpaar fungieren ein saures L ew iszent­
rum (H ydridabstraktion) und ein in geeigneter E ntfernung sich befindendes  
basisches Brönstedzentrum  (Protonabstraktion).

D ie A usbildung saurer Zentren bei der therm ischen A ktivierung von  
mehrwertige G itterkationen (Me) en thaltenden  Zeolithen kann durch die 
Gleichungen

Me*+ (H ,0 )x • OZ2-x —  M e (O H )í, OZJ - f  HOZx (3a)

M e(O H )í • OZJ +  HOZx Mox+ • OZk  +  x  H 20  (3b)

beschrieben werden [12, 13]. 0 Z _ bezeichnet den auf eine negative Ladung  
entfallenden Teil des G itters. Als saure L ew iszentren kom m en für die R eak tan t­
m oleküle zugängliche G itterpositionen einnehm ende G itterkationen M e2+ in 
Frage. Die bei der A bsättigung der negativen  G itterladungen durch Protonen  
zustande kom m enden H ydroxylgruppen sind saure Brönstedzentren. Schließ­
lich sind die G ittersauerstoffatom e, die die n egativen  G itterladungen tragen, 
als basische B rönstedzentren anzusehen. D a die negativen  Ladungen an ver­
schiedenen Stellen  des G itters fix iert sind, können sie von mehrwertigen G itter­
kationen nicht vo llständ ig  abgeschirmt w erden.

Generell sind für die praktisch vollstän d ige E ntfernung von m olekularem  
W asser aus Z eolithen wesentlich tiefere Tem peraturen als die in dieser Arbeit 
angewandten Vorbehandlungstem peraturen ausreichend. D am it ist zur D eu­
tung der Versuchsergebnisse nur die R eak tion  (3b) von  Interesse. K arge [14] 
hat durch IR -spektrophotom etrische U ntersuchungen gezeigt, daß die D e­
hydroxylierung von  zwei- und dreiwertigen G itterkationen enthaltenden Mor- 
deniten tatsächlich  nach (3b) verläuft und die von  H -Zeolithen her bekannte  
D ehydroxylierung

2 HOZ -  0 Z -  +  Z+ +  H 20  (4)

keine Rolle dabei sp ielt.
Mit steigendem  Tact nim m t nach (3b) die K onzentration der sauren  

Brönstedzentren ab, die der basischen B rönsted- und sauren Lew iszentren  
dagegen zu. Es lieg t dam it nahe, den anfänglichen A nstieg der Krack- und 
D ehydrieraktiv ität m it der Vermehrung eines oder beider dieser Z entrentypen  
in Zusam m enhang zu bringen. Bei Tem peraturen über 900 К  ist die D eh yd roxy­
lierung — w ie tlierm oanalytische U ntersuchungen ergeben haben —  praktisch  
abgeschlossen, und dam it sollte die A k tiv itä t bei weiterer Erhöhung von  
Tact konstant bleiben. Jedoch ist nicht prinzipiell auszuschließen, daß m it 
steigender T em peratur eine Migration der als saure Lewiszentren fungierenden  
zw eiw ertigen G itterkationen auf für R caktantm oleküle unzugängliche Gitter-
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P osition en  erfolgt. (Bei La-Y und Ca-Y wurde ein  solcher E ffekt beob ach tet  
[15]). D er  in  Abb. 2 dargestellte V erlauf der D ehydrieraktiv ität is t  dam it 
durch d ie  Überlagerung der b eid en  —  entgegengesetzt gerichtete W irkungen  
au sü b en d en  —  Vorgänge zu erklären.

D ie  Annahm e einer Zw eizentren-C hem isorption im  M echanism us der 
D eh yd rieru n g scheint recht p lausibel zu sein. D a die zum P rotonenentzug aus 
einer A lkylgruppe notw endige Energie (gerade um gekehrt w ie die für die 
H ydridabstraktion) in der R eihenfolge prim är-sekundär-tertiär zun im m t, ist  
z. B . im  F a lle  von  re-Butan die chem isorbierte Spezies wie folgt zu form ulieren:

Si / \  о о

CH 2— CH 2—CH—CH3

H

\ 7 ° \  / \  о о

н п

м"'

Мп+ is t  e in  als saures Lew iszentrum  fungierendes m ehrwertiges G itterkation  
oder eine b e i der D ehydroxylierung aus dem  anionischen Gitter austretende  
und k a tio n isch e  Positionen einnehm ende A l-Spezies (z. B . A 1 0 +). D ie H yd rie­
rung er fo lg t, indem  zwischen dem  H ydridion und dem  Proton (bzw. den partiell 
n eg a tiv  u n d  p ositiv  geladenen H -A tom en) eine neue Bindung zustande kom m t.

B e i der Krackung erfolgt dagegen nur eine H ydridabstraktion am  sauren  
L ew iszen tru m , wobei durch die einseitig  gerichtete Polarisation eine der 
C— C -B indungen  gecshwächt und aufgespalten  wird:

л*
C H 3—( H 2—CH—CH3

Aä-

M" +

W ie aus T ab . I zu ersehen ist, w ird jedoch auch neo- Pentan sehr gut gekrackt»  
obw ohl d ieser K ohlenw asserstoff nur an tertiärem  K ohlenstoff gebundenen  
W assersto ff enthält, eine H ydridabstraktion  energetisch also n icht b egü n ­
stig t is t . E s muß som it angenom m en werden, daß auch eine durch P roton en ­
ab strak tion  an basischen B rönstedzentren bed ingte Chemisorption zu solchen  
E lektronenverschiebungen A nlaß geben kann, die zur A ufspaltung einer  
C— C -B indung führen.

D ie  b ei der U m setzung v o n  Paraffinen an Ca- und Sr-M ordenit m it 
ste igen d em  Tact erfolgende Selektiv itätsversch iebung zugunsten der D eh yd rie­
rung, w o b e i im  Tem peraturbereich von  etw a 830— 930 К  D ehydrier- und  
K ra ck a k tiv itä t sogar einen en tgegen gesetzten  V erlauf zeigen, leg t au f den  
ersten  B lic k  die Annahme nahe, daß im  M echanism us der K rackung auch
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saure Brönstedzentren als ein zw eiter aktiver Zentrentyp direkt eine Rolle  
spielen. D em  steht aber entgegen, daß Z eolithe, die nur saure L ew iszentren  
en th a lten , auch eine größenordnungsm äßig m it der D ehydrieraktiv ität zu ver­
gleichende K rackaktivität aufw eisen [11]. Auch aus dem V erlauf der K urven  
b und c in Abb. 2 ist zu ersehen, daß bei hohem  Tact, also praktisch  bei A b­
w esenheit von sauren B rönstedzentren, eine R estak tiv itä t verbleibt.

E s kann jedoch le ich t eine Erklärung für die Selektiv itätsversch iebung  
gegeben werden, wenn m an den sauren Brönstedzentren nur eine indirekte, 
desaktivierende Rolle im  Dehydrierprozeß zuschreibt. Das W asserstoffatom  
eines sauren Brönstedzentrum s ist nicht an ein bestim m tes G ittersauerstoff­
atom  gebunden, sondern springt —  wie N M R -spektrophotom etrische U nter­
suchungen gezeigt haben [16] —  m it einer bestim m ten  Frequenz vo n  O -Atom  
zu О-A tom . Es liegt som it auf der H and, daß m it steigender K onzentration  
der sauren O berflächen-H ydroxylgruppen die W ahrscheinlichkeit abn im m t, daß 
das sich zu einem sauren Lew iszentrum  in einem  für die Zweizentren-Chem i- 
sorption optim alen A bstand befindende basische Brönstedzentrum  frei ist, 
d.li. n icht gerade durch ein Proton blockiert wird. D anach ist also die Selekti­
vitätsversch iebung m it steigendem  T&ci darauf zurückzuführen, daß die D e­
hydrierung bei hohen K onzentrationen an O berflächen-H ydroxylgruppen  
durch teilw eise Blockierung der aktiven  basischen B rönstedzentren inhibiert 
wird. D am it reagiert ein  grösserer Teil der durch H ydridabstraktion  chemi- 
sorbierten paraffinischen Spezies au f dem W ege der K rackung w eiter als am 
vo llstän d ig  dehydroxylierten  K atalysator, der eine m axim ale K onzentration  
der für die Dehydrierung notw endigen  D oppelzentren aufw eist.

D ie Selektivität des Ca- und Sr-M ordenits ist im  Vergleich zu  der einiger 
H -Z eolithe (5, 9, 10] beträchtlich  zugunsten  der D ehydrierung verschoben, 
w as ebenfalls m it den dargelegten M echanism usvorstellungen vereinbar ist. 
B ei den Erdalkalim etall-M ordeniten liegen näm lich von vornherein m ehr saure 
Lew iszentren (zweiwertige K ationen) und weniger saure B rönstedzentren  vor 
als in H -Zeolithen.

Für die bei der U m setzung von  n-B utan m it steigendem  Tact beobachtete  
Veränderung der K rackselektiv ität zugunsten der Spaltung der 1-Bindung  
(s. K urve f  in Abb. 2) können wir keine Erklärung geben.

B ei der U m setzung von  B utanen  an Ca- und Sr-M ordenit tr itt  auch 
Propan als primäres R eaktionsprodukt auf. Bei kontinuierlicher Entfernung  
der Olefine aus der G asphase des R ezirkulationsreaktors verläu ft diese —  
als K rackung des Typs II  bezeichnete —  R eaktion  w esentlich  langsam er als 
die R eaktionen des T yps I. D as gleiche gilt für die W asserstoff-Form  von  
K linoptilo lit [5], Y  [9], Chabasit [10] sowie Erionit und ZSM-5 [17]. H- 
M ordenit nim m t dagegen insofern eine Sonderstellung ein , a ls daran die 
K rackung des Typs II  um  Größenordnungen schneller als an anderen Zeolithen  
verläuft. D iese »Superaktivität« des H-M ordenits ist zwar schon lange bekannt
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[1, 2 ] , jedoch scheinen die A ktivitätsuntersch iede im  Vergleich zu beispiels­
w eise  H — Y  order H -C habasit doch größer zu  sein , als aus den L iteratur­
an gab en  hervorgeht.

D ie  Abnahme der A k tiv itä t mit steigendem  Tact (s. Abb. 6 ), also m it 
zunehm ender D egradation der sauren B rönstedzentren, und die N otw endig­
k e it v o n  Olefinen für die In itiierung der R eaktionen  des Types II (s. Abb. 3) 
la ssen  eindeutig den Sch luß  zu , daß im R eaktionsm echanism us K arbenium - 
ion en  involviert sind. Sch on  länger ist übrigens bekannt, daß Olefine die 
K rackung von n-B utan an H — Y  beschleunigen [18]. W eiterhin ist es sehr 
w ahrscheinlich , daß chem isorbierte Paraffinspezies an der R eaktion teilnehm en. 
D afür spricht einmal die T atsache, daß gerade H -M ordenit, der Paraffine bei 
den  verhältnism äßig hohen  R eaktionstem peraturen um  480 К  als einziger  
H -Z eolith  in überraschend großer Menge chem isorbiert, auch eine außerordent­
lich  hohe A ktivität für die R eaktionen des T yps II  aufw eist. E in noch deut­
licherer H inweis darauf ist jedoch  darin zu sehen, daß die Reaktionen in bezug  
au f die O berflächenkonzentration des chem isorbierten R eaktanten nach erster 
O rdnung verlaufen (s. A bb . 8 ) und nicht in bezug au f dessen Partialdruck in  
der G asphase.

D ie  Präsorption v o n  O lefinen am H-M ordenit beeinflußt die nachfolgende  
reversib le  Chemisorption v o n  B utanen etw as, steh t jedoch  nicht im  stöchiom et­
rischen  Verhältnis m it der A bnahm e der Sorptionskapazität für das Paraffin  
(s. A b b . 9). Aus diesen V ersuchsergebnissen lassen  sich som it keine eindeutigen  
Schlußfolgerungen h in sich tlich  der Frage ziehen , ob die Chemisorption der 
O lefine und Paraffine am  gleichen oder an verschiedenen Zentren erfolgt. 
D afür kann aber aus der B eobachtung, daß die M enge des chem isorbierten  
B u ta n s m it steigendem  Tact zwar etwas abnim m t, aber selbst bei praktisch  
vo llstän d iger  D ehydroxylierung (Tact über 900 K ) nur auf etwa 50%  des 
ursprünglichen W ertes ab sin k t (s. Tab. III ) , gefolgert werden, daß saure 
Z entren  des B rönstedtyps n ich t als Chem isorptionszentren für Paraffine in  
Frage kom m en.

D ie  A nfangsgeschw indigkeit der R eaktionen des Typs II geht m it ste i­
gender O lefinvorbeladung des H-M ordenits durch ein M aximum (Abb. 4), 
und zw ar bei einem W ert (0,2 mMol • g -1 ), der bei w eitem  noch n icht der 
O berflächenkonzentration der sauren B rönstedzentren (1,64 mVal • g _1) en t­
spricht. Dem nach muß also —  wenn die R eaktionen  zw ischen einem reversibel 
chem isorbierten P araffinm olekül und einem durch Chem isorption eines Olefin- 
m olekiils an einem sauren Brönstedzentrum  geb ildeten  K arbenium ion verlau­
fen —  ein Teil des O lefins auch an den für die Paraffinchem isorption verant­
w ortlich en  Zentren gebunden  werden, bei denen es sich wahrscheinlich um  
saure Zentren des L ew istyp s und/oder basische B rönstedzentren handelt.

D ie  experim entellen Ergebnisse lassen sich erklären, wenn m an einen  
interm olekularen H ydrid- u n d  M ethaniontransfer zw ischen den chemisorbier-
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ten  Paraffinm olekülen und den K arbenium ionen annim m t. In diesem  Mecha­
nism us spielen zwei Prozesse eine w esentliche R olle, näm lich der zwischen  
einem  K arbenium ion und

1. einem (m öglicherweise an einem basischen B rönstedzentrum ) chemi- 
sorbierten Paraffinm olekül verlaufende M ethanion-H ydrid-Transfer (MH—T), 
der —  für ra-Butan —  folgenderm aßen zu form ulieren ist:

C H 2— C H 2— ( 'Hä — ( 'Ha

л*н

( М л — C H — К = с н 2-
Л н

-CHü— СНз СНз - С — К
I

C H ,

(5)

2. einem (m öglicherweise an einem  sauren Lewiszentrum ) chemisorbier- 
ten  Paraffinm olekül verlaufende H ydrid-Transfer (H —T):

А + *
СНз—CHj—CH—СНз +  СНз С К

HJ- СНз

СНз—СН2—СН— СНз СНз—е н —к
I

СНз

со

E in derartiger H ydridtransfer wird übrigens auch im  k lassischen  Krack­
m echanism us —  s. G leichungen (1) und (2)b —  und im  M echanism us der 
Alkanisom erisierung von  Paraffinen [19] als ein wesentlicher R eaktionsschritt 
angenom m en.

D ie folgenden (m it Form eln ohne H -A tom e angegebenen) R eaktions­
folgen spiegeln die V orstellungen über den M echanismus der R eaktionen  des 
T yps II von n- und i-B u tan  wider:

n-B utan a) ra-C4 -f- C3+ „— C3 +  n-Ci H - T

b) n-C4 +  n -C f  ^  C3 +  i-C5+ MH—T

c) n-C4 +  i-Cs" i-C5 +  n-C^ H—T

d) i-C3 -|- t i - Ĉ " ... * i-C4 -)- i -C5 MH—T

e) n-C4 -|- i-C^ , -̂1 C3 -f- i-Ce MH—T

f ) II + +  i-Ce+ ^ 2  CÍ

i-B utan a) i-C4 -f- Ĉ ~ C3 -}- i -C f H—T

b) i~C4 - i -C* C3 -f- i-Cg" MH—T

c) i-C4 +  i-C5+ ^  i-C5 +  i-C4+ H—T

d) i-C5 f  i-C* n-C4 -f- i-Cjt MH—T

e) i-C4 +  i- C? ^  C3 +  i- Ce+ MH—T

f) H+ +  i-C,+ - 2 C 3+
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D er a-S ch ritt kann auch als M ethanion-H ydrid-Transfer aufgefaßt werden. 
In  d iesem  Falle ergibt sich fü r  die R eaktionsschritte a) und b) des re-Butans:

a) n-C4 +  C3+ ^  C3 +  i-Ci M H —T

b) n-C4 +  i - C t  ^  C3 +  i-C5+ M H—T

E s so ll bem erkt werden, daß der reaktionsinitiierende Schritt a) nur als B e i­
sp ie l m it  einem  Propylkarbenium ion formuliert w urde. Selbstverständlich  kann  
auch  je d e s  andere K arben ium ion  die Reaktion auslösen.

D ie  Krackung des T yp s I I  wird durch die R eaktionsschritte a— b — e—f  
der R eaktionsfolgen (7) und (8 ) beschrieben. D ie im  b-Schritt gebildeten i-P en- 
ty lkarbenium ionen  reagieren aber auch nach c) w eiter. D ie Produkte dieses 
R eaktionsschrittes reagieren entw eder dem b- oder dem  d-Schritt entsprechend. 
In  b e id en  Fällen handelt es sich  um  einen R eaktionszyklus. D ie B ru tto ­
g le ich u n g  des Zyklus c —b la u te t:  2 n-C4 (bzw. 2 i-C4) — C3 -j- i-C5, die des 
Z yk lu s c — d: n-C4 —► i-C4 b zw . i-C4 —*■ re-C4. Der erste Zyklus beschreibt also 
die zu  Paraffinen m it größerem  M olekulargewicht führende D isproportio­
n ieru n g  des Reaktanten, die zw eite  dagegen die Isom erisierung. Letztere kann  
n a tü r lich  auch nach dem  b ereits beschriebenen M echanism us [19] durch  
in tram olekularen  M ethanion-H ydrid-Transfer erfolgen:

a) n-Ci Cj1" intram ol. M H —T

b) n-C4 -f- i-Ci f-C4 +  n-Cf  interm ol. H —T (9)

D ie  R eaktionsfolgen (7) u n d  (8 ) verm itteln natürlich  nur ein sehr verein­
fa ch tes  B ild  von dem sehr k om p lexen  R eaktionsgeschehen, da nicht nur der 
R e a k ta n t, sondern auch die gesättigten  Produkte der R eaktionsschritte c) 
und d) m it jedem  der K arbenium ionen  reagieren können. G leichzeitig können  
sich a u ch  die K arbenium ionen durch Di- bzw. O ligom erisation und K rackung  
in e in an d er umlagern. D a b ei Präsorption von  verschiedenen O lefinen keine 
U n tersch ied e  in der Produkt Verteilung auftreten (vgl. Tab. II), is t anzuneh­
m en, d a ß  diese U m lagerungen v ie l schneller als die Transfer-R eaktionen ver­
lau fen  u n d  somit stets eine G leichgew ichtsverteilung der K arbenium ionen  
v o r lieg t.

B e i den Transfer-R eaktionen muß in erster Linie m it der A usbildung  
der energetisch  begünstigteren tertiären K arbenium ionen gerechnet werden. 
D a n eb en  treten natürlich auch  —- im  geringeren M aße —  sekundäre Ionen  auf. 
D esh a lb  is t  unter den R eaktionsprodukten stets auch n-P entan  zu finden , 
allerd ings in  viel geringeren K onzentrationen als i-P en tan . IVeo-Pentan wird  
p ra k tisch  nicht gebildet, w as m it dem  erörterten M echanism us im  E inklang  
s te h t, d en n  dieser Prozeß se tz t  im  b-Schritt der R eaktionsfolgen  (7) bzw . (8 ) 
die B ild u n g  von primären K arbenium ionen voraus.
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Das G leichgew icht des R eaktionsschrittes (9a) muß aus energetischen  
Gründen nach der rechten Seite der R eaktionsgleichung verschoben  sein. 
Daraus fo lgt —  wie experim entell auch b estä tig t wurde (vgl. A bb. 3 und 5) 
— , daß die Isom erisierung beim re-Butan w esen tlich  stärker als beim  i-B u tan  
ausgeprägt sein m uß.

W enn m an die M öglichkeit der B ild u n g  primärer K arbenium ionen  
praktisch ausschließt, was aus energetischen Gründen berechtigt erscheint, 
so ist nach dem dargelegten Mechanismus in  Ü bereinstim m ung m it den  experi­
m entellen  Befunden als kleinstes paraffin isches Reaktionsprodukt der K rak- 
kung des Typs II  Propan zu erwarten. P ropan wird zwar auch n ach  diesem  
R eaktionstyp  unter B ildung von Ä than w eiter um gesetzt, aber erst bei um  
mehr als 200 К  höheren Tem peraturen [6 ]. E s lieg t also kein W iderspruch vor, 
denn unter diesen R eaktionsbedingungen kann  die A ktivierungsenergie für die 
B ildung primärer Ionen  aufgebracht w erden.

W enn die E xistenz primärer K arbenium ionen ausgeschlossen w erden  
kann, so ist nach dem  klassischen M echanism us nur die Krackung v o n  n -H exan  
bzw . A lkylhexanen und Paraffinen m it längerer K ohlenstoffkette m öglich . 
N ach dem derzeitigen Stand unserer K en n tn isse  besteht kein Anlaß, d en  k lassi­
schen M echanism us auch in diesen Fällen  in  Zweifel zu ziehen. D er in  der 
vorliegenden Arbeit dargelegte M echanism us bezieh t sich also nur a u f Paraffine  
m it K etten längen  von  weniger als 6 C -A tom en.
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STRONG TENDENCY TO 1МШЕ FORMATION OF 
AN ISOASPARAGINE DERIVATIVE

( P R E L I M I N A R Y  C O M M U N I C A T I O N )

I. Schön

(Chemical Works o f  Gedeon Richter Ltd.. Budapest)

Received Septem ber 18, 1981 
Accepted for publication  N ovem ber 10, 1981

B oc-A sp(O B zl)-N H C H 2C H 2N H — Z* (I) is not a useful in term ediate  
for peptide synthesis, because its saponification  and catalytic hydrogenolysis  
result in heterogeneous m ixtures ow ing to  its  strong tendency to  base-catalyzed  
ring closure, followed by hydrolytic  decom position. These ob servation s are 
inconsistent w ith  previous reports [1, 2 ].

R ecently the synthesis o f  the so-called 8-yß-D-homolysine (/VC0-amino- 
ethylisoasparagine) analog o f  vasopressin , possessing a selective antid iuretic  
effect has been reported [1, 2 ]. K ey com pound I, synthesized b y  th e  mixed 
anhydride m ethod, was saponified  and the resulting product transform ed to  
an active ester for incorporation in to  the peptide chain.

K now ing the strong tendency to  base catalyzed ring closure followed  
b y  hydrolysis o f asparagine derivatives [3] and /1-benzylaspartyl peptides 
[4, 5], and on the basis o f our keen interest in th is field [6 , 7], we h ave doubted  
th at I could have been unequivocally  saponified .

Therefore I, synthesized b y  us w ith  the pentafluorophenyl ester technique, 
was saponified w ith  1.1 equivalent o f  sodium  hydroxide in aqueous ethanol, 
as reported [8 ]. Compound I disappeared w ithin  15 min, and tw o  products, 
III and IV, could be detected by TLC (F ig . 1). I l l  and IV were sep arated  by 
colum n chrom atography and isolated in a ratio of 5 to 1. Their structures 
were confirm ed by IR and 'H -N M R  spectra and potentiom etric titra tio n . It 
m ust be m entioned that all fractions collected  during the colum n chrom ato­
graphy contained a trace o f th e  succinim ide derivative II. It is ob v iou s to 
suppose that III and IV formed through the succinim ide derivative II, which 
cannot be isolated in aqueous base. H ow ever, conversion of I to II  has been 
observed in dim ethylform am ide and chloroform in the presence o f  one equi­
valent o f triethylam ine, and even in ethanol w ithout base.

* A bbreviations: Boc i-biity lox ycarbon у I, Bzl benzyl, 7 benzyloxycarbonyl,
P ip  =  pentafluorophenyl.

1 Aria Chim. Acad. Sei. Hung. 109, 198'J
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Catalytic hydrogenolysis o f  I resulted in V, which is very  unstable in 
organic so lvents, especially on h eating , so during the usual w ork-up of the 
reaction m ixture and attem pted purification by crystallization from ethanol, 
V partially transform ed to the succin im ide derivative VI and to  the /i-am ide 
VII. The same conversion o f V to  VI and V II was observed in the presence o f  
one equivalent o f  hydrochloric acid , too . C atalytic hydrogenolysis o f  II, III 
and IV gave a m ixture of V, VI and VII after the usual work-up.

These resu lts suggest that th e  selected  key compound I cannot be applied 
for the synthesis o f  peptides con ta in in g  the isoasparagine d erivative because 
o f  its  strong ten d en cy  to  ring closure follow ed by hydrolytic decom position to  
an unfavorable isomeric m ixture. D erivatives o f asparagine (III, VII) and 
isoasparagine (IV, V) bearing a free carboxyl group also ten d  to  form cyclic 
derivatives (II, VI), especially w hen  th e  carboxyl is ionized in consequence 
o f  the presence o f  a free amino group (V, VII).

Experim ental

M.p.’s were taken  on a Tottoli (B üchi) appara tu s and are uncorrected. O ptical rotations 
were determ ined on a Perkin-E lm er 141 photoelectric polariméter. TLC tes ts  were run on 
precoated silica gel p lates (Merck), using th e  following solvent systems: (1) E tO A c : (pyridine : 
: AcOH : w ater =  20 : 6 : 11) = 9 : 1 ;  (2) E tO A c : (pyridine : AcOH : w ater =  20 : 6 : 11) =  
=  3 : 2 ;  (3) E tO A c : (pyridine : AcOH : w ater =  20 : 6 : 11) = 1 : 1 ;  (4) chloroform  : m eth­
anol =  9 : 1 .  The chrom atograms w ere visualized by spraying the p la tes w ith ninhydriu 
then  w ith to lid ine/K I after chlorination. IR  spectra were recorded on a P erk in  -Elm er 257 IR  
spectrophotom eter. The *H-NMR spectra  were obtained with a Varian EM 360 spectrom eter 
w ith TMS as in ternal standard. P o ten tiom etrie  titra tions were made in 30% aqueous methanol 
w ith a Radiom eter RTS 822 apparatus, using a sa tu ra ted  calomel/glass electrode pair.

Boc.A8|i(OBzl)-NHCH2CH2N H -Z (1)

To a suspension of 2.07 g (9.0 minői) Z -N H C H 2CH2NH.j • IICI 19 J and 1.26 inL 
(9.0 mmol) triethy lam ine in 10 mL dim ethylform am ide, 4.41 g (9.0 mm ol) Boc-Asp(OBzl)- 
O Pfp (prepared in the usual m anner [10] m .p. 81—82 °C) was added. A fter one hour the 
reaction  m ixture was evaporated and a solution of the residue in chloroform was washed with 
1 mol/L HC1 and  5%  NaHCO, solutions, then  the solvent was evaporated . T ritu ra tion  of 
the residue w ith d ry  ether resulted in 4.35 g I which was recrystallized from  ethy l acetate/n- 
hexane, to obtain 4.0 g (89.0%) of I, m .p . 124- 125 °C, [ot]b6— 10.2° (c =  1.0; DM F), Ii} =  0.7.

IR  (K B r): 3310 cm “ 1 (NH), 1730— 1630 c m " 1 (broad, CO), 1240 c m “ 1 (С— О—C), 
753, 734 and 697 c m -1 (aromatic).

'H-NM R (DMSO): <5 1.55 ppm  (s, 9H , (Bu), about 2.7 ppm (in, 2H, /3-CH2), 3.11 ppm 
(broad, 4H, 2 N— C H 2), 4.3 ppm (m, 1H , a-CH ), 5.05 ppm  (s, 2H, Z C H 2), 5.1 ppm  (s, 2H, 
/З-benzyl ester C H 2), 6.8— 7.5 ppm (b road , 2H , 2 N H , exchangeable w itli D 20 ), 7.35 ppm 
(s, 10H. arom atic), 7.85 ppm (broad, 1H , N H , exchangeable with D 20).

Saponification of I

To a solution of 1.0 g (2.0 mmol) I  in 20 m L 50% aqueous dioxane, 2.4 ml of a 1 mol/L 
N aO H  solution was added. After 20 m in th e  pH  of the reaction m ixture w as ad justed  to 7 
w ith  2.4 mL of a 1 mol/L IICI solution, the dioxane was evaporated, the aqueous solution 
acidified to  pH 3 and extracted five tim es w ith a m ixture of chloroform /n-butanol. The organic 
phase was evaporated , the crystalline residue dissolved in solvent m ixture No. 1 and chroma* 
tographied on a silica gel column, using the same solvent mixture. E vapo ra tion  of fractions

1* Acta Chim. Acad. Sei. Hung. 109, 1982
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No. 16 to 25 resulted in 70 mg of the a-am ide IV, m .p. 108-—114 °C, [oc]£> — 2.5° (c =  1.0; 
E tO H ), R \  =  0.3, pK  4.55 (30%  m ethanol).

IR  (K B r): 3325 c m " 1 (N H ), 1685 and 1655 c m " 1 (CO), 1260 с т 4  (С О C), 750 and 
695 c m -1 (arom atic).

The /?-amide III 350 mg was isolated from fractions No. 31 to 52, m. p. 145— 146 °C, 
|a ]p  —0.6° (c =  1.06; E tO H ), R f  — 0.1, R f =  0.6, pK  4.10 (30%  methanol).

IR  (K B r): 3315 c m '1 (N H ), 1684 and 1645 c m "1 (CO), 1265 cm “ 1 (С О C), 750 and 
695 cm -1 (arom atic).

1H -N M R  (DMSO): Ö 1.4 ppm  (s, 9H , *Bu), 2.5 ppm  (m , 2H , ß- CH2), 3.2 ppm  (broad, 
4H, 2 N — C H 2), 4.3 ppm  (m , 1H, a-CH ), 5.6 ppm (s, 2H , Z— C H 2), 6.6 ppm (m, 1H, N H , 
exchangeable w ith D 20), 7.0 ppm  (broad, 1H, NH, exchangeable w ith  D 20), 7.35 ppm  (s, 5H , 
arom atic), 7.8 ppm  (in, 1H, N H , exchangeable w ith D 20 ) , 5.5— 8.0 ppm  (very broad, C 0 2H -f- 
-f- H D O , exchangeable w ith D 20).

Л11 fractions contained a trace of the succinimide derivative II which could be rem oved 
hv tr itu ra tio n  w ith ether during the isolation of III and IV.

Decomposition of I

To a solution of 0.50 g (1.0 mmol) of I in 10 inL dim ethylform am ide, 0.14 mL (1.0 mmol) 
trie thy lam ine  was added. On TLC 90% conversion was observed a fter 24 h and transform ation 
of I to II  w as com plete in 48 h. The reaction m ixture was evapo ra ted  and the residue tr itu ra ted  
w ith w ater, resulting in 0.37 g (94.8% ) of II, m.p. 44— 50 °C, R f  — 0.6, R f =  0.5, [а]о + 3 .2 °  
(c 1.0; E tO H ).

IR  (K B r): 3330 c m '1 (N H ), 1780 c m " 1 (COimide), 1730 1640 c m " 1 (broad, CO),
1240 cm -1 (C— О—C), 735 and 697 c m -1 (aromatic).

•H -N M R (CDC13): ő 1.35 ppm  (s, 9H , 'Bu), 2.70 ppm  (m , 2H, ß-CH2), 3.0— 3.85 ppm  
(broad, 4H , 2 N— CH2), 4.11 ppm  (q, 1H, a-CH), 5.02 ppm  (s, 2H , Z—CH2), 5.7—6.2 ppm  
(broad, 2H , 2 N H , exchangeable w ith D 20 ), 7.28 ppm (s, 5H, arom atic).

50%  conversion of I  to II was observed in chloroform in th e  presence of one equivalent 
of trie thy lam ine  within 72 h, or in e thanol w ithout trie thy lam ine  within 48 h.

C atalytic hydrogenolysis of I, II , III and IV was carried o u t in the usual way in ethanol, 
d im ethylform am ide and in their m ixture, resulting in heterogeneous m ixtures of V (Rf  0.3), 
VI (Rf  - 0.5) and VII (R 3f  0.25).

*

The au th o r is grateful to B. H e g e d ű s  for in terpretation  of the IR  spectra, to A. Cs e h i  
fo r in te rp re ta tio n  of the *H-NMR spectra, to F. T r is c h l e r  for determ ination of pK  values 
and to  Zs. Muck for her skilful technical assistance.
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MOLECULAR REARRANGEMENTS, XVII*
PH OTOLY SIS OF ACID A M ID ES AND PH EN Y L A C E T A N IL ID E “

M. Z. A . B a d r ,**  M. M. A l y , A . M. F ahiMY and F . F . A b d e l - L a t if

(Chemistry Department:, Faculty o f Science, A ssiu t University, Assiut, Egypt, Л. R. E .)

Received O ctober 1, 1980 
Accepted for publication  N ovem ber 11, 1980***

The acetone-initiated photolysis o f phenylacetam ide in air gives benzaldehyde, 
toluene, bibenzyl, stilbene and phenan th rene . Similar products, in add ition  to benzyl- 
amine, are obtained  from the photolysis of 7V-benzylphenyIacetamide. a-plienylacet- 
anilide on photolysis gives the sam e com pounds together with aniline, iV-benzyl aniline 
and a m ixture of o- and p-am inodiphenylm ethanes.

The photosensitized m echanism  is suggested to proceed through phenylcarbene 
and am inyl radicals, whereas the nonsensitized mechanism in proposed to  s ta rt with 
the homolysis of the amide C —N linkage to give phenylacetyl and am inyl radicals 
which subsequently  contribute to the form ation of the identified products.

Form am ide has been reported to  undergo photolytic decom position  [1] 
in to  hydrogen and amidyl radicals th a t can affect the am idation  o f olefinic 
and acetylenic com pounds. The in itia l a ttack  o f the carbam oyl radicals on 
term inal olefins occurs mainly at the term inal carbon atom , i.e. in an anti- 
M arkownikoff reaction. ^Ье am idation o f aromatic hydrocarbons also readily  
takes place on photolysis w ith  form am ide in acetone so lu tion , the solvent 
acting as a sensitizer [2]. The p h oto lysis  o f  acetam ide [3] in aqueous medium  
leads to  the form ation of am m onium  acetate through hom olysis in to  amino 
and acetyl radicals, the latter su b seq u en tly  undergoing, decarbonylation  to  
CO and CH.j. Ascending in the series o f  alkyl acid amides [4], the presence 
of hydrogen am ong the photolysates becom es apparent, ind icating  preferential 
hom olysis o f the nitrogen-hydrogen o f the amide.

A -A ryl acid amides were reported to  undergo photo-induced  Fries 
rearrangem ent [5] to the corresponding o- and p-am inophenyl a lkyl ketones 
through a free radical interm olecular m echanism  involving hom olysis o f  the  
acyl-N  bond.

The present paper deals w ith  the partial photolysis o f  acid amides 
(about 50% conversion) avoiding com plications due to secondary photolysis 
o f the initially  formed products.

* P art X V I, See M. Z. A. B a d r , M. M. A l y  and A. M. F a h m y : C anad. J .  Chem., 58, 
1229 (1980).

** To whom correspondence should be addressed.
*** In  final form  accepted Ju ly  7, 1981.
* Presented in p art a t the 8th IU PA C  Sym posium  on Photochem istry, Seefeld, Austria, 

Ju ly  1 3 -1 9 . 1980.
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P h en ylacetam id e and IV -benzylphenylacetam ide were found to  be photo- 
ch em ica lly  stab le in both carbon tetrachloride and isopropanol so lu tions, 
even a fter  prolonged irradiation periods. H ow ever, phenylacetam ide did under­
go a ceton e-in itia ted  photolysis to  give benzaldehyde, toluene, b ib en zy l, 
trans-stilbene and phenanthrene as neutral products, besides am m onia. The 
same p rod u cts and benzylam ine are also obtained in  th e  photolysis o f  IV-ben­
zy lp h en ylacetam id e in acetone.

Ph—CH2—<■'()—XHPh ^  Ph— NH

P h — C H j  (I’hCHi j i  P h C H o

I
-2 H *

T

•M l

P h - ( 'H = C H — Pli
I

— >- Ph-—N'Hi

Acta Chim. Acad. Sei. Hung. 109, 1982
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On the other hand, x-phenylacetanilide undergoes facile non-sensitized  
photodecom position on irradiation in carbon tetrachloride solution to  give  
the same products as iV-benzylphenylacetam ide does, in addition to  aniline, 
iV-benzylaniline and a mixture o f  o- and p-am inodiphenylm ethanes. Such a 
non-sensitized process must involve the prelim inary hom olysis of the am ide  
C—N linkage in to  phenylacetyl and am inyl radicals. Phenylacetyl radicals  
undergo then decarbonylation [6] rather th an  dim erization giving rise to  
carbon m onoxide and benzyl radicals, w hich  subsequently undergo a tm o sj 
pheric oxidation  to  benzaldehyde [7], abstract hydrogen to  given to lu en e, 
or dimerize to  b ibenzyl, the latter, in tu rn , undergoes dehydrogenation in  
part to  yield trems-stilbene and phenanthrene, as shown in Schem e 1. The 
am inyl radicals (P hN H ) are converted p artia lly  to  the corresponding prim ary  
amine through hydrogen abstraction (Schem e 1), or they  are attacked  b y  the  
benzyl radicals in  the o- and p-positions to  afford the isomeric o- and p -am in o-  
diphenylm ethanes.

In the photosensitized  reaction it seem s unlikely  that the process in v o lv e s  
direct energy transfer from acetone in its  exc ited  state to  the an ilide, since  
acetone has a low er E o  value than the an ilides under investigation. The more 
likely role o f acetone as a sensitizer is its  ten d en cy  to  form ketyl radicals [8 ], 
especially in th e  presence o f am ides, w hich are known to  possess p o ten tia l 
reactive C— H bonds [9].

(( 'Hj)iC'O -----------— K C H n h C O f

0
II

| ( ( ' H 3)2C O f  I ' h — C H i —C— N H K

IhC  >

ó —он i ’ll—r i i — c - -m i i :
/

IhC

(i; и. Ph—енр

The anilide radicals so obtained from  phenylketone and am inyl radicals 
in an analogous m anner to  th at proposed for th e  therm olysis [10] and p h o to l­
ysis [11] of phenolic esters.

ru о
>11 I

P h — C H -  —0 — N H K  ~  F h — C H = C — N H K

(§
F h — C H = C - ^ - N H  К -----------* -  F h — O H = C = О KNH

Phenylketene decom poses readily to  give phenylcarbene and CO [12].

F h — C H = e = 0  -----------» -  P h — CH +  CO

Acta Chim. Acad. Sei. Hung. 109, 1982
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The phenylcarbene is then converted by H  abstraction to  benzyl radicals, 
w hich subsequently participate in the form ation  of the identified products as 
m entioned  before.

Stilbene is rationally  assum ed to be form ed from bibenzyl through hydro­
gen abstraction  as described in a previous work [13] and not through d im er­
iza tion  o f phenylcarbene that would u ltim a te ly  form 1,2 ,3-triphenylcyclo- 
propane. The absence o f th is compound am ong the products strongly suggests  
th e  preferential conversion of phenylcarbene to  benzyl radicals.

A lthough bibenzyl is formed through dim erization of the benzyl radicals, 
th e  corresponding am ino dim ers, v iz . ,  hydrazine, sym -diphenylhydrazine and  
.sym -dibenzylhydrazine are not detected am ong the products. These hydrazine  
d eriva tives are quite stable under such irradiation conditions [14], hence it 
can be concluded that the am invl radicals preferably react by hydrogen  
ab stra ctio n .

Stilbene can be assum ed to  be the precursor of phenanthrene, undergoing  
first cyclization  to d ihydrophenanthrene, fo llow ed by hydrogen abstraction  
by free radicals present in the reaction m edium , and probably by atm ospheric  
o x y g en  [15].

E xperim ental

Melting and boiling points are uncorrected. The p u rity  of the starting m ateria ls was 
checked by  gas-liquid chrom atographic analysis (GLC) using a Pye-Unicam gas ch ro m ato ­
graph , “ Series 104” , equipped w ith  a dual flam e ion ization  detector, Model 24, using n itrogen  
as th e  carrier gas. The products were characterized by com parison of the GLC reten tion  tim es 
w ith  those of authentic samples on two colum ns w ith  d ifferent separation characteristics, 
or on one colum n a t two different flow ra te  of th e  carrier gas. The columns used were 5 m  X 
5 m m  and  packed w ith 20%  SE 30 on Chromsorb W  (35 — 80 mesh) or 10% SE 30 on Celite 
(60 — 80 mesh). Q uantita tive GLC was accomplished by  determ ination  of the peak areas of 
the p roducts. U ltraviolet irrad ia tion  was carried out using a Mallinkrodt 150 W m ercury  
discherge lam p and the solutions were contained in open-topped pyrex beakers. The solvents 
used w ere of “ A nalaR ” grade and used w ithout fu r th e r purification.

Photolysis of am ides

fhe  amide (0.01 mole) in the solvent used (100 m L ) was directly irradiated on the top  
surface of solution a t room  tem perature  (~ 2 5  °C) for 15 h. The photolysate was separa ted  
as in d ica ted  in  previous w ork [15] into amine and n eu tra l products and analyzed b y  GLC. 
P henan th rene  was further identified by preparative TLC (Merck Silica Gel F264, 70%  ethanol) 
and  p ic ra te  form ation; m .p. and mixed m.p. 142 —143 °C. The results are sum m arized in 
Table I.

Preparation of the reference compounds

B ibenzyl [17]: crystals from  ethanol, m.p. 52 °C; 4,4’-d in itro  derivative, m.p. 180 °C. 
Irans-S tilbene  [18]: crystals from  ethanol, m.p. 123 — 4 °C.
N  -B enzylaniline [19]: b.p. 148 —9 °C 4 m bar, m.p. 36 °C; picrate, m.p. 48 °C 
P henylacetam ide [20]: crystals from  dilute ethanol, m .p . 155 —6 °C. 
a-P henylacetan ilide [21]: crystals from  dilute ethanol, m .p . 116 — 7 °C.
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Table I

Composition o f amide photolysates

Product», in g (%)
Phenylacetamide 

in acetone
a-Phenylacet anilide* 

in carbon tetrachloride
.V- Benzylpheny lace t am ide 

in acetone

Unchanged amide 0.547 (40.50) 0.981 (45.50) 1.039 (46.20)
Benzaldehyde 0.029 (2.15) 0.035 (1.66) 0.024 (1.07)
Toluene 0.070 (5.18) 0.080 (3.80) 0.200 (0.88)
Stilbene 0.220 (16.30) 0.170 (8.05) 0.140 (6.22)
Bibenzyl 0.150 (11.11) 0.100 (4.74) 0.080 (3.55)
Phenanthrene 0.340 (25.18) 0.250 (11.85) 0.520 (23.11)
R-NHj (a) 0.300 (14.21)(b) 0.420 (18.68)<c>
JV-Benzylaniline — 0.140 (6.63) -
o-Aminodiphenyl-

methane — 0.083 (3.98) —
p-Aminodiphenyl-

methane — 0.062 (2.94)

Ammonia evolved, (b) aniline, 6) benzylamine. * In the absence of photosensitizer.

JV-Benzylphenylacetamide [22]: crystals from dilute ethanol, m .p. 116 —7 °C. 
o-Aminodiphenylm ethane [23]: crystals from petrol, e ther (40 — 60 °G), m .p. 52 °C; JV-acetyl 

derivative, m.p. 135 °C.
p-A m inodiphenylm ethane [24]: b .p . 165 — 7 °C/2.66 m bar, crystals from  petroleum  ether 

(40 — 60 °C), m.p. 34 — 36 °C; picrate, m.p. 179 °C.
1,2,3-Triphenylcyclopropane [25]: crystals from ethanol, m.p. 61 — 63 °C.
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2-(Polyacetoxyalkyl)- and  2-(per-0-acyl-/9-D-glycosyl)-5-chlorobenzothiazoles 
were p repared  by  the condensation of appropriate acetylated aldonic n itriles or per- 
acylated /J-D-glycosyl cyanides w ith  2-amino-4-chlorothiophenol. The com pounds can 
be deacetylated  to obtain crystalline hydroxy  derivatives. On the basis of N M R  inves­
tigations, th e  ß  configuration can be assigned to the compounds of the C-nucleoside type.

In the course of our earlier research it was established th at per-O -acylated  
aldonic nitriles can be converted w ith  2-am inothiophenol into th e  correspond­
ing 2-(polyacetoxyalkyl)-benzoth iazoles in satisfactory yields [1]. In  tw o  cases 
the reaction w as also em ployed for the synthesis o f 2-(polyhydroxyalkyl)-5- 
chlorobenzothiazoles [1]. Peracylated  /Z-glycosyl cyanides y ielded  2-glycosyl- 
benzothiazoles in this manner [2, 3, 4].

R ecently , Zhdanov et al. [5] synthesized  2-(polyhydroxyalkyl)-benzo- 
th iazoles from aZ-sugar derivatives through carbanion addition (the carbanion  
is form ed in the reaction m ixture by interaction of phenyllith ium  and benzo- 
thiazole).

Tronchet and Gentile [6] prepared so-called “ inverse” 2-glycosyl- 
benzothiazoles from aldehyde-sugar derivatives and 2-am inothiophenol b y  oxida­
tiv e  condensation reactions.

The m ethod developed by us is sign ificantly  simpler than the syntheses  
used heretofore.

In continuation of our research, the form ation in good y ields o f  2-(poly- 
acetoxyalkyl)- (11 16) and 2-(per-0-acyl-/?-glycosyl)-5-chlorobenzothiazoles
(17— 20) was observed from 2-am ino-4-chlorothiophenol and the appropriate  
acylated  aldonic nitrile or g lycosy l cyanide (F ig. 1). The m ost im portant data 
of the com pounds are given in T ables I and II.

The acyl derivatives, w hich  are hom ogeneous crystalline substances 
except for 13 —15 and 19, can be d eacy la ted  w ith  m ethanolic sodium  m ethoxide  
solution to  give the crystalline hyd roxy  derivatives 21 — 30.

* For P a r t II I , see Ref. [4].
**To w hom correspondence should be addressed.
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Table I

Preparation o f 2-(polyacetoxyalkyl)- and 2-fpolyhydroxy-alky)-5-chlorobenzothiazoles

Analyeis

Yield. м.р.. Molecular formula
Calculated Found

Q — <

x

0 /о °c [»lo (M. w.)

N S 1 Cl N s Cl

D -ara6o-te traacetoxy-butyl (11) 65 1 4 7 - 1 4 8 - 5 . 9 * C19H20NO8SCI 3 .0 6 7 .0 0  7 .7 4 2 .9 9 6 .9 4 7 .8 4

(4 5 7 .9 )

L -arabo-te traacetoxy-buty l (12) 70 1 4 7 - 1 4 8 +  5 .8 * 3 .0 0 6 .8 3 7 .8 1

D -m anno-pentaacetoxv-pentyl (16) 8 6 * * * 1 19 +  1 6 .7 * C22H30NO10SCl 2 .6 1 5 .9 8  6 .6 1 2 .7 3 5 .9 8 6 .7 5

( 5 3 6 .0 )

D -arofeo-tetrahydroxy-butyl (21) 8 3 2 1 7 - 2 1 8 - 1 4 0 . 7 * * Cu H 12N 04SCI 4 .8 3 1 1 .0 7  1 2 .2 4 4 .7 1 1 1 .1 7 1 2 .4 2

( 2 8 9 .7 )

L -arabo-te trahydroxy-buty l (22) 8 6 2 1 7 - 2 1 8 +  1 4 9 .1 * * 4 .7 6 1 1 .2 1 1 2 .2 2

D -ri& o-tetrahydroxy-butyl (23) 6 9 2 0 9 - 2 1 0 +  9 2 .3 * 4 .6 3 1 1 .0 3 1 2 .3 3

D -xylo-tetrahydroxy-butyl (24) 6 7 1 7 6 - 1 7 7 - 1 1 1 . 0 * * 4 .6 5 1 1 .1 9 1 2 .4 9

L-*yZo-tetrahydroxy-butyl (25) 7 0 1 7 6 — 1 7 7 - 1 1 5 . 7 * * 4 .6 7 1 0 .9 7 1 2 .4 6

D -m anno-pentahydroxv-pentyl (26) 75 2 1 5 - 6 8 . 1 * * ClsH 18NOsSCl 4 .3 7 1 0 .0 0  1 1 .0 5 4 .3 5 9 .9 5 1 1 .1 0

( 3 2 0 .8 )

* In chloroform; ** in pyridine; *** by acetylation of the hydroxy derivative 26.
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T a b le  I I

Preparation o f 2-(ß-n-glycosyl) -

ЧХХ Yield,
%

M-p--
°c

.

Wd
Molecular formula 

(M. w.)

te tra-0 -acety l-/? -D -galacto - 

p y ra n o sy l  (17)

85 160-161 +  11.3* C21H22NO9SCI
(499.9)

/3 -D -galactopyranosyl (27) 93 19 1 -1 9 2 +36.5** C13H 14N 0 5SC1
(331.8)

tri-0-acetyI-/j-D-xylopyranosyl

(18)

77 17 8 -1 7 9 —44.5* C18H 18N0,SC1
(427.9)

/i-D -xy lopyranosy l (28) 78 191 — 28.6** C12H 12N 0 4SC1
(301.7)

/J-D -ribofuranosy l (29) 63 207 — 208 —46.7** C12H 12N 0 4SC1
(301.7)

di-O -p-toluoyl-2-desoxy-ß-D - 

r ib o fu ra n o sy l (20)

70 98—100 -32.0** C28H24N 0 5SC1
(522.0)

2-desoxy-/?-D -ribofuranosyl (30) 94 148 +  43.9** C12H 12N 0 3SC1
(285.7)

* In  chloroform; ** in pyridine.

Table II I

First order analysis o f  the lH-NMR spectra (100 MHz) o f 2-(polyacetoxy-alkyl)-

Chemical sh ift (<3, ppm)

C om pd. Conf.
H -l H-2 H-3 H-4 H -4 ' H-5 H -5'

1
OH-I

:

11 D -arab in o 6.46 5.81 5.33 4.36 4.18 _ — —

16 D -m anno 6.15 5.75 5.67 5.18 — 4.28 4.10 —

21 D -arab in o — - 6.5
23 D -ribo 5.40 4.15 — — 6 .6

24 D -xylo 5.35 4.21 - - 6.5
26 D -m anno 5.14 4.83 — 6 .6
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5-chlorobenzothiazoles

Analysis

Calculated Found

N S Cl N S CI

2 .8 0 6 .4 1
[

7 .0 9  2 .8 7 6 .6 7 7 .1 5

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

3 .2 7 7 .4 9 8 .2 9  3 .2 3 7 .5 8 8 .1 2

4 .6 4 1 0 .6 3 1 1 .7 3  4 .4 4 1 0 .4 5 1 1 .6 4

4 .6 4 1 0 .6 3 1 1 .7 5  4 .3 8 1 0 .5 8 1 1 .7 0

2 .6 8 6 .1 4 6 .7 9  2 .6 0 6 .1 3 6 .7 8

4 .9 0 1 1 .2 2 1 2 .4 1  ( 4 .7 4 1 1 .3 7 1 2 .4 5

and 2- (polyhydroxy alkyl) -5-chlorobenzothiazoles

Coupling constant, Hz

/ J J J J J J J J J j Solvent, temp.
1, 2 2, 3 3,4 3,4' 4,4' 4,5 4,5' 5, 5' OH1

Hl
OH2
H2

OH3
H3

to со 8.9 3.0 4.6 12.6 — — — — — CDC13, room temp.
8.6 — 2 8.8 — — 3.0 5.0 12.4 — — _ CDClg, room temp.

— — — DMSO-d6 room temp.
—4.6 6 — — —6 —6 ^ 5 D M S 0 4  t =  +80°C

3.8 3.6 — — — —5 DMSO-</„ 1 =  80 °C
8 — — —6 DMSO-rfe room temp.
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First order analysis o f the lH-NMR spectra (100 MHz)

Table IV

Chemical shift (d, ppm )

C.ompd. 1

H,, H ,,« HE, b

"

H ,, H ,, H .,» H,, ь H e, a н„. ь

17 4 .9 2 5 .4 7 5 .2 9 5 .5 8

_______
4 .2 5 _ 4 .2 5

.
4 .2 5

18* 4 .8 4 5 .4 6 — 5 .2 3 5 .1 4 4 .3 6 3 .5 7 - —

20 5 .6 2 .7 2 .7 4 .6 4 .6 — —

27 5 .0 0 4 .6 1 — 4 .1 7 4 .5 1 4 .1 5 4 .2 5 4 .2 5

28 4 .9 6 4 .3 — 4 .3 3 .7 4 .1 —

29 5 .6 5 4 .6 2 4 .7 0 4 .8 4 4 .2 4 .2 —

30 5 .9 6 2 .8 6 2 .5 8 4 .9 2 4 .6 7 4 .1 6 4 .0 6 — -

* The assignment of H -2 ' and H-3' is interchangeable.

Sim ilarly to the case o f  the compounds prepared earlier [1], the poly- 
h yd roxya lk y l derivatives 21 — 26 obey the “ general heterocyclic rule”  [7] 
regarding the direction o f op tica l rotation and th e  configuration of the carbon  
atom  o f the p o lyhydroxyalkyl chain attached to  the hetero ring. In connection  
w ith  th is , the conform ational conditions of the com pounds were investigated  
by N M R spectroscopic m ethods. It was found th at the side-chain in the  
p olyacetoxyalkyl d erivatives 11 and 16 had practica lly  the same conform ation  
(Table III )  as in the b en zoth iazole  derivatives exam ined  earlier [8 ]. The present 
NM R data did not provide sufficient inform ation regarding the conform ations 
of the polyhydroxyalkyl d erivatives 21 — 26.

In the com pounds o f  the C-nucleoside ty p e , the coupling constants o f  
the anom eric protons (с/. T able IV) unam biguously indicate the /bconfigura- 
tion  o f  glycopyranosides 17, 18, 27 and 28 ( J y  3< =  9 Hz). The sum o f the  
coupling constants o f  th e  anomeric protons ( J y  2-a -f- Jyyb  =  16 Hz) in the  
2-desoxy-D -ribofuranoside derivatives (20 and 30) allows assum ing their  
/1-configuration [9]. All th ese are in agreem ent w ith  our earlier observations 
[3, 4] th a t the conversions do not alter the anom eric configuration. A lthough  
no inform ation is provided by the spectral data  regading the anomeric con­
figuration  of the ribofuranoside derivative 29, /{-configuration can be assigned  
also to  th is  compound on the basis of the stereoselectiv ity  of analogous reac­
tions.
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o f 2 -(ß-D-glycosyl) -5-chlorobenzolhiazoles

Coupling constant, Hz,

Solvent, temp.J
1*2'a -Q J2'a, 3'

J
2 'а ,2 Ъ

J
2'ЬЗ'

J
3'4'

J
4'5'a J

4'5'b
J

5'a5'b

8.8 — 10.0 — — 3.2 — — CDCI3, room tem p.
9.6 - 9.4 - - 9.4 5.6 10.4 10.8 CDC13, room tem p.
6 10 CDC13, room  tem p.
9.5 - 9.0 — - 3.6 1.2 — — Р у Ч  t =  + 7 5  °C
8.8 Py-d5 t =  + 8 0  °C
4.8 - 7.8 - - 4.0 4.8 1.2 — Р у Ч  1 =  + 7 5  °C
6.8 9 .0 2.8 12.8 5.6 2.5 4.5 5 12 Р у-í/g room tem p.

Experim ental

Optical ro ta tion  of the substances was m easured w ith a Perk in-E lm er 241 polarim éter. 
The NMR spectra (100 MHz) were recorded w ith a JE O L  Minimar MH-100 spectrom eter. The 
in te rna l standard  was TMS or, in the case of com pounds 21, 23, 24, 26, HM DS.

The spectra were analysed in  th e  f irs t order. The spectrum  of the en tire ly  assigned 
com pound 30 was sim ulated in the f irs t  o rder [10].

M. p.’s are uncorrected. The solu tions were dried over anhydrous M gS04 and  evaporated  
to  dryness on a w ater b a th  a t 40 — 50 °C under reduced pressure.

Preparation of 2-(per-0-acetyl-polyhydroxyalkyl)- 
and 2-(per-0-acyl-(?-D-glycosyl)-5-chIorobenzothiazoles (11—20)

The per-O -acetylated aldonic n itrile  (1 —6) (10 mmole) or per-0-acyl-/?-D-glycosyl 
cyanide (7—10) was dissolved in ho t anhydrous ethanol (about 40 mL), 2-am ino-4-chloro- 
thiophenol (15 mmole, 2.4 g) was added  to  the solution and it was refluxed on a w ate r b a th  
while nitrogen gas was passed th rough  it , for 4 h.

After cooling, th e  crystalline p ro d u c t was filtered off with suction and recrystallized 
from  anhydrous ethanol (11, 12, 17, 18, 20).

Since the peracetates 13 — 15 could no t be crystallized, the solutions were evaporated  
to  dryness and deacetylated  to give th e  polyhydroxyalkyl derivatives 23—25 (see later).

Compounds 16 and 19 could n o t be isolated as homogeneous substances either. T here­
fore, they  were deacetylated  to obtain 26 and  29. A cetylation of the form er yielded crystalline 
16 -acetate  (see later).

Deacylation of the peracylated derivatives (11—20)

The isolated crystalline ester (11, 12, 17, 18, 20) or the syrup obtained on evaporation  
of th e  ethanolic solution (13—16, 19) w as dissolved in about 6 —10 parts of h o t anhydrous 
m ethanol, then m ethanolic 1ЛГ sodium  m ethoxide solution was added to  i t  to  a d ju s t a  stable 
alkaline reaction (pH  =  8). The solution was cooled and m aintained a t  0 °C for 16 h. The 
reaction  m ixture was then  acidified w ith  glacial acetic acid and processes as follows.

(a) The crystalline product w hich separated  was filtered off by suction and  recry sta l­
lized from  50% aqueous ethanol (21, 22, 26), a m ixture of ethanol and w ater (2.5:1) (23), 
e thanol (24, 25, 28), from  m ethanol (29), or from  m ethanol or w ater (27).
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(Ь) In  the deacylation  o f 20, th e  methanolic so lu tion  ob ta ined  according to  the foregoing 
procedure was evaporated  to  dryness. The residual syrup  was rubbed w ith ether whereupon 
i t  solidified, this p roduct w as recrystallized from ethano l (30).

2-(D -M an n o -p en taace to x y p en ty l)-5 -c lilo ro h en zo th iazo le  (16)

The hydroxy d e riva tive  26 (0.5 g) was allowed to  s tan d  in  a m ixture of anhydrous 
pyrid ine (5 mL) and acetic anhyd ride  (5 mL) a t 20 °C for 18 h. The solution was evaporated 
to  dryness in  vacuum , th e n  e th an o l was distilled from  i t  repeated ly . The residue was crystal­
lized from  a m ixture of e th e r and  petroleum  ether.

*

T h e  au th o rs’ th a n k s  a re  d u e  to  Dr. J .  H a ra n g i fo r  h is assistance  in  the com p u te rized  
s im u la tio n  of spec tra .
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The reaction with d iethyl pyrocarbonate  of the pyridazinylhydrazone 1 led either 
to the s-triazolo[4,3-b]pyridazine-3-one derivative 3, or to  the erado-IV-ethoxycarbonyl 
com pound 6, depending on th e  reaction  conditions. The structures o f th e  compounds 
were established both by chemical and spectroscopic studies.

We have previously reported th a t the reaction w ith  d ie th y l pyrocar­
bonate o f  antihypertensive pyridazinylhydrazones I [1, 2] could lead to  the 
endo- (II) and/or exo-iV-ethoxycarbonyl derivatives (III) [3, 4].

COO El

N — Y C O O K t jo

-X morpholine 

111

In the course o f our further studies on structure—a ctiv ity  relationships 
syn th es’V o f the IV-ethoxycarbonyl derivative o f  the m ost e ffective  com pound  
o f th is series (1) [1, 2] appeared desirable. On the basis o f our previous results 
the reaction w ith  diethyl pyrocarbonate o f  1 was expected to  g ive an exo- 
acyl  derivarive o f type III.

H owever, treatm ent o f  1 w ith  d ieth y l pyrocarbonate in d ichlorom ethane  
at room tem perature gave the unexp ected  2,3-dihydro-s-triazolo[4,3-6]pyr-

o*

* For P a r t V III , see Ref. [1].
** To whom correspondence should be addressed.
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idazine d erivative 3, presum ably via  the intram olecular ring closure o f  the  
in term ed iate 2 .

- E t O I l N—\ t ©

Me
© \X '= (
X ^ ©  @ ©  © ©

H C O O C M es

X----{' > = . \
© w ©

©  ©
3

X morpholiim

In  th e  1H -NM R spectrum  o f compound 3* th e  olefinic proton in the side 
chain appeared as a quartet, due to  allylic coupling w ith  the m ethyl hydrogens 
at 6 .90 ppm .**

T he assum ed structure o f 3 was also confirm ed b y  synthesis. Treatm ent 
w ith  h ydrogen  chloride o f  3 led  b y  N —C bond fission  to  6-m orpholino-2,3- 
dihydro-s-triazolo[4,3-fr]pyridazine-3-one (4) w hich  was also prepared from  
the know n 6-cliloro-2,3-dihydro-s-triazolo[4,3-b]pyridazine-3-one (5) [5].

W h en  the ethoxycarbonylation  reaction w as repeated at higher tem per­
atures (e.g. at 40 °C), or at room  tem perature for a longer tim e, the endo- 
acyl com pound (6) was form ed as red needles.

* N um bering in  the form ula re lates to the 13C-NMR d a ta  only.
** T he l-(6-m orpholino-3-pyridazinyl)-3-m ethyl-4-(i-butoxycarbonyl)-5-hydroxypyra- 

zole and  its  tau tom ers w ith th e  sam e elem entary com position, w hich m ight have been form ed 
from  th e  exo-acyl derivative, could be ruled out by  th e  presence of an olefinic p roton w ith 
the chem ical shift of 6.90 ppm .
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(C O O E taO
N —ff Me

I
-N = C

CH2
I

СООСМез

6

In the 1H -N M R  spectrum  o f 6 the difference in the chem ical sh ifts  o f 
the H-5 and H -4 atom s (/]<5H-4,5) was 0.25 ppm , while the urethane carbonyl 
frequency appeared at 1670 cm -1  in th e  IR  spectrum . C onsequently, the  
exo-acyl structure could be ruled out [3, 4 ].

Com pound 6 was found to  be th erm ally  stable, since on ly  unchanged  
starting m aterial could be detected  after h eatin g  for tw o hours at 180 °C in 
D ow therm . Thus, the assum ption th at 6 m igh t be an interm ediate o f  the  
1 —a 3 transform ation could he excluded.

O f the new  com pounds on ly  6 show ed a m oderate antihypertensive a c tiv ­
ity , the others were ineffective. These resu lts have also confirmed th a t  sub­
stitu tion  on the N j-atom  is d isadvantageous [1].

Experim ental

M.p.’s were determ ined on a Boetius ap p a ra tu s  and are uncorrected.
The IR  spectra  were taken  in K B r pellets on a Perkin—Elm er 577 spectrom eter, the 

'H -N M R  spectra  on instrum ents JE O L  60 H L a t  60 M Hz and Varian EM-390 a t  90 MHz, 
using TMS as in te rna l standard  in CDC13 and in DM SO-d, a t  room  tem perature. The 13C-NMR 
spectrum  was recorded on a V arian XL-100 spectrom eter a t 25.2 MHz in CDC13.

0-Morpholino-2-( I -(f-but oxyrarboin 1)-1 -propen-2-yl)-2.3-dihy(!ro-i-tria/o!n -
[4, 3-b]pyridazine-3-one (3)

A m ix ture  of 2.10 g (0.0063 mole) of 1 [2], 2.10 g (0.013 mole) of diethyl pyrocarbonate  
and 70 cm3 of dichlorom ethane was stirred  a t room  tem pera tu re  for 90 min, th en  concen tra ted  
under reduced pressure and the oily residue was allowed to  stand  a t —10 °C for 5 days. A fter 
purification by  chrom atography on B rockm ann-I A120 3 w ith  dichlorom ethane as e lu an t and 
recrystallization from  isopropanol, 1.14 g (50.4% ) o f 3 was obtained, m.p. 185 —186 °C. (R epe­
tition  of the reaction  of 5 °C for 2 h, then  a t  room  tem p era tu re  for 48 g yielded 0.69 h (30.4% ) 
of 3.)

C17H 23N50 4 (361.39). Calcd. C 56.50; H 6.41; N  19.39. Found C 56.71; H  6.37; N 19.09% .
IR  (K B r): rC =  0 :  1720 (ester -f- carbonyl group of triazole ring); rC = N : 1630 cm -1 

(rC = N  type  group v ib ration  of the fused ring system ).
‘H -NM R (CDC13) (Ő, ppm ): CH3: 1.5 s (911) and  2.72 d (3H); NCH2: 3.48 m  (4H); 

OCH2: ^-3.80 m (4H ); H - l ’: 6.90 q (overlapped w ith  H -7, J  =  1.2 Hz); H B-7: 6.90 d, Н д-8: 
7.40 d ( J ab *= 9 Hz).

13C-NMR (CDC13) (<5, ppm ): C-6: 14.7 q (>J =  130, 3J  =  6.7 Hz); C-l: 28.0 q  (126.5); 
C-12: 46.0 t  (141); C-13: 65.8 t  (138); C-2: 79.5 s; C-4: 109.0 d ( lJ  =  165, 3J  =  4 H z); C-10: 
118.5 d (170); C-9: 124.5 d (180); C-8: 136.0 s ( 2J  =  3, 3J  =  10 Hz); C-7: 147.0 s; 0-11:^148.0 s; 
0-5: 153.5 s ( 2J  =  8.6 Hz); C-3: 166 s.
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6-M orphoIino-2,3-dihydro-s-triazo!o[4,3-6] pyridazine-3-oiie (4)

Method A

A m ix tu re  of 1.71 g (0.01 mole) of 5 [5] and 1.74 g (0.02 mole) of morpholine was heated  
a t 130 °C fo r 1 h. The residue was m ixed w ith cold w a te r, then  filtered. The crude p roduct 
was su spended  in  ho t 96% ethanol and  filtered to  o b ta in  1.25 g (56.6% ) of 4, m .p. 270 — 271 °C.

CeHn N50 2 (221.22). Calcd. C 48.86; H  5.01; N 31.66. Found C 48.72; H 5.15; N  31.51% .
IR  (K B r): vNH: 3200 — 2700; r C = 0 :  1690 c m “ 1.
1H -N M R  (DMSO-d„) (Ő, ppm ): N CH 2: 3.42 t  (4H , J  =  6 Hz); OCH2: 3.75 t  (4H ); H B-7: 

7.1 d (1H , J AB =  9 Hz); H B-8: 7.5 d (1H, J AB =  9 Hz).

Method В

A m ix tu re  of 1 g (0.0028 mole) of 3 w ith 35 cm 3 of ethanol containing 8%  hydrogen  
chloride w as stirred  a t room  tem pera tu re  for 4.5 h , th e n  filtered . The filtra te  was evapo ra ted  
under red u ced  pressure and th e  residue suspended in  a 1 : 1 m ixture of ethanol and  e th y l e ther 
and f ilte red  to  give 0.55 g (76.3% ) o f 4 as the hydrochloride, m .p. 255 — 256 °C.

T he  base liberated  w ith  10%  K 2C 0 3 solution from  th e  above HC1 salt was in all respects 
iden tica l w ith  the  product described under A .

l-E thoxycarbonyl-3- m orpholino-6(lli)-(2-(l-t-butoxycarl>oiiyl-2-propylidene)-liydrazoiio)-
pyridazinc (6)

A m ix tu re  of 4 g (0.012 mole) of 1, 4.49 g (0.028 mole) of diethyl pyrocarbonate  and 
80 cm 3 of dichlorom ethane was refluxed for 5.5 h, set aside overnight, then the so lven t was 
ev ap o ra ted  in  vacuum  and the solid residue tr itu ra te d  w ith  3 X 20 cm3 of d iethy l e th e r to 
yield 2.35 g (48.4% ) of 6 m.p. 108 — 109 °C. (A fter a 30-hour reaction time a t room  tem p era tu re  
and p u rifica tio n  by chrom atography on B rockm ann-I A120 3 with dichlorom ethane as the 
e luan t, com pound 6 was obtained in a yield of 36.2% .)

C19H 2aN50 6 407.75. Calcd. C 56.00; H 7.17; N 17.19. Found C 56.30; H  7.21; N  16.89% .
IR  (K B r): t>C =  0 :  1725 (ester), 1670 cm -1 (u re thane).
'H -N M R  (CDC13) (<5, ppm ): CH3: 1.36 t  (3H , J  =  7 Hz) and 1.47 s (9H); N CH 2: 3.15 m 

(6H , overlapped  with CH2); OCH2: 4.30 q (2H) and 3.76 m (4H ); H B-4: 6.55 d, Н д-5 : 6.80 d 
( J AB =  9 Hz).

T he au thors are indebted  to  Mrs. G . B o d r o g a i  for the microanalyses, to  Miss Zs. 
D a r u k a , Mrs. É .  B i r ó  and Miss V. W i n d b r e c h t i n g e r  fo r valuable technical assistance, and 
to  Mrs. É .  V i d a  for the careful p reparation  of the m anuscrip t.
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In  our previous com m unication [1, 2, 3] an  a.c. method based on faradaic 
distortion has been presented for the determ ination  of the ra te  of corrosion of m etals 
if both th e  anodic and the cathodic processes of the electrode reaction have a  Tafel- 
type cu rren t-po ten tia l characteristics. In  th e  p resen t com m unication we dem onstrate  
the app licab ility  of the m ethod for the determ ination  of the kinetic param eters of 
reversible redox  reactions.

In our previous com m unications [1, 2 , 3] a m ethod based on faradaic  
distortion has been described for the determ ination  o f the kinetic param eters 
o f corrosion processes. In these studies b oth  the anodic and cathodic reactions 
have been assum ed to  exhibit a T afel-type current-voltage characteristics. 
We have exam ined  the harmonic and interm odulation  com ponents o f  th e  a.c. 
flow ing through the electrode polarized b y  th e  sum  o f  tw o sinusoidal vo ltages  
o f frequencies (ol and u>2 respectively , superim posed on the direct voltage  
as a function o f  the latter and the am plitudes o f  the alternating vo ltages. 
The charecteristic parameters o f  the corrosion process (such as corrosion cur­
rent and Tafel slopes) have been found to  be related to  the am plitudes o f  the  
harmonic and intcrm odulation com ponents o f the current, resp ectively , as 
measured at th e  corrosion potentia l or at one potentia l either in the anodic 
or in the cathod ic Tafel range o f the polarization  curve.

In the present com m unication the application  o f the above m ethod  to  
a reversible charge transfer will be presented .

We assum e that the rate determ ining step of the electrode process is 
a reversible charge-transfer reaction according to equation (1)

and the polarization  curve o f the electrode process can be represented by  
equation (2)

О -f- ne R ( 1 )

j = j o ( «  — e

* To w hom  correspondence should be addressed.

(2)
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w here j is the current d en sity , j 0 is the exchange-current density , a is the  
charge-transfer coefficien t o f th e  anodic reaction , n is the num ber o f electrons  
exch an ged  in the reaction and rj is the overvo ltage .

Comparing equation (2) w ith  the polarization curve o f  the corrosion  
process represented b y  equation (4) in our previous com m unication  [3] we 
n ote  th a t  the tw o equations are form ally id en tica l, m erely corrosion current 
d en sity  j k o f  the latter is substitu ted  b y  exchange-current density  j 0 in  equa­
tion  (2) w hile polarization A E  is substitu ted  b y  overvoltage rj and, in th e  pres­
ent case , ßb  and ß c are given by

A  =
R T

x n F
and ßc —

R T
(1 — a) nF

(3)

resp ective ly .
C onsequently the relationships obtained  in  our previous com m unication  

[3] for th e  determ ination o f the corrosion-current density and param eters 
ß a and/?c can be applied for the evaluation  o f th e  k inetic  characteristics (exchange  
current density  and transfer coefficient) o f  a charge transfer reaction o f the  
form  o f  equation (1) b y  su b stitu tin g  j 0 for j k and rj for AE.

The calculation is sim plified in th is case since it  is sufficient to  determ ine  
either ß a od ß c. The second param eter can on ly  be used for the control o f  the  
resu lt.

T hus the kinetic param eters o f  the charge-transfer reaction can be 
determ ined  i f  the harm onic or the in term odulation  com ponents o f the faradaic  
current are known at one potantia l; either at th e  reversible potentia l (rj =  0 ) 
or at one potentia l in the anodic or in the cath od ic T afel range.

A nother possib ility  for th e  determ ination o f the kinetic param eters is 
offered b y  relationships (66) through (71) o f  our previous com m unication [3] 
w hich g ive the first, second and third harm onic com ponents resp ectively , o f  
the faradaic current at th e  reversible p oten tia l (f] =  0) when the electrode is 
polarized  b y  the sum o f tw o  sinusoidal vo ltages o f sm all am plitudes U 1 and (7, 
and frequencies co1 and co2, respectively . The fo llow ing formulas are obta ined  
for a reversible electrode reaction:

jo(®i) — jo 

jo(W2) =  jo 

j (2® i) =  jo 

joi^tfj) jo

u i \ u \

4 4 ’

m
4

m

(4)

(5)

(6) 

(?)

AtUx Chim. Acad. Sei. Hung. 109, 1982



MÉSZÁROS, DÉVAY: FARADAIC DISTORTION METHOD, IV 243

j„(3fc>i)

jo(3co2)

n F  3 
R T

[* 3 +  (1 _  «)»] +  

[ « ’ +  ( !  - * ) * ]  +

|n F  5

IR T

'nF Iй 
RT)

r«5+ ( l -  *)5] x l s4 J 24

[* s +  ( l  * )5] —  ) —  
4 24

( 8)

(9)

(where j 0-s are the am plitude o f the respective harm onic com ponents at the 
reversible potentia l and oq, co2, 2oq, 2co2, 3oq, and 3&)2 refer to  the frequency  
o f the given harm onic com ponent).

The kinetic param eters can be determ ined by varying am plitudes U 1 and 
U2. The exchange-current d en sity  can be evaluated from  equation (4) if  U2 =  
or from equation (5) if  C/j == 0 according to

71F
[jo K )b ,= o  =  jo— £/i,  (10)

к  1
or

nF
[jo(Ct>2)] L ' , - 0  =  jn ~  U 2 , ( 11)

respectively.
The transfer coefficient can be calculated from the follow ing form ulas

or

j o K )  [ j o K )b .-Q  =  n F  I2 3x „  u l  

[ j o K ) b . - o  R T

jo W  -  [ jo K )b ,-o  _ I n F

[ jo K ) ]  tq-o R T
(1 3a +  3a2)

4

m

( 12)

(13)

Similar form ulas are obtained for the second and third harm onic com ­
ponents [equation (6 ) through (9), respectively].

The transfer coefficien t (a) can be obtained from anyone of the follow ing  
equations

jo(2a)1) [jo(2co1][/,=0
[ jo (2 ü h ) ] t / , - o

nF
R T (1

TT2
2a +  2a2) i l l  ,

4
(14)

[jo (2a)2) ] u i =0

jo(3tOi) - [jo(3co1) ] t/,_ 0

[jo(3<^i)]u,-o

n F j2

r t )

n F  2

(1 -  2a +  2a2)
4

a5 +  ( !  -  a )5 Ul
R T a 3 +  (1 -  a )3 4

jo(3a>2)__ [jo(3a>2)]I £/,^Q

[ jo(3<a>2)] [/■ —0

I n F  2 a5 +  (1 -  a )5 Ul
Ir t ) a3 +  (1 -  a )3 4 ’

(15)

(16) 

(17)

while exchange current density  j 0 can be calculated according to  equation  
(6) through (9) if  a is know n. It is advisable to evaluate j 0 from equation (6)
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and (8 ) when U2 =  0 and from  equation (7) and (9) when U j =  0 :

jo — tjo(2®i)] £/,-
(18 )

I t  is notew orthy th a t th e  above formulas relate to  the faradaic current 
ex em p t o f  capacitive com ponents. The capacity o f  th e  double layer was assum ed  
to  be linear i.e. independent o f  the potential. I f  th is assum ption is valid  higher 
harm onic or interm odulation com ponents are not generated b y  the double 
layer capacity  and the m easured values of the higher harm onic and interm od­
u la tio n  current com ponents do not contain capacitive current and can directly  
be su b stitu ted  in the above form ulas. H ow ever, the m easured values o f  the 
fu n d am en ta l harmonic com ponents also contain capacitive current. The latter  
can be elim inated by the m ethod  outlined in  our previous com m unication [2].

T he experim ental verification  of the above relationships w ill be presented  
in th e  near future.
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The effect of th e  non-linearity of the double layer capacity on the m easurem ent 
of faradaic d is to rtion  has been studied. The non-linear double layer c ap ac ity  also 
generates harm onic com ponents which are added  to  those of the faradaic cu rren t. A 
m ethod was developed w hich perm its the separation  of the components of th e  capacitive 
current from those of the faradaic current.

In our earlier com m unications [1, 2, 3, 4] a method based on faradaic 
distortion was presented for the study o f the k inetics of electrode processes. 
The double layer cap acity  connected parallelly w ith  the charge transfer resist­
ance was assum ed to  be a linear circuit e lem ent i.e. independent o f  p oten tia l. 
Thus the higher harm onic com ponents and interm odulation com ponents o f  
the current passing through the electrode are generated as a consequence o f  
the non-linearity o f  the faradaic process on ly . The elim ination o f th e  capaci­
tive current from the fundam ental harmonic com ponent was reported earlier [2 ].

The assum ption o f a constant double layer capacity, how ever, is only  
valid  in certain poten tia l ranges. A particularly strong dependence o f  th e  double  
layer capacity on poten tia l is observed in d ilu te e lectrolytes and in th e  presence  
of readily adsorbed ions. The potential dependence of the double layer  capac­
ity  has been treated  in m any theoretical and experim ental stu d ies, e.g. in 
the excellent m onographs o f D elahay  [5] and o f  P a y n e  [6]. An effect analo­
gous to  faradaic d istortion  and faradaic rectifica tion  also appears on n on­
linear double layer capacities [7 ,8 ] . Thus i f  th e  electrode-electrolyte interface  
is polarized w ith  a non-distorted  sinusoidal a lternating voltage at a con stan t  
tim e average potentia l higher harmonic com ponents are generated in addition  
to  the fundam ental one and the charge o f the double layer is also varied .

The effect o f the non-linearity of the double layer capacity on the m easure­
m ent o f  faradaic distortion  is presented in th is  com m unication.

* To whom correspondence should be addressed.
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L et us assume th a t th e  charge o f th e  electrode in a rela tively  narrow  
p o te n tia l range can be expressed by the fo llow in g  third-order polynom ial:

Qn\e =  A 0 +  A rAE  +  A .,A E 2 +  A 3AE3 (1)

w here Q\ie is the charge o f  th e  m etal electrode per unit surface area, an d  A E  
is th e  p o ten tia l difference referred to  an arbitrary reference electrode. ( A 0 =  0 
i f  th e  p o ten tia l is related  to  th e  potential o f  zero charge.) The current d en sity  
ch arg in g  th e  double layer  capacity  is

_
JC~  dt

w here t is  tim e. I f  the electrode is polarized w ith  alternating v o lta g e  AE  

su p erim p osed  on direct v o ltage  AE,

A E  =  AE  - f  U 0 sin  cot (3)

w here U 0 is the am plitude and w is the angular frequency o f the a ltern atin g  
v o lta g e , th e  capacitive current density can be expressed, on th e  basis o f  
E q s (1 ), (2) and (3) b y  th e  following form ula

k A h(AE  4- U 0 sin  со

г 3
У  kA/i(AE  4  U0 sin cot)k -1 coU0 cos cot.

U = l

(4)

A fter performing the above operations and the trigonom etric transfor­
m a tio n s, the capacitive current density is ob ta in ed  in the form o f  a third- 
order Fourier polynom ial:

j c =  j cl cos cot 4- jc2 si11 2mt — j C3 cos 3coi (5)

w here j cl, jC2 and jC3 denote the am plitudes o f  th e  harmonic com ponents of 
the cap acitive  current:

Jcl = А ^ 2 А 2А Е +  3 A 3 A E 2 +  ~  A 3 U20\c o U 0 ( 6 )

jc2 =  +  3 A 3 AE)coU% (7)

j c3 =  - A 3 c o U l  (8 )
4

The f ir s t  three terms in  th e  expression in parenthesis o f Eq. (6) d en otin g  the 
a m p litu d e of the fundam ental harmonic y ie ld  the differential ca p a c ity  Ca
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corresponding to  the potentia l AE.  From Eq. (1)

and hence

Cd =  =  A l +  2 A 2 A E  +  З А 3 AE2
d A E

i a = \ C d + ^ A 3 U l ы U0.

(9)

(6a)

I t  is notew orthy th a t am plitude U 0 o f the alternating voltage affects the 
m easured vapacity  calue Cdm, since

c dm =  - ^ - o =  Cd +  j A 3 Ul .  ( 10)

The actual differential capacity  is obtained by extrapolation o f the m easuring  
vo ltage to  zero:

lim  Cdm =  Cd ( 11)
(7 ,-0

E q. (11) is correct in the case o f any m easuring equipm ent. Thus in  th e  m eas­
urem ent of non-linear capacities particular a tten tion  must be paid to  em ploy  a 
constant and frequency — independent m easuring voltage hav in g  an am pli­
tude as low  as possible or else the capacity  values obtained w ill be erroneous 
and a capacity dispersion w ill be observed in the capacity va lues m easured  
as a function o f frequency. This fact is already known from literature [6].

In the case o f  non-linear (potentia l dependent) double layer capacities, 
the capacitive current also contains harm onic com ponents. Thus the former 
w ill n ot only affect the fundam ental harm onic of the faradaic current as 
pointed out in our earlier com m unication [2]. The harmonic com ponents o f  
the faradaic current are the follow ing [1]:

j F =  j x sin cot — j 2 cos 2 cot — j 3 sin 3 cot. (12)

A com parison o f E qs (5) and (12) indicate th at a phase angle difference o f  
л/2  and — n\2  ex ists  betw een the harm onic com ponents o f  th e  capacitive  
current and those o f  the faradaic current. This phase shift perm its th e  d istinc­
tion  betw een the harm onic com ponents o f  the faradaic current and those of 
the capacitive current by using a phase-sensitive measuring receiver. The 
capacitive current can be elim inated from  the actually  m easured current in 
the manner reported in our earlier paper [2]: the sum o f the am plitudes o f  
the harmonic com ponents o f the actu a lly  measured alternating current is 
given by the follow ing equations tak ing in to  account the phase angle differ­
ence o f ^ л /2

i 2J i m
• 2 1 Í 2

— Jl +  jci
; 2 • 2 «2
J 2m — J 2 — JC2

: 2J 3 m =  jS +  j?3

(13)

(14)

(15)
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w here index m referes to  the measured current. According to  Eqs (5), (7) 
and (8 ), all three cap acitive current com ponents are proportional to  со, w hile  
th e  faradaic current com ponents are independent o f  frequency (С/. E qs (21), 
(22) and (23) in ref. [2 ]), consequently straight lines are obtained i f  the am pli­
tu d es on the left-hand sides of Eqs (13), (14) and (15) measured at several 
frequencies are p lo tted  as a function o f со2. The values o f the com ponents 

j j , j 2 and j 3 can be ob ta in ed  by extrapolation o f those plots to  со =  0 .
In concentrated electro lytes (e.g. с ]> 1 m ol/dm 3)th e  double layer capac­

ity  is  dependent on p oten tia l to  a less degree, and hence in m any cases the  
harm onic com ponents o f  th e  capacitive current are small and negligible as 
om pared to  the com ponents o f the faradaic current. This fact can easily  
be show n, since according to  Eqs (14) and (15), the ratios of the m easured  
current com ponents and the faradaic current com ponents are

J2 m _
J2

|Л+ jc2
j 2

2
(16)

and if

J3m
h

/
' 1 + jc3

js

2
(17)

then

U <  10 1
к

and M  <  10 ~ \
js

<  1.005
к

and ^  <  1.005  
js

resp ectively , that is, th e  error caused by the capacitive com ponent is 0.5% . 
This va lue is com parable to  or smaller than  th e  usual error of m easurem ents 
w ith  selective m easuring receivers.
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Liquid phase у  radiolysis of structu ral and geometrical dim ethylcyclohexan 
isomers was stud ied , and a correlation was searched for betw een m olecular structure 
and product d is tribu tion  using end-product analysis. The differences found  in  product 
yields were a ttr ib u te d , in  case of structural isomers, to differences in  th e  carbon skeleton 
and, consequently, to  th e  selectivity of С —C bond rup tu res, w hereas in  the  case of 
geometric isom ers, to  the intram olecular repulsion betw een th e  m ethyl group in axial 
position in less stab le  isom ers and the cyclohexane ring. I t  has been dem onstrated  th a t 
the conform ation of th e  irrad ia ted  molecule is reflected by  the yields of fragm ent and 
open-chain Cn products. Consequently, if biradical in term ediates are involved in their 
form ation, these biradicals reac t fu rther very  rapidly  (w ithin 10-13—10-12 s) before 
attain ing equilibrium  conform ation.

Introduction

The search for a correlation between m olecular structure o f  th e  compound  
irradiated and rad io lytica l product distribution is one o f th e  im portant activ­
ities o f  radiation chem ists. The diversities found betw een product yields of 
radiolysis o f a liphatic and cyclic alkanes, as well as the reason w h y  these  
differences occur, are reasonably  well know n [1], and the in fluence o f  m ono­
alkyl substitution  o f cycloalkanes on the y ields, has also been w ell dem onstrated  
in  num erous works [2 — 4 ]. H ow ever, re latively  little  a tten tion  has been paid 
to  the radiolysis o f  cycloalkanes containing more alkyl groups and to  the  
effect o f structural and geom etrical isom erism  frequently  encountered w ith  
these com pounds [5 — 8 ].

Structure o f dim ethyl cyclohexanes (DM CH )

In this work we have investigated  the radiolysis o f  both  geom etrical 
isom ers (cis  and trans)  o f  the structural isom er 1,2-, 1,3- and 1,4-d im ethyl- 
cvclohexanes. The m ethyl groups in these com pounds take up equatorial

* To whom correspondence should be addressed.
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p o sitio n s falling in the plane o f  th e  cyclohexane ring or axial  positions perpen­
dicular to  the ring. In the case o f  equatorial position , the m olecule attains a 
s ta b ility  6.7  kJ m ol-1  higher th a n  th at of the m olecule w ith  the m ethyl group 
in a x ia l  position; thus, in th e  m ost favourable conform ation o f frarc.s-1 ,2-, 
cis-1 ,3- and trans-1,4-DM CH, w hich exist in both  diequatorial and diaxial

Fig. 1. Most stab le  conform ations of dim ethylcyclohexanes

form , b o th  m ethyl groups (at lea st in 99% o f the m olecules) take up equatorial 
p ositio n s. In  the case o f  c is-1 ,2 -, trans-1,2- and cis-1,4-D M C H  one o f the m ethyl 
groups is  always in axial  p o sitio n , therefore, these com pounds are less stable 
th an  tran s-1 ,2-, cis-1,3- and trans-1,4-DM CH, respectively .

Experim ental

P u ru m  grade DMCH com pounds produced by  F luka were fu rther purified by  p rep ara­
tive gas chrom atography. The am poules (0.5 —1.0 cm3) were sealed by  the usual vacuum  
techn ique. The samples were ir rad ia ted  using the 3 PB q nom inal ac tiv ity  e0Co у  source of this 
In s titu te  [9]. The dose ra te  was 5 G y s _1; the  hydrocarbons were exposed to  irrad ia tion  for 
2 or 4 h rs , a t  room tem perature , in  liqu id  phase, though some experim ents were carried out 
w ith  solid phase samples, a t 77 K . T he dose was measured using alcoholic chlorobenzene dosim­
e try  [10 ]. The am ount of hydrogen  produced was determ ined by  T o e p l e r ’s m ethod (accu­
racy  ± 2 .5 % ) , while the qualita tive  and  quan tita tive  analysis of hydrocarbon  products was 
done b y  gas chrom atography; the sy stem atic  error in case of com pounds of higher G value* 
was a b o u t ± 4 % , w ith products of low er G values (G <; 0.3) ± 4  —10%.
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Results and D iscussion

The m ost im portant products form ed in the room tem perature radiolysis 
of DM CH isom ers are shown in Tables I , II  and III.

As is seen in the Tables, the y ields o f  the corresponding products in 
the different DMCH isom ers are strongly d ifferent. Differences —observed in 
the y ields o f  products form ed via  C — C bond rupture processes can be attri­
buted to  the different carbon skeletons o f  th e  structural isom ers, in  accord 
with the generally accepted view  th at C— C bond rupture is a se lective process 
governed by the properties o f  the bond to  be broken (i.e. the order o f  the 
corresponding carbon atom s). The p rob ab ility  o f  bond rupture w as shown  
to  vary  in the order

Ct e r t  ^ t e r t  ^  ' ^ t e r t   ̂'\'CC " Csec CS) ( 1 )

in agreem ent w ith  the reverse order o f  bond dissociation energies. Corre­
spondingly, e.g. the yield  o f  octenes form ed v ia  the rupture of the bond betw een  
the tw o  tertiary carbon atom s o f 1,2-DM CH isom ers is considerably higher 
than that o f the ring-opening products produced by the cleavage o f  a bond  
betw een tw o  secondary carbon atom s (Table II). S im ilarly, if  we reconstruct 
the G values o f the individual bond ruptures in the ring considering the y ields o f  
sm aller m olecular mass fragm ents (Table I I I ) , the same conclusion can be 
drawn as suggested earlier [2 , 6 ], n am ely , th a t fragm entation proceeding  
through the cleavage o f C—C bonds con n ectin g  tw o tertiary carbon atom s is 
highly preferred and is, therefore, accom panied by particularly h igh  y ields.

The DMCH isom ers display considerably different yields o f  hydrogen. 
This fact cannot be attributed to  a se lec tiv ity  in C—H bond rupture processes,

Tabic I

Product yields o f dimethylcyclohexane radiolysis (molecule/ 100 eV) 
(Dose =  37 kGy)

H ydrocarbons

Products

1,2-DMCH 1,3-DMCH 1,4-DMCH

cis Irans cis trans cis trans

Hydrogen 3.09 2.88 3.58 3.87
1

3.71 3.36
Dimers 0.42 0.57 0.71 0.65 0.78 0.83
Cyclomonoalkenes 2.42 2.11 2.57 2.89 2.60 2.30
Ring-opening products 1.568 1.687 0.744 0.643 0.765 0.850
Fragm entation products 0.603 0.616 0.296 0.244 0.261 0.331

Ring fragm entation 0.261 0.260 0.130 0.103 0.106 0.134
Methane 0.114 0.109 0.121 0.132 0.126 0.122
Cyclic isomer 1.63 0.67 0.48 2.19 2.04 0.55
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b ecau se  n o t only the to ta l num ber but also th e  character o f С — H  bonds in 
th e  co m p ou n d s studied in the present work do n ot differ at all. N everth eless, 
it  is  a p p a ren t that the DMCH isom ers d isp laying lower yields o f fragm entation  
and r ing-open ing  show higher y ields o f hydrogen; th is im plies th a t differences 
occurring  in  the carbon skeleton  o f structural DMCH isomers affect even  
the y ie ld s  o f  hydrogen, probably by com petitive C — C bond rupture processes. 
This la t te r  relationship is lik e ly  to  be due to  th e  fact that in radiolytic system s  
b oth  end-products and interm ediates are form ed b y  numerous processes, and  
the la t te r  ones can usually  be stabilized by several routes. Based on our own  
ex p er ien ce  as well as on th ose found in the literature, the follow ing reactions  
can con tr ib u te  to  the radiolysis o f DMCH isom ers [2, 11 —14]:

cyclo-CgH16 

cyclo-C8H ^ +  e -  

cyc/o-C8H *6 

H +  ryc/o-C8H le 

2 cyc/o-C8H ‘ls 

cyclo-C8Hf6

• c 8h i6.

cyclo-C8Hf6

cyclo-C8H f5 (2)
cyc/o-CgHjg +  e~ (3)

cyclo-C8H f5 (4)

cycZo-C8H i4 +  H 2 (5)
cycZo-C8H'ls - f  H (6)

сус/о-С8Н 5̂ +  H 2 (?)

cyclo-C8H 14 +  cyclo-C8H le (8)
cycZo-C8H 15-cycfo-C8H 15 (9)

• C8H 16 • (10)

cyclo-C8H le ( И )
Q H ie (12)
ring fragm entation (13)

ring fragm entation (14)
CH3 C7H j3 (15)

A s a rather com plicated sequence o f co m p etitiv e  and consecutive reac­
tion s ta k e s  place during radiolysis, the yields d isp lay  a strong interdependence. 
The y ie ld s  o f products show n in  F ig. 2 as a function  of the hydrogen y ields  
serve as a dem onstration o f th is  fact.

A s is  seen in Table I and F ig . 2 not on ly  th e  yields o f products form ed in 
rad io lysis  o f  structural isom ers show considerable differences, but also those  
o f  th e  geom etrical isomers; the G values o f fragm ent and ring-opening products
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Table II
Yields o f ring-opening products (molecule/ 100 eV) 

(Dose =  37 kGy)

'— Prdouct s
Hydrocarbons Alkane 1-Alkene cis-2-

Alkene
trans-2- 
Alkene E

4 ^ 1  "J trans

1,2-DMCH

**•
1 j trans

0.049
0.055

0.028
0.031

0.152
0.343

0.177
0.154

0.275
0.162

0.071
0.119

0.679
0.698

0.078
0.057

1.155
1.258

0.354
0.361

' y ^ Y '  ™
0.019 0.135 0.011 0.108 0.273

j trans 0.016 0.100 0.046 0.083 0.245

1,3-DMCH

0.038 0.143 0.032 0.231 0.444
trans 0.047 0.109 0.059 0.158 0.373

' Y '  c is 0.078 0.289 0.129 0.223 0.728
1,4-DMCH T .. 1 .

к Ж  ,ra" S
0.110 0.321 0.091 0.281 0.806

Products

Hydrocarbons

1,2-DMCH

CI S

Irans

CIS

trans

Alkane 1-Alkenc 1’

0.002
0.004

0.023
0.025

0.025

0.029

0,003
0.002

0.031
0.037

0.034
0.039

0.003
0.002

0.024
0.023

0.027
0.025

0.009
0.011

0.028
0.033

0.037
0.044

1,3-DMCH

1,4-DMCH

CI S

Irans

CIS

trans
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Table III

Yields o f lower molecular mass products (molecule/ 100 eV) 
(Dose =  70 kGy)

~~ Hydrocarbons 
Scission products ------

1,2-DMCH 1,3-DMCH 1,4-DMCH

cis trans cis trans cis trans

M ethane 0.114 0.109 0.121 0.132 0.126 0.122
E th an e  -f- ethene 0.125 0.133 0.063 0.050 0.073 0.105
A cetylene 0.003 0.002 0.001 0.002 0.002 0.002
P ropane 0.017 0.020 0.012 0.009 0.010 0.013
Propene -f- cyclopropane 0.131 0.128 0.105 0.095 0.080 0.093
Allene 0 0 0.001 0 0.001 0.002
n-B u tane 0.033 0.040 0 0 0.007 0.010
1-B utene 0.062 0.071 0.001 0.001 0.016 0.018
cis-2-B utene 0.095 0.066 0.001 0.001 0.021 0.011
írans-2-B utene 0.039 0.097 0 0.001 0.006 0.016
Isobu tane 0 0 0.001 0 0.001 0.001
Isobutene 0.002 0.002 0.003 0.001 0.010 0.012
n-P en tane 0.009 0.012 0.014 0.011 0 0
1-Pentene 0.019 0.023 0.030 0.021 0.001 0
cis-2-Pentene 0.022 0.019 0.022 0.029 0 0.001
írcm s-2-Pentene 0.008 0.027 0.031 0.012 0 0
Isopen tane  -f- isopentene 0.003 0.003 0.003 0.002 0.002 0.004
2-M ethylpen tane -f- 2-m ethylpentene 0.001 0 0.007 0.008 0 0
3-M ethylpen tane -f- 3-m ethylpentene 0.002 0.003 0 0.001 0 0.001
2,3-Dim e th y  lbutane -f- 2,3-dim ethylbutene 0.001 0.001 0 0 0.002 0.001
n-H exane -j- hexene 0 0 0.001 0 0.029 0.041
M ethylcyclohexane 0.033 0.039 0.035 0.041 0.037 0.032
1 -Met hy lcy  cl ohexene 0.046 0.019 0.002 0.001 0.005 0.007
3- and 4-Methylcyclohexene 0.037 0.032 0.080 0.078 0.075 0.077

iorrned from  the less stable isom ers are lower, while those o f hydrogen and  
m eth a n e  higher than the corresponding yields from  the more stable isom ers. 
T his relationship  can p resum ably  be associated  w ith  the position o f  m eth y l 
groups th a t  are different in cis  and trans isom ers. In  less stable isom ers, a higher 
in tram olecular repulsive in teraction  arises betw een hydrogen atom s, ow ing  
to  th e  presence of an axial  m eth y l group in the m olecule w hich is in  a so- 
called  b u tan e gauche in teraction  w ith  the cyclohexane ring: the resu lt is an 
increased  rate of detachm ent o f  hydrogen atom s or m olecules and m eth y l 
groups. T his implies th at in th e  group of DM CH ’s the yields of hydrogen  and  
m eth an e display similar behaviour, i.e. both  y ie ld s increase w ith  the low ering
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o f C— C bond ruptures in the ring, the detachm ent of hydrogen and m ethane 
exerting a “ protecting” effect o f ring decom position  (Fig. 2).

Sim ilarly to  the overall yields o f C — C bond ruptures, the G va lu es of 
individual ring-opening products from the more stable isomers are also higher 
than th e  G values from the less stable ones (Table II), the notable excep tion s

1 I I | l l
c 5 с И и и
О  о О и о о

Fig. 2. G value of dim ethylcyclohexane transform ations as a function of hydrogen  yield

to  th is rule being those products w hich ex ist in cis and trans isomer form s them ­
selves, too. Let us consider as an exam ple the yields o f  cis- and trans-4-m ethyl- 
2-heptenes w hich are produced in the radiolysis o f  1,3-DMCH isom ers. In  the 
radiolysis o f the trans  isom er, the G value o f  these products am ounts to  0.06-)- 
4 - 0 .16 =  0 .22 , whereas in the case o f  th e  more stable cis form  th is is
0.03 -(- 0.23 =  0.26, i.e. a value higher by about 20% , however, th is  relation­
ship is by far not true for the individual cis and trans ismers. Considering 
the data in Table II  it  is to  be noted th a t in  the radiolysis o f th ose  DMCH 
isom ers which have one m eth y l group in axial  position in the m ost favourable  
conform ation, higher yields o f  cis isom er products are found am ong ring­
opening products d isplaying geom etrical isom erism ; th is means th a t  th e  yields
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Table IV

Temperature dependence o f  ring-opening products from  1,^-dimethylcyclohexanes
(molecule/100 eV)
(Dose =  37 kGy)

cm-M-DMCH Irans- 1,4-DMCH

298 К 77 К 298 К 77 К

3-M ethylheptane 0.087 0.026 0.110 0.037
3-M ethyl-l-heptene 0.216 0.104 0.233 0.051
5-M ethyl-I-heptene 0.073 0.114 0.088 0.173
eis-5-M ethyl-2-heptene 0.129 0.127 0.091 0.094
trans-5-M ethyl-2-heptene 0.223 0.061 0.284 0 .1 0 2

Sub-total 0.728 0.432 0.806 0.457

2,5-Dim ethylhexane 0.009 0.005 0.011 0.007
2,5-D im ethyl-l-hexene 0.028 0.013 0.033 0.019

Sub-total 0.037 0.018 0.044 0.026

Total 0.765 0.450 0.850 0.483
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of ring-opening products reflect the structure of the decom posing hydro­
carbon.

On the basis o f  th e  biradical m echanism  o f the ring-opening assum ed in the 
literature [2, 13] w hich  is illustrated for the rupture o f the bond betw een the 
third and fourth carbon atom s o f the 1,3-DM CH com pounds in F ig . 3, we may 
suppose a longer lifetim e for the interm ediates. Therefore, it  is expected  that 
the biradicals form ed from  the tw o isom er hydrocarbons have s lig h tly  different 
conform ation at th e  in stan t o f their form ation and atta in  th e  sam e steric 
structure in the course o f  a rotation  requiring only little  activ a tio n  energy, 
and thus the ratio o f  yields o f the cis and trans products is  independent of 
the fact that the startin g  DMCH was o f  th e  cis or the trans  structure. As this 
was not observed, it  has to  be assum ed th at the form ation o f  ring-opening  
products occurs in rather fast processes, and the lifetim e o f  th e  interm ediate  
biradical is in the order o f  internal rotation  around a C—C bond  i.e. 10 -13— 
1 0 _12 s (in accordance w ith  our experience [2] th at the yields o f  ring-opening 
products formed from  cycloalkanes and alkylcycloalkanes show  on ly  a minor 
reduction in the presence of radical acceptors).

In order to  stu d y  the influence o f  the m atrix of neighbouring molecules 
on the further reactions o f  biradicals, we investigated  the low  tem perature, 
solid phase radiolysis o f  DMCH isom ers. Experim ental data on th e  radiolysis 
o f 1,4-DMCH are displayed in Table IV. The data show th a t th e  yields corre­
sponding to  the ind iv idual ring-opening reaction types are usu a lly  lower in 
the solid than in the liquid  phase. W hereas 37% 5-m ethyl-2-heptenes formed 
in the room tem perature radiolysis o f  cis-1,4-DM CH, w hich has an axial 
m ethyl group, is o f  th e  cis form, in the low  tem perature solid phase radiolysis 
o f the same com pound the contribution o f the cis form increased to  68%, i.e. 
the structure o f th e  starting  molecule is more effectively  reflected  b y  the prod­
uct in solid phase radiolysis than in the liquid state. B oth  observations can be 
traced back to  th e  phenom enon th at as the ring-opening requires a positive  
activation  volum e and a greater activation  energy is necessary for the forma­
tion  of a hole in th e  solid  state , the transient biradicals have a m uch smaller 
free space to  use w hen carrying out the relaxation m otion required in the 
production o f ring-opening products.

The cis-to-trans  ratio o f unsaturated fragm ent products is also strongly  
dependent on w hich one o f the geom etrical isomers was th e  startin g  hydro­
carbon: in the case o f  DMCH isom ers containing also an axia l  m ethyl group 
the cis form is produced w ith  a higher y ield , i.e. the conform ation o f  the original 
carbon skeleton is reflected  also in the yields o f ring fragm ents. Consequently, 
we m ay assum e th a t the rupture o f the tw o  C — C bonds occurs sim ultaneously, 
or more exactly , w ith in  the tim e required for the in term ediate to  change its 
conform ation, a lthough the latter process is known to take p lace w ithin  about 
1 0 - 12 s.
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Tabic V

Estimated yields fo r  the reformation o f the rings (molecule! 100 eV)

Hydrocarbons 1,2-DMCH 1,3-DMCH 1,4-DMCH

Products cis tram cis tram cis Irans

R e-form ation 0.62 1.48 1.97 0.41 0.45 1.82
Cyclic isom er 1.63 0.67 0.48 2.19 2.04 0.55

Total 2.25 2.15 2.45 2.60 2.49 2.37

R in g  isomerization processes are most e ffec tiv ely  influenced by differ­
ences in  th e  stability o f  geom etrica l isomers. This can easily  be understood  
if  w e ta k e  in to  account th a t in  th e  radiolysis o f one o f  the pairs of isom ers a 
stru ctu re  w ith  higher sta b ility  is  form ed whereas in th e  radiolysis o f the other 
one a le ss  stable structure is created . Thus, the data points corresponding to  
the y ie ld s  o f  cyclic isomeric p rod u cts shown in F ig. 2 fa ll on tw o curves, instead  
of o n e . T he interm ediates o f  E q s  (8) and (11) can m ove on not only to  form  
the geom etrica l isomer o f th e  startin g  com pound, b u t th ey  can also undergo  
re-form ation  o f the original stru ctu re  (7 ,15). A lthough there is no direct experi­
m ental m ethod  available for th e  determ ination o f th is  latter reaction, the G 
va lu e can  be estim ated by su p p osin g  that the yields fa ll also on the correspond­
ing cu rves in Fig. 2. G values for re-establishing the original structure can thus 
be d eterm in ed  and , in ad d ition , th e  overall yield  o f  re-form ation and ring iso ­
m erization  can be evaluated, to o  (Table Y). The curves in  F ig. 2 show th at the  
to ta l y ie ld s  o f  cyclic  isom erization  +  re-formation increase linearly w ith the  
G va lu e  o f  H 2; con sequently, one m ay  assume that th ese  processes are associated  
m ain ly  w ith  the C — H bond rupture reactions, i.e. th e  to ta l yield of R eaction  
(8) has to  be m uch greater th a n  the yield of R eaction  (11).

A s a sum m ary we con firm ed  again [8] that the products observed in the  
rad io lysis o f  alkanes are form ed in  com petitive reactions, the rates o f w hich  
can be correlated w ith  the m olecu lar structure. E ven  such minor differences 
in th e  m olecular structure th a t  can be found betw een  the tw o geom etrical 
isom ers o f  th e  d im ethylcyclohexanes exhibit w ell-defined  and strong effects on 
the p rod u ct yields.
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The effects of rubidium  and cesium  con ten t on the active phase-carrier in te r­
actions in cobalt oxide on y-alum ina ca ta lysts were studied using diffuse reflectance 
spectroscopy (D.R.S.).

A num ber of specimens w ith various am ounts of Rb or Cs cations, all containing 
2.8%  g Co30 4, were prepared by pore filling im pregnation of the ‘/-a lu m in a  w ith  aqueous 
alkali n itra te  solutions, followed b y  pore volum e im pregnation of th e  alkali doped 
solids w ith  aqueous cobalt(II) n itra te  solutions.

A n increase of the active phase-support interactions due to th e  presence of 
R b+  or Cs+ was generally observed by  D .R .S. The opposite effect was observed when 
th e  m ethod of d ry  coim pregnation is em ployed, whereas no effect w as detec ted  when 
the  inverse dry  im pregnation was used. The above findings allows us to  shed more 
ligh t on the m echanism  w hereby the  alkali cations control the kind o f cobalt species 
form ed on y-alum ina surface. The m ain points of this mechanism are illu s tra ted .

Introduction

The problem  o f control o f  active phase species formed during th e  prepara­
tion  o f  supported m etal oxide ca ta lysts (S.M.O.C.) is of great im p ortan ce  for 
their tailor-m ade fabrication.

Concerning cobalt oxide supported  on y-alum ina cata lysts, recen t in vesti­
gations [1 — 5] dem onstrated th a t such a control could be obta ined  b y  incor­
porating suitable additives in to  the carrier. To be specific, it  w as found that 
a deposition  o f  L i+ on the support surface causes a decrease o f in teraction s o f  the  
active  phase w ith  the carrier which in  turn results in quite high va lu es o f  the  
Co30 4/CoAl20 4 ratio at a given tem perature [3]. In contrast to  th a t , an addi­
tion  o f  N a + or K + to  y -A l,0 3 causes an increase o f the active phase-carrier 
in teraction s, thus facilita tin g  the form ation o f sufficient am ounts o f  CoA120 4 
[1, 2, 4, 5 ]. Moreover, the sodium  cations bring about a drastic increase o f  the 
dispersity  o f  the active phase species [1, 2, 5]. In a ten tative exp lan ation  of 
the above m entioned effects given previously  [2 ], it was assum ed th a t the 
size o f  the alkali cations w as not a decisive factor w ith respect to  their  control­
lin g  cap ab ilities.

* To whom correspondence should be addressed.
** P resen t address: Physical Chem istry L aboratory , U niversity of A thens, Athens, 

Greece.
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In the present paper, using D .R .S ., we a ttem p t to  investigate the v a lid ­
ity  o f  the above assum ption , b y  studying the in flu en ces o f  Cs+ and R b + on 
the kind o f  cobalt species form ed on y-Al20 3 surface. Moreover, a com parison  
o f th e  effects caused b y  all alkali cations helps a refinem ent to be made on  
the m echanism  by w hich  th ey  regulate the k ind o f  th e  active species.

Experimental

Preparation o f the specimens

R ubidium  and cesium  doped y-Al20 3 specimens, contain ing various am ounts of the 
alkali ions have been prepared  by  the standard pore filling im pregnation technique [1 — 5]. 
R b N 0 3 (F luka p .a .), C sN 03 (F luka p.a.) and alum ina pow der, obtained by grinding 
H oudry  Ho 415 alum ina o f specific area (Sbet) 160 m 2/g and pore volume 0.45 cm3 g -1, have 
been used. The calcination tem pera tu re , for most of th e  sam ples was 600 °C. A num ber of 
doped alum inas was also calcined a t  100, 200, 400 and  500 °C.

The doped y-Al20 3 sam ples were used as supports for the preparation of the cobalt 
contain ing samples. The deposition of cobalt species on the  doped supports was perform ed 
by  pore volume im pregnation  of the y-Al20 3 w ith aqueous solutions of C o(N 03)2 6H 20
(M erck p .a .), followed by drying a t 100 °C for 2 h and air calc ination  a t various tem peratures. 
In  all cases the quan tity  o f active phase corresponded to 2.8 g Co30 4 per 100 g of the im preg­
n a ted  support. Certain specim ens were prepared by co-im pregnation w ith aqueous C o(N 03)2/ 
alkali n itra te  solutions of y-Al20 3, as well as by inverse im pregnation  (first cobalt and then  
alkali). The preparation  m ethod  for a few samples synthesized w ith y-Al20 3 doped w ith Li + , 
N a + and K  + , has been repo rted  elsewhere [1—4].

Notation
The specimens prepared  by “ normal im pregnation” , i.e. f irs t alkali and then  cobalt, 

will be designated by th e  form ula M-X-Y-Co-Z, where M  =  alkali action, X  =  nom inal 
com position as mmol of th e  alkali ion per g of y-Al20 3, Y  =  calcination tem perature before 
cobalt im pregnation, and Z  =  calcination tem perature  a fte r cobalt im pregnation.

To symbolize the sam ples prepared by inverse im pregnation , we use the form ula 
Co-Z-M-X-Y, where the sym bols have the same m eaning as before. Finally, to denote samples 
p repared  by  co-im pregnation, we employ the formula M-(Co)-X-Y.

D iffuse reflectance spectroscopy
Electronic reflectance spectra  were recorded on a Cary 219 spectrophotom eter equipped 

w ith  a D .R.S. accessory in  th e  range 800 — 400 nm , a t  room  tem perature. In  all cases the 
corresponding support o f a  g iven sample was used as reference. Two quartz cells w ith  th ick ­
nesses higher than  0.1 cm, to  guaran tee  the determ ination of jR«, were used as holders.

The K u b e l k a — M u n k  function  a t infinite th ickness, F(Ra ,), was determ ined using 
the well known equation

m ~ )  = (1 -  

2 R a

Results

It is well estab lished  that the spectra recorded in  the region 800—400 nm  
for the cobalt contain ing specim ens exhib it generally , three characteristic  
reflections [2]: a tr ip let band at about 600 nm  attributed  to  the form ation  
o f th e  CoA120 4 phase, a shoulder at about 750 nm  and a broad band at 425 nm , 
w hich reflect the presence o f  the Co30 4 phase.
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The colour of all sam ples o f the M -X -У-Со-100, Co-100-М -Х -У  and 
M (Co)-X-100 series w ith  M = R b  or Cs, was similar to  the yellow -red colour 
o f aqueous solutions o f C o(N 03), • 6II20 .  M oreover, the spectra obta ined  with  
the above specim ens suggest the absence o f  anv detectable am ount o f  C o,0 . 
and CoA120 4.

The Co30 4 phase was predom inant in all sam ples o f the М -Х -У -С о-500, 
Co-500-М -Х -У  and M (Co)-X-500 series (M = R b  or Cs). The colour o f  these  
sam ples was black. The above is also valid  for the corresponding specim ens 
calcined at 600 °C. An additional increase o f  the calcination  tem perature  
prom otes the transform ation o f Co30 4 to  CoA120 4 inferred, b y  th e  appearance 
o f the characteristic trip let at 600 nm , together w ith  the change o f  th e  colour 
of the specim ens from black to  blue, and th e  decrease o f th e  m agnitude of 
the bands at 750 and 425 nm.

Table I sum m arizes the values o f  F (R X) determ ined at 750 nm. 
According to  the literature [3], and assum ing similar texture for the sam ples, 
these values are analogous to  the concentration  o f the Co30 4 phase; they  
thus can be used to  estim ate the ex ten t o f the Co30 4^=iC oA l20 4 so lid  state  
reaction . An inspection o f the values com piled in the Table in d ica tes  that

Table I

Values о / K u b e l k a  — M u n k  function obtained at 750 nm for the specimens prepared

Sample *■(«») Sample Sam ple

M-0.000-600-Co-.S00 1.75 м -о.ооо-боо-С о-боо 1.20 M-0.000-600-CO-650 0.40

Rb-0.392-600-Co-500 1.49 Rb-0.392-600-Co-600 0.93 Rb-0.392-600-Co-650 0.05
Rb-0.984-600-Co-500 0.87 Rb-0.984-600-Co-600 0.60 Rb-0.984-600-Co-650 0.01
Rb-2.470-600-Co-500 0.60 Rb-2.470-600-Co-500 0.45 Rb-2.470-600-Co-650 0.06

Cs-0.392-600-Co-500 1.49 Cs-0.392-600-Co-600 1.13 Cs-0.392-600-Co-650 0.10
Cs-0.984-600-Co-500 1.20 Cs-0.984-600-Co-600 0.82 Cs-0.984-600-Co-650 0.03
Cs-2.470-600-Co-500 1.38 Cs-2.470-600-Co-600 1.13 Cs-2.470-600-Co-650 0.20

Co-500-Rb-0.984-500 1.75 Co-600-Rb-0.984-600 1.20 Co-650-Rb-0.984-600 0.39
Co-500-Cs-0.984-500 1.74 Co-600-Cs-0.984-600 1.21 Co-650-Cs-0.984-600 0.39

Rb(Co)-0.984-500 1.80 Rb(Co)-0.984-600 1.26 Rb(Co)-0.984-600 0.48
Cs(Co)-0.984-500 1.82 Cs-(Co)-0.984-600 1.30 Cs(Co) -0.984-600 0.49

Rb-0.984-100-Co-600 1.79 Rb-0.984-300-Co-600 1.22 Rb-0.984-400-Co-600 0.41
Cs-0.984-100-Co-600 1.81 Cs-0.984-300-Co-600 1.23 Cs-0.984-400-Co-600 0.41

Rb-0.984-500-Co-600 0.61
Cs-0.984-500-Co-600 0.82
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the e x te n t  o f  the above solid  sta te  transform ation is a function  of the X ,  Y , Z  
v a lu es, as w ell as o f th e  preparation m ethod. T hus, the concentration o f th e  
Co30 4, in  all samples prepared b y  normal im pregnation w ith  Rb or Cs doped  
supports, is  lower than  th a t obtained in the sam ples prepared w ith  undoped  
y-A l20 3, provided th a t th e  com parison concerns sam ples w ith the sam e Z

Fig. 1. V alues of K u b e l k a —M u n k  function  determ ined a t 750 nm  for the M-0.984-600-Co-600
specimens

valu e; in  these sam ples, and for m ost of the cases, th e  m inim um  concentration  
is ob ta in ed  in  the specim ens w ith  X  =  0.984. P ractica lly , no effect is apparent 
w hen th e  inverse im pregnation is adopted as a preparation m ethod. In fact, 
the F ( R oa) values obtained for the sam ples prepared b y  th is m ethod are alm ost 
id en tica l w ith  those ob ta ined  for the specim ens prepared on undoped y-A l20 3 
havin g  th e  same Z values. An increase o f the Co30 4 concentrations, com pared  
to  th ose  obtained on undoped  samples w ith  th e  sam e Z  values, is observed  
in cases where the co-im pregnation m ethod is used  or where the normal im preg­
n ation  is em ployed, but th e  У  values are < 4 0 0 . Concerning the samples prepared  
by th e  norm al im pregnation, we can observe th a t th e  ex ten t o f transform ation  
o f Co30 4 to  CoA120 4 is higher in the samples con ta in in g  Rb than those conta in ­
ing Cs.

F igure 1 illustrates th e  F (R X?) values at 750 nm  obtained for the M -0.984- 
-6OO-C0 -6OO specim ens. T hese values indicate th a t am ong alkali cations, on ly  
L i+ decreases the in teractions betw een the active  phase and carrier; all others 
p rom ote  the form ation o f  CoA120 4. Such a prom otion is more pronounced in 
the sam p les doped w ith  sod ium  or potassium .
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D iscussion

From  the results obtained we can conclude that the assum ption  made 
concerning the influence o f  the size o f  alkali cations on the control o f  active  
phase-carrier in teractions m ust be correct. In fact, the behaviour o f  Rb + 
and Cs+ w as found to  be closer to  th a t o f  N a + rather than to  th a t exh ib ited  
b y  K + .

M oreover, the experim ental observations obtained here, togeth er  w ith  
those obtained in  previous works [1 — 5 ], allows general considerations to  
be m ade concerning the m echanism  w hereby the alkali cations regu late the 
kind o f  the a c tiv e  species. W e th ink  notv th a t we are in a position to  approach  
the principal points o f th is m echanism .

(i) The alkali cations regulate the local surface pH o f  y-A l20 3. Thus, 
th ey  increase the exten t o f the C o (N 0 3)2 hydrolysis during the second im preg­
nation [2, 6 , 7].

(ii) D uring the first and/or second im pregnation the alkali ca tion s hydro­
lyze  to  a small ex ten t the y-Al20 3 surface, and thus they  prom ote the form ation  
o f surface A120 4~ species [2].

(iii) Species of the alkali cation s serve as centers of nucleation  o f  Co2 + 
agglom erates during the second im pregnation. These agglom erates are trans­
form ed to  Co30 4 aggregates at higher tem peratures.

The function of m echanism s (i) and (ii) causes an increase o f  the in ter­
actions betw een cobalt species and y-A l20 3 w hich results in th e  form ation  of 
CoA120 3. On the contrary, the function  o f m echanism  (iii) favours th e  form ation  
o f Co30 4 aggregates.

The experim ental results obtained for all the alkali cations dem onstrate  
th at m echanism s (i) and (ii) prevail in the case o f  samples doped w ith  sodium , 
potassium , rubidium  and cesium , w hile m echanism  (iii) is predom inant in the 
sam ples containing lithium  cations. Furtherm ore, the experim ental results 
dem onstrate th a t m echanism s (i) and (ii) are generally predom inant in  the 
sam ples containing medium  am ounts o f  alkali cations. A t ex trem ely  high 
alkali contents, m echanism  (iii) becom es qu ite im portant.

Further, we m ust point out th a t the fraction o f participation  o f  m echa­
nism s (i), (ii) and (iii) in the w hole control process is strongly dependent on 
the details o f  the preparation m ethod. T hus, the co-im pregnation o f  y-A l20 3 
w ith  aqueous alkali n itrate and cobalt n itrate solutions favours m echanism
(iii) [8 ]. The sam e is true when norm al im pregnation is follow ed, b u t th e  calci­
nation  tem perature before cobalt deposition  is lower than 400 °C. T h is suggests  
th at effects (i) and (ii) com m ence to  appear after a particular tem perature, at 
w hich a suitable alkali species starts to  form  [4, 8 ].
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F inally, it m ust be noted  that in specim ens prepared by inverse im pregna­
tion  n o  alkali effect w as detected . This suggests a quite high stab ility  for the  
cobalt species form ed during the first calcination .
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The regioselective reduction of irons- (1) and  cis-hexahydrorutecarpine (2) give 
various reduced products: Irans- (3) and eis-octahydrorutecarpine (4), trans- (7) and 
cis-hexahydrorutecarpene (8), trans- (9) an d  cis-hexahydrorutecarpene-21-ol (10), 
fu rther, trans- (5) and eis-hexahydrorutecarpane (6). D ehydration of th e  ene-ols 9 and 
10 yielded the dienederivative 11. The s tru c tu res  of th e  compounds have been verified 
by  UV, IR  41-N M R, 13C-NMR, and MS investigations.

In continuation  o f our earlier work [1, 2 ], we studied the reduction  of 
trans- (1) and cis-hexahydrorutecarpine (2) hydrogenated in ring E . In these  
rutecarpine derivatives diminished conjugation  makes possible th e  regio­
selective reduction o f the functional groups.

trans-H exahydrorutecarpine (1) and cis-hexahydrorutecarpine (2) were 
reduced w ith  sodium  borohydride in m ethanol, or in the presence o f  Adam s 
cata lyst in ethanol. R eduction  of the C = N  double bond occurred to  give 
trans- (3) and cis-octahydrorutecarpine (4). In  th e  course o f the w ork-up of 
the reaction m ixture, unchanged starting m aterial was removed by preparative  
thin-layer chrom atography Kieselgel 60 H F 2S4+3ee layer; developing solvent  
m ixture: benzene — acetone 4 : 1 .  The reduced product was crystallized  from  
alcohol. The UY spectra o f  3 an 4 afforded d irect evidence to  show  th a t the 
reduction had occurred. Owing to  the C = N  double bond, the m axim um  charac­
teristic o f indole 280, 288, 296 nm is observed . In  the IR  spectra the C = 0  
stretching vibration o f the lactam  is found at 1630 cm -1 . The considerable 
chem ical shift <5 ppm  5.63 and 5.55 o f II — C(3) in the 1II-NM R is ev id en ce for 
the so-called d ihydrolactam  structure. The extraordinarily in ten sive signals 
o f the M -1 fragm ents in the mass spectra a lso  confirm  the presence o f  H-C(3) 
hydrogen (Fig. 1).

W hen trans-  (1) and cis-hexahydrorutecarpine (2) were reduced w ith  
lith ium  alum inium  hydride in ether, sim u ltan eou s reduction o f  th e  C = 0

* P a rt IX : P á l , Z., H orvá th -D óra, K . ,T 6 t h  G., Cl a u d e r , O., T amás, J .:  A cta  Chim. 
Acad. Sei. H ung., 102, 127 (1979).

** To w hom correspondence should be addressed.
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and C = N  double bonds occurred to  give th e  hexahydrorutecarpanes 5 and  6. 
These com pounds differ from  the yohim bane sk eleton  [3] in that th e y  contain  
an N H  group instead o f  the m ethylene group at C(14). These so called  azayo- 
h im b an es w ill be discussed in a forthcom ing com m unication (Fig. 2).

W hen  in the reduction process ju st m entioned  a smaller am ount of 
lith iu m  alum inium  hydride w as used tw o- or threefold excess trans- (7) and 
cis-hexahydrorutecarpene (8) form ed as by-products as a result o f  th e  reduc­
tion  o f  th e  C = 0  group. A dequately  pure sam ples o f  these com pounds were 
prepared b y  means of fractional crystallization  or preparative chrom atography.
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The UV spectra o f  7 and 8 have m axim a at 315 mn, due to  the presence of 
the C = N  double bond. The stretching vibration  of the C = N  double bond 
appears in the IR  spectrum  at 1630 cm -1  (F ig . 3).

N ext we investigated  the lith ium  alum inium  hydride reduction of  
t r a n s -  (1) and cis-hexahydrorutecarpine (2), in dry ether and in  dry tetra- 
hydrofuran, at various tem peratures. W ork-up o f the reaction m ixtures and 
subsequent study o f the products revealed th at reductions effected  a t 0 °C 
caused conversion o f the lactam  C = 0  group into  an alcohol; th e  products 
thus obtained were t r a n s -  (9) and cis-hexahydrorutecarpene-21-ol (10) (F ig. 4).

Compounds 9 and 10 have characteristic “ ene” UV spectra, w ith  a 
m axim um  at 315 nm . N o lactam  C = 0  is found in their IR  spectra; the j>C=N 
vibration  o f 9 appears at 1615 cm -1 , th at o f  10 at 1630 cm -1 . M olecular w eights  
are, according to  m ass spectrom etry, 295, as expected . The principal fragm ent 
o f each o f these tw o  com pounds can be derived from the m olecular ion by  
loss o f OH. The loss o f  w ater, at least in  part, is due to  therm al effects. The 
fragm ent of m/e 238 (M -57) is a consequence o f  cleavage o f  ring E; th e  deviation  
in in ten sity  is in agreem ent w ith  the c i s - t r a n s  isom erism  [1].

The chem ical sh ift o f  H — C (21) in the XH-NM R spectra is 4 .63  and 4.54  
respectively . The sm all coupling 1.5 and 2 Hz w ith  the H —C(20) proton is 
evidence for the g a u c h e  position o f the H -21 and H-20 protons and for the nearly  
90° dihedral angle m ade b y  them . Since H —C(20) has a x i a l  position  in t r a n s -  

hexahydrorutecarpine (1), this coupling is possible only w hen H — C(20) 
is in equatorial position . It follow s thereform  that H 0-C (21) in  9 m ust be 
a x i a l .  E ither an a x i a l  or an e q u a t o r i a l  H — C(21) in the c i s  com pound 10 m ay  
appear as a sligh tly  sp lit doublet in the 1H -N M R  spectrum , because H —C(20) 
is here e q u a t o r i a l .  Therefore, the steric position  o f H O —C(21) in 10 cannot 
be determ ined on the basis o f 2H -NM R spectra.

In the 13C-NMR spectra, the signal o f  C(21) is found at 80 .5  and 82.2 
respectively; th is is in  agreem ent w ith  th e  structure where n itrogen and an 
oxygen  are connected  to  th is carbon atom . The doublet m u ltip lic ity  found in
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the off-resonance spectrum  su ggests the presence o f  one hydrogen d irectly  
attach ed . T he axial position o f  th e  HO — C(21) group also in cis-hexahydro- 
rutecarpenol (10) follows then  from  th e interpretation  o f the 13C-NMR spectra  
of th ese  en e-o ls, based on the fo llow in g  argum ents. Introduction o f the axial  
OH group in to  traus-hexahydrorutecarpen-21a-ol (9), whose structure is 
d oubtless, brings about a decrease o f  some 6 ppm  in the chem ical sh ift o f  
C(15) as com pared w ith the case o f  Imres-hexahydrorutecarpene (7), th is being  
a con seq u en ce o f  the well know n y-gauche  steric in teraction  [4]. The d im inution, 
by 5 p p m , o f  the chem ical sh ift o f  th e  corresponding C(15) signal in the cis- 
ene-ol (10) is  also considerable; th is proves th a t a lso  here the OH group is  in  
axial p o s itio n . A  further argum ent is th at the decrease o f the chem ical sh ift 
of C(19) is 2 ppm  as com pared w ith  the case o f  th e  corresponding hexahydro- 
rutecarpene (8), which can be explained here b y  the y-anti effect. For an
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equatorial OH group a decrease by to  6 ppm  should here been ob served  because 
o f  the y-gauche interaction o f OH and C(19) (Fig. 5).

'H -NM R studies o f  the reduction  m ixture have also show n th at the 
reduction of the lactam  C = 0  bond occurs w ith a very high degree o f  stereo­
selectiv ity : com pound 1 and 2 are reduced exclusively to  9 and 10 , respec­
tiv e ly . Thus hydrogen attacks from the upper side of the m olecule in  b o th  cases. 
The other tw o  possible C(21) epim ers could  not be detected w ith in  the range 
o f  the NM R spectroscope.

The structures o f  the ene-ols have also been substantiated  b y  chemical 
reactions. The reaction o f 9 and 10 w ith  acetic acid anhydride resulted in 
dehydratation  HO — C(21) from and H — C(20); the ch irality  o f  th e  centre 
C(20) has thus been destroyed to  g ive the same (us-dehydroderivative (11) 
from  both  com pounds. B y  antiperiplanar E 2 elim ination th e  trans-ene-ol 9 
is converted  in to  11 in 5 m inutes at 140 °C; the cis-ene-ol 10 is converted  into 
11 in 20 m inutes at 140 °C, supposedly  b y  the thermal elim in ation  of the 
acetic acid ester form ed prim arily.

The new  C = C  bond appeared as a new  maxim um  at 303 nm  in  the UV 
spectrum  o f 11. In the IR  spectra r C = N  and rC =C  are found  at 1705 and 
1620 c m -1 , = C H  is at 3050 c m -1 , and the N H  vibration o f  th e  indole at 
3280 cm -1 . The C(21) olefinic proton can be identified as a s in gu let at 5.65 
in the JH -NM R spectrum . The m ass spectral data give the ex p ected  molecular 
w eight; also the fragm ents can be deduced from the suggested stru ctu re , mainly 
by losses o f H  or H 2.

R eduction  experim ents w ith  the diene 11 have shown th a t hydrogenation  
in the presence o f Adam s cata lyst or palladium -on-carbon, fir st  results in 
the saturation o f the C = C  double bond. Hydrogen approaches the €(20) 
carbon atom from the sterically more accessible side and frans-hexahydro- 
rutecarpene (7) is formed (F ig. 6).

Experim ental

M.p.’s were determine! w ith a Boetius M. micro melting point a p p a ra tu s . UV spectra 
were recorded w ith a UNICAM SP 8 —100 in s trum en t; for IR  spectra a U NICAM  SP 1200 
spectophotom eter was used. 1H-NM R spectra  were recorded w ith a JE O L  JN M  PS-100 
(100 MHz), the 13C-NMR spectra w ith a JE O L  JN M  FX-100 (100 M Hz) in s trum en t. TMS 
was used as an in ternal standard ; chemical shifts are given in 6 ppm. An A E I-902 type  instru­
m ent was used for recording the mass spectra  (70 eV).

lrans-3,14,15,16,17,18,19,20-Octahydrorulecarpine (3)

(a) irans-H exahydrorutecarpine (1) (0.10 g) dissolved in a m ixture of m ethano l (10 mL) 
and chloroform (5 mL) and cooled to  0 °C was mixed, with stirring, w ith  N aB H 4 (0.10 g) 
added in small portions. S tirring was continued a t  room tem perature for 1 h , th en  the solvent 
was evaporated under reduced pressure on a w ater bath . The residue w as d ilu ted  w ith water 
(10 m L) and extracted  w ith one 30 m L, and  tw o 20 m l. portions of chloroform . A fter drying,
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and  evapora tion  a white solid residue  was obtained. A ccording to  chrom atography and  UV 
sp ec tra  th is product contained ab o u t 50%  of compound 1. P u rifica tio n  by means of p reparative 
layer chrom atography on K ieselgel P F 254+366 with a 4 : 1 m ix tu re  of benzene and acetone 
afforded a fraction of R f 0.73, w hich w as eluted with anhydrous ethanol. F iltration, evaporation  
and crystallization  from ethano l gave 42 mg (41%) of th e  p ro d u c t, m.p. 265 — 267 °C.

CjgHajONa (295). Calcd. C 73.23; H  7.12; N 14.24. F o u n d  C 73.17; H 7.09; N 14.22%.
UV (E tO H ) [A m ax (log e)]: 225 (4.56), 280 (3.93), 288 (3.94), 292 (3.88).
I R  (K B r): 3330 (rN H ), 1630 ( rC = 0 ) ,  775, 740 c m - 1 (yCH).
‘H -N M R  (CDC13):* H-C(3) 5.62 (s, 1H); He-C(5) 5.08 (m , 1H ), H -N  (indole) 8.30 (s, 1H).
MS (m/e): 295 (M +, 60) 294 (100), 293 (30), 264 (9), 250 (22), 238 (8), 191 (10), 185 

(10), 170 (10), 169 (35).
(b) Adams catalyst (2 m g) w as pre-hydrogenated in  alcohol (5 mL), then com pound 

1 (20 m g; 0.66 mmole) dissolved in  alcoho L) was added . H ydrogenation was continued
for 2 h  a t  room  tem peratu re , th e n  th e  catalyst was rem oved  by  filtra tion  and the filtra te  
evapo ra ted . The white, crystalline residue was purified by ch rom atography  as described above 
under (a), to  obtain 9 mg (45% ) o f th e  product.

cis-3,14,15,16,17,18,19,20-0ctahy«lrorutecarpine (4)

(a) Compound 2 (0.10 g; 0.34 mmole) was reduced w ith  N aB H 4 in a m ixture of m ethanol 
10 m L ) and chloroform (5 m L ), as described for com pound 3. Chromatography and UV

spectroscopy  showed th a t th e  c rude  p roduct contained ab o u t 25%  of the unchanged starting  
m ateria l 2. Purification was effected  by  chrom atography on a  p repara tive  layer of Kieselgel 
60 H F 264 + 36t w ith a 1 : 1 m ix tu re  o f benzene and acetone as th e  e lu an t. The fraction a t R f =  0.50 
was recovered and crystallized fro m  methanol (70 mg; 70% ), m .p . 277 —229 °C.

C18H 21ON3 (295). Calcd. C 73.23; H 7.12; N 14.24. F o u n d  C 73.21; H 7.14; N 14.20% . 
UV (E tO H ) [A m ax (log e)]: 225 (4.50), 272 (3.87), 280 (3.88), 292 (3.76).
IR  (K B r): 3395, 3320 (vN H ), 1635 (vC = 0), 760, 740 c m “ 1 (yCH); CHC13: 3465, 3320 

(rN H ), 1635 cm -1 ( rC = 0 ) .
‘H -NM R (CDClj): H-C(3) 5.55 (s, III); H,-C(5) 5.06 (m , 1H ); H 0-C(5) 2.97 (1H); Hf-C(15) 

3.39 (q , 1H), H a-C(20) 2.50 (1H ).
MS: M* =  295.
(b) Compound 2 (20 m g; 0.66 mmole) was reduced in  th e  presence of Adams ca ta ly s t 

(2 mg) as described for com pound 3. The yield was 11 mg (55% ).

trans- 15,16,17,18,19,20-H exahydrorutecarpene (7)

/rans-H exahydroru tecarp ine (1) (1.16 g; 4 mmoles) w as dissolved in  abs. ether (50 m L) 
which h a d  been distilled off from  L iA lH 4. To this solution, w ith  stirring and cooling in  cold 
w ater, L iA lH j (0.45 mg; 12 m m oles) was added. The reaction  m ix tu re  was refluxed for 10 h. 
A fter cooling and with fu rth er cooling, the mixture was decom posed by the addition of w ater 
(5 m L). T he ether was decanted from  th e  precipitate which w as th en  washed several times w ith 
e th e r. T he combined ether so lu tions were dried. E vaporation  to  dryness under reduced p res­
sure gave 1.10 g of an off-white crysta lline  residue which con ta ined  abou t 30% of 7.

(а) Purification was effected on a preparative layer of K ieselgel P F 254 + 366 with a 3.5 : 1.5 
m ix tu re  of benzene and m ethanol. Compound was found 7 in  th e  fraction of R* 0.47. Yield 
0.25 g (22% ); m.p. after crysta lliza tion  from methanol was 224 — 226 °C.

(б) The residue was dissolved in  warm methanol (10 m L ) and  the solution was allowed 
to cool. The crystals which sep a ra ted  were removed from tim e to  tim e, by filtration to ob ta in  
the follow ing fractions: I: 0.50 g of com pound 5: II: 0.20 g, a m ix tu re  of compounds 5 and  7; 
I I I :  0.15 g (12% ) of 7.

C18H 21N3 (279). Calcd. C 77.43; H 7.53; N 15.05. F ou n d  C 77.35; H  7.40; N 15.02%.
UV (EtOH)[A max (log ?)]: 239 (4.241, 311 (4.26).
IR  (K B r): 3 2 5 0 -2400  (rN H , cyclic dinur), 1615 (i>C =  N ), 775, 740 (yCH); CHC13: 

3460, 3280 (vNH), 1615 c m - 1 (vC =  N).
'H -N M R  (CDC13): H-C(20) 2.25 (m, 1H); H2-C(5), H 2-C(6), H a-C(21) 2 .9 2 -3 .2 4  (m , 

5H ); H-C(15), He-C(21) 3 .2 4 -3 .7 4  (2H ).

* A detailed analysis of th e  lH -N M R  and 13C-NMR sp ec tra  will be published in a fo rth ­
com ing paper.
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MS (m/e): 279 (M + 100), 278 (50). 264 (8). 237 (12), 236 (50), 222 (36), 210 (12), 169
(10), 155 (10).

7. HC1, m .p. 2 4 0 -2 4 2  °C.

cis -15,16,17,18,19,20- Hexahydrorutecarpene (8)

Compound 2 (1.16 g; 4 mmoles) was reduced w ith LiA lH 4 in th e  same w ay as described 
for compound 7. The crude product was purified by m eans of p reparative chrom atography on 
Kieselgel PF251+36f> w ith  a 100 : 14 m ixture of chloroform  and m ethanol. The fraction of R j 
0.60 was eluted, evapora ted  and crystallized from  m ethanol to  ob tain  0.23 g (20% ) of 8 as 
white crystals m .p. 234 — 236 °C.

C18H2IN3 (279). Calcd. C 77.43; H  7.53; N  15.05. Found C 77.30; H  7.38; N 15.10%
UV (E tO H ) [A m ax  (log e)]: 239 (4.33), 311 (4.36).
IR  (K B r): 3 2 5 0 -2 4 0 0  (vNH, cyclic dim er), 1615 (rC = N ), 745, 735 (yCH); CHC13; 

3450, 3280 (tN H ), 1615 cm “ 1 (j-C=N).
*H-NMR (CDC13): H-C(20) 2.16 (m, 1H); H 2-C(6), H a-C(21) 3.04 (m, 3H).
MS (m/e): 279 (M+  100), 278 (50), 264 (10), 250 (10), 237 (15), 236 (55), 222 (44), 210 

(15), 169 (20), 168 (11), 155 (14).
8. HC1 m.p. 285 — 287 °C.

t rans-15,16,17,18,19,20- Hexahydrorutecarpen-21a-ol (9)

Irans-H exahydrorutecarpine (1) (0.60 g; 2 mmoles) dissolved in  abs. T H F  (100 m b) 
was cooled to 0 °C and LiAlH4 (0.20 g; 10 mmoles) was added to the stirred  solution. Stirring 
a t  0 °C was continued for 1 h , then decomposition w ith  w ater (2 mL) followed. To the resulting 
m ixture a 4 M  solution of N aOH  (10 mL) and chloroform  (50 mL) were added. A fter separation 
of the phases, the aqueous p a rt was shaken w ith  t^ o  30 ml portions of chloroform. The organic 
phases were com bined and evaporated. The residue was dissolved in  dichlorom ethane (20 mL), 
this solution was d ried  and  evaporated to dryness. A white solid was obtained  which was crystal­
lized from  m ethanol to  yield 0.52 g (86% ) of snow-white crystals, m .p. 264 — 265 °C.

C18H21ON3 (295). Calcd. C 73.23; H 7.12; N 14.23. Found C 73.18; H  7.05; N 14.20%.
UV (EtOH)[A m ax  (log e)]: 234 (4.17), 240 (4.22), 310 (4.25).
IR  (K B r): 3300 (rO H , NH), 1615 (vC = N ), 745, 735 (yCH); (CHC13): 3580, 3290 (rOH ), 

3470 (rN H ), 1630 c m - 1 (vC = N ). I-“’
4I-N M R  (CDC13 +  CD3OD): H -C (2 0 ) 2.34 (m, 1H); H2-C(6) 3.05 (m, 2H); H-C(21) 

4.64 (d, 1H), W x =  3.6 H z, H-Ar 6 .9 8 -7 .5 8  (m, 4H).
MS (m/e): 295 (M + 100), 294 (11), 279 (10), 278 (38), 277 (14), 276 (13), 248 (19), 185 

(13), 169 (9).

eis-15,16,17,18,19,20-Hexaliydrorutecarpen-21a-ol (10)

Compound 2 (0.60 g; 2 mmoles) in abs. T H F  (100 mL) was reduced w ith LiAlH4 (0.20 g; 
10 mmoles) in th e  sam e was as described for the preparation  of 9. The p roduct was crystallized 
from  a 1 : 1.5 m ix tu re  of m ethanol and chloroform  to ob tain  0.54 g (90% ) of snow-white 
crystals, m.p. 208 — 209 °C.

C18H21ON3 (295). Calcd. C 73.23; H 7.12; N 14.23. Found  C 73.20; H  7.08; N 14.21%
UV (E tO H ) [A m ax (log e)]: 230 (4.27), 240 (4.31), 315 (4.30).
IR  (K B r): 3420 (rO H  mon.), 3 3 0 0 -3100  (vOH, N H  asym .), 1630 (rC  =  N), 7 2 6 -7 3 5  

(yCH); (CHC13) 3570 (rO H  mon.), 3450 (rN H ), 3300 (rO H  asym .), 1630 c m - 1 (j>C =  N).
‘H-NM R (CDC13 +  CD3OD): H-C(20) 2.12 (m, 1H); H 2-C(6) 3.04 (2H ); H-C(15) 3.48 

(m, 1H); H2-C(5) 3.86 (m , 2H ); H-C(21) 4.52 (d, 1H); 3J  =  2.0 Hz, H -A r 6.98 -7 .6 0  (m, 4H)...
MS (m/e): 295 (M  + 100), 294 (18), 278 (35), 277 (16), 276 (15), 248 (19) , 238 (9), 185 (9) 

169 (11).

15a,16,17,18,19,20- Hexahydrorutecarpadiene-3(14),20 (11)

(a) irares-H exahydrorutecarpenol (9) (300 mg; 1 mmole) was m ixed w ith freshly distilled 
acetic acid anhydride (15 mL) and the m ixture was stirred  in a paraffin  b a th  a t 140 °C for 
5 m in. Abs. e thanol (30 mL) was added, then  evaporation  under reduced pressure followed. 
The residue was m ixed w ith w ater (10 mL) and chloroform  (30 mL), cooled in ice-water and 
m ade alkaline w ith cone. N H 4OH. E xtrac tion  w ith two 20 m L portions of chloroform gave a
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com bined solution which, after d ry ing , was evaporated. The residue was crystallized from 
m ethanol to  ob ta in  250 mg (90% ) of 11 , m .p . 237 — 239 °C (d.).

C18H 19N 3 (277). Calcd. C 77.99; H  6.86; N 15.16. Found C 77.88 H 6.80 N 15.14%.
UY (E tO H ) [A m ax (log e)]: 225 (4.24), 235 (4.24), 243 (4.23), 302 (4.30), 312 (4.30).
IR  (K B r): 3280 (t>NH indole), 1705 (rC  =  C), 1625 (rC =  N ), 742, 730 c m " 1 (yCH).
'H -N M R  (CDC13): H-C(15) 4.36 (m , 1H); H-C(21) 5.65 (s, 1H); H 2-C(5) 3.57 (t, 1H): 

H2-C(6) 3.05 (t , 2H).
MS (m/e): 277 (M+ 78), 276 (96), 275 (27), 274 (33), 273 (12), 272 (15), 249 (35), 248 

(100), 234 (14).
(6) T he cis-ene-ol (10) (300 m g; 1 m m ole) was trea ted  in  the same w ay as th e  tran s com­

pound 9 (a). D ehydratation  was effected a t  140 °C for 20 m in to  ob tain  220 mg (80% ) of 11, 
m.p. 237—239 °C (d.).

R eduction of the diene 11

A dam s cata lyst (5 mg) was p rehydrogenated  in  96% alcohol (3 m L), and  a solution 
of the diene 11 (54 mg; 0.2 mmole) in  96%  alcohol was added. H ydrogenation was carried out 
a t  room  tem p era tu re  for 3 h, then  th e  ca ta ly s t was rem oved b y  filtra tion . The filtra te  crystal­
lized to  y ield  40 mg (71%) of a  p ro d u c t, m .p . 234—236 °C, w hich was identified by  chrom atog­
rap h y  a n d  spectroscopy as (rans-hexahydrorutecarpene (7).
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A ddition of fluorine — generated in  situ  from Pb(OAc)4 and H F  — to 5,6- 
unsatu ra ted  steroids afforded in the case of the 3(?-acetoxy derivative 6 the  5a,6a-difluoro 
derivative ( 7 )  and 5,5-difluoro-A-/>omo-B-nor-steroid ( 8 )  in a ra tio  of 1 : 3, whereas 
when starting  from  3/1-fluoro derivatives ( 1 7 ,  1 9 )  only the la t te r  type  rearranged 
products were obtained. In  the case of 3/l-fluoropregna-5,6-dien-20-one ( 2 1 )  besides 
3/3,5,5-trifluoro-A-/iomo-B-nor-steroid ( 2 2 )  3(М1иого-5Д-m ethyl- 19-nor-pregna-8,14,16- 
trien-20-one ( 2 8 )  could be isolated as a by-product. A m echanism  for th is reaction is 
proposed. The structures of all fluorinatcd  steroids were proved by  their 'H - and 
13C-NMR spectra.

The in teresting biological properties o f  fluorinated steroids [1] prompted 
us to  continue our research in th is field  [2, 3], aim ing at the synthesis o f the 
hitherto  unknown 3,5,6-trifluoro derivatives. Starting from 3-acetoxy- or
3-hydroxy-5,6-unsaturated  steroids 1, theoretically  tw o routes are possible: 
first th e  double bond can be saturated w ith  fluorine to  obtain  2 , follow ed by 
introduction o f the fluorine to  C-3, which, according to  the m echanism  o f this 
process, leads to  inversion o f configuration at th is centre (3) [4]; or a reverse 
order o f  the reactions (1 — 4 — 5) can be applied, w hich in the case o f  the

• For P a rt II , see Ref. [3].
** To whom correspondence should be addressed.
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sam e startin g  material shou ld  lead to  a diastereom eric trifluoride (5) [2] 
h a v in g  th e  fluorine at C-3 in  th e  opposite configuration com pared to  3.

T h e addition o f fluorine to  th e  double bond o f  unsaturated steroids by  
u sin g  lead (IY ) diacetate d ifluoride as a source o f  fluorine was studied first 
b y  B o w e r s  et al. [5, 6] in th e  early  sixties. The fluorinating  reagent was gener­
ated  in  situ  from lead te tra a ceta te  and hydrogen fluoride as described by  
D im r o t h  and B o c k e m ü l l e r  [7] in  1931, who at th a t tim e presumed th at  
lead  tetrafluoride was the agen t responsible for saturating  the double bond  
o f  o le fin s . The real nature o f  th is  reagent was proved on ly  in 1968 b y  B o r n - 
s t e in  and S karlos [8] — after w h om  it was nam ed “ B o r n s t e in ’s reagent”  — 
and th e  m echanism  o f the rea ctio n  w ith olefins w as established b y  T a n n e r  
and B o s t e l e n  [9] in 1972.

T h e application o f B o r n s t e in ’s reagent to  pregnenolone acetate (6) 
y ie ld ed  -— depending on th e  reaction  tem perature — either the expected  5,6- 
diflu orid e  7 in a low y ield  besides unchanged starting m aterial, or, under more 
forcing  conditions, an isom eric difluoride was obtained, the structure of w hich  
w as n o t  elucidated [5, 6 ]. Several years later th is reaction  was reinvestigated  
b y  L e v is a l l e s  et a l . ,  w ho published  their results in  a series o f papers [10 —12]. 
B a sed  so le ly  on 19F-N M R  d ata  th ey  suggested for the isom eric difluoride a 
rearranged A-homo-H-nor sk eleton  8 containing tw o  gem inal fluorine atom s 
at C -5*. T hey also proposed a reaction m echanism , w hich seem s to  be gener­
a lly  v a lid  for the reaction o f  unsaturated steroids w ith  lead(IV ) diacetate  
d iflu o r id e .

A s for our further stu d ies b oth  isomers, 7 and 8, were potential starting  
m ateria ls , we repeated the experim ent o f B o w e r s  [6] using pregnenolone 
a c e ta te  (6) as the starting com pound. W hen the recation  was carried out at 
— 75 °C , the vicinal (7) and gem inal difluoride (8) were form ed sim ultaneously  
in  a ra tio  o f  1 : 3, in agreem ent w ith  the published data [12]. As the structures 
o f  all com pounds had been suggested  only on the basis o f their 19F-NM R  
sp ectra , it  seemed to  be w orthw hile  to  record their 1FI- and 13C-NMR spectra, 
to  o b ta in  additional in form ation  about the structure. For th is reason both  
isom ers, 7 and 8, were d ea cety la ted  to  yield  9 and 10, respectively , and sub­
seq u en tly  oxidized by C r0 3 [14] to  the 3-oxo derivatives 11 and 12. It is 
in terestin g  to  note th a t th e  3-oxo-5,6-difluoride 11 is unstable in chloroform  
so lu tio n  and is com pletely converted  after tw o days at 40 °C, v i a  elim ination

* According to the IU PA C  nom enclature [13] the num bering of A-/iomo-B-nor-steroids 
should be as depicted below, b u t for a b e tte r com parability of the NMR data  we retained  the 
orig inal numbering of the carbon  atom s for the rearranged skeleton.
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o f hydrogen fluoride, in to  the more stable 4 ,5-unsaturated  derivative 13, as 
proved by NMR (see Tables I and II).

According to  our original aim, the 3-hydroxy-5,5-difluoride 10 was 
treated  w ith 2-ch loro-l,l,2 -trifluorotriethylam ine (F A R  [2]) for converting  
it  in to  the trifluoride 14. This com pound was form ed, how ever, onlv as a minor 
com ponent, as m ainly elim ination  o f water took  place, leading to  an un­
saturated com pound, the structure o f which could be either 15 or 16. According 
to  l:!C-NMR, structure 16 could be ruled out, as from  am ong the tw o olefinic
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Table I

1H -N M R  data* o f fluorina ted  steroids 7—13, 15, 18, 20, 22 and 28

Com­
pound Me-18 Me-19 Me-21 H-3 ,3 +  *̂3,4 

+  J h 3—F5 Other signals

7 0.61 0.98 2.12 4.98m 35 2.02 AcO; 4.43 H-6 (dddd; J e_7 =  10; 
d e ,7. =  7; Jn e-F e  =  49; J H6_F5= 26)

8 0.62 0.98 2.12 4.93m 30 2.01 AcO
9 b 0.60 0.97 2.13 3.80m 30 4.47 H-6 (dddd; J 6j7 =  9; J 6,7, =  6; 

dH6-F6 =* 52; JH e-Fs =  26)
1 0 0.61 0.96 2.12 3.86m 30 —
1 1 0.63 1.18 2.12 — — 4.60 H-6 (dddd; J h g .7 =  Ю ; Ju e ,r  ~  ^5 

-ble-Fe =  47; J H e - F 5  =  2 6 )
1 2 0.64 1.05 2.12 — — —
1 3 0.68 1.19 2.12 — — 6.08 H-4 (d; J 4>e =  2) 5.10 H-6 (dddd; 

J e ,7 =  1 2 ;  J g  7/ =  6; «>H6-F6 =  48)
1 5 0.62 0.95 2.12 4.50mc _c 5.4 H-2 mc
1 8 0.61 0.98 2.10 4.62m 30 dH3-F3 =  46
2 0 0.88 1.00 — 4.59m 25 dH3-F3 =  45
2 2 0.88 1.00 2.24 4.62m 30 6.67 H-16 (t; J igle =  J i y tiQ — 3) 

J H3-F 3 =  45
28 1.11 1.0Ы' 2.31 4.83dp 15 6.05 H-15 7.21 H-16 (d; . /15Д6 =  2.9)

“ ő-scale, CDC13 solution; coupling constants are given in Hz; b CDC13 +  DMSO-d6 solu­
tion ; 0 overlapping multiplets . 1 ' ^70 H z; e ß-Me a t C-5, J^ e -F  1-

carbon atom s (127.7 and 122.3  ppm ) only the latter one show ed tw o long- 
range couplings (dd) w ith  th e  fluorine atom s at C-5, w hile th e  other, being at 
a fou r-a tom  distance, gave n o  m easurable coupling. This is in  good agreement 
w ith  our previous results [3] according to  which the treatm en t o f  3-hydroxy- 
5 ,6 -d ih a logen  compounds w ith  F A R  results in 2 ,3-unsaturated derivatives, 
co n ta in in g  the double bond sep arated  by a m ethylene group from  the halogen- 
co n ta in in g  carbon atom.
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T a b le  II

l3C -N M R dataa o f fluorinated steroids 7 —13, 15, 18, 20, 22 and 28

^^Com pound 
Carbo n \  7 
atom

8 9b 10 11 12 13 15 18 20 22 28

l 3 1 .2 3 2 .6  d 3 0 .1 ' 3 2 .6 ° 3 3 .7 ° ( 3 9 . 6 ) ' . ' 3 3 .8 3 1 .3 d * 3 1 .4 d ° 3 0 .8 d c 3 2 .6  d d 3 0 .3
2 2 6 .3 2 8 .8 3 1 .5 3 2 .6 3 8 .5 ( 3 1 .6 ) ' 3 2 .5 1 2 7 .7 2 9 .6 d 2 9 .5  d 3 1 . I d 3 2 .3 d
3 6 9 .6 d 7 0 .0 d ' 6 5 .4 5 d 6 7 .9  d° 2 0 6 . 8 2 0 3 .7 d d 1 9 8 .5 1 2 2 .3  d d 8 8 .9 5 d d d 8 8 .9  d d d 8 9 .0 d d d 8 9 .5  d
4 3 1 .5 d d 4 2 .9  dd 3 5 .O dd 4 6 .3 d d 4 3 .0  dd 5 2 .9  i 1 1 9 .7 d 38 .6 « 4 3 .8 ( d 4 3 .6  i d 4 3 .8 « d 4 4 .4 d
5 9 8 .7  dd 1 2 3 .6  dd 9 9 .2  d d 1 2 3 .9 1 1 0 0 - l d d 1 2 2 .6 d d 1 6 5 .8 d 1 2 5 .3 d d 1 2 3 .4 d d d 1 2 3 .1 d d d 1 2 3 .2  d d d 4 7 .9
6 9 0 .0  dd 56 .4« 9 0 .2 d d 5 6 .3 ( 8 9 .8 d d 5 5 .7 5 d d 8 8 . I d 5 6 .O dd 56 .3« 56 .1« 5 6 .3  d d 2 1 .8
7 3 9 .9  dd 3 0 .2 i 3 9 .7  d d 3 0 .4 d d 4 0 .3  dd 3 0 .7 5 d d 3 8 .5  d 36 .0 « 3 0 .3  d d 2 9 .4 d d 29 .7« 2 6 .2
8 3 3 .7 d ( 3 8 .6 ) e 3 3 .2  d ( 3 8 .5 ) ' 3 3 .5  d ( 3 8 .6 ) ' 3 3 .4 d 3 9 .2 ( 3 8 .5 ) ' 3 8 .3 3 4 .2 1 2 3 .9
9 4 5 .3 ° 5 8 .6 4 5 .2 ° 5 8 .6 4 5 .7 ' 5 7 .1 5 3 .5 5 6 .1 5 8 .6 5 8 .7 5 9 .2 1 3 8 .8

10 3 1 .8 d d 4 1 .6 d c 3 2 .3 d d 4 1 .8 d 3 2 .O dd 4 1 .9 d ' 3 9 .2  d 4 4 .2 d d 4 1 .8 d 4 1 .7 d 4 1 .8 d ' 3 2 .7
11 2 1 .2 2 1 .1 2 0 .8 2 1 .1 2 1 .1 2 0 .9 2 1 .0 2 1 .3 2 1 .0 2 0 .2 2 0 .9 1 9 .4
12 3 8 .7 ( 3 8 .7 ) ' 3 8 .6 ( 3 8 .8 ) ' 3 7 .0 ( 3 8 .7 ) ' 3 6 .4 3 8 .9 ( 3 8 .7 5 ) ' 3 1 .3 3 7 .0 3 7 .5
13 4 4 .2 4 5 .2 4 4 .0 4 5 .4 4 4 .1 4 5 .3 4 3 .9 4 5 .4 4 5 .3 4 8 .8 4 7 .6 5 0 .7
14 5 5 .7 5 6 .4 5 5 .7 5 6 .5 5 5 .7 5 6 .2 5 5 .6 5 6 .4 5 6 .5 5 1 .3 5 6 .3 1 5 1 .8
15 2 4 .3 2 3 .3 2 4 .1 2 3 .4 2 4 .4 2 3 .3 2 4 .4 2 3 .4 2 3 .4 2 2 .4 2 9 .9 1 1 7 .5
16 2 2 .9 2 4 .6 2 2 .7 2 4 .7 2 3 .0 2 4 .6 2 3 .0 2 4 .7 2 4 .6 3 5 .7 1 4 4 .0 1 4 2 .5
17 6 3 .5 6 2 .9 5 6 3 .3 6 3 .1 6 3 .4 6 2 .9 6 3 .5 6 3 .2 6 3 .0 2 1 9 .4 1 5 5 .2 1 6 6 .8
18 1 3 .4 1 3 .6 1 3 .3 1 3 .7 1 3 .4 1 3 .7 1 3 .3 1 3 .6 1 3 .6 1 4 .1 1 6 .2 2 0 .0
19 1 6 .1 d 2 5 .1 1 6 .0 d 2 5 .3 1 5 .9 2 5 .1 1 8 .1 2 5 .8 2 5 .2 2 5 .2 2 5 .2 —

2 0 2 0 9 .0 2 0 8 .8 2 0 8 .6 2 0 9 .5 2 0 8 .8 2 0 9 .2 2 0 8 .8 2 0 9 .3 2 0 8 .9 — 1 9 6 .2 1 9 2 .2
21

o th er
3 1 .4

1 7 0 .2 '
2 0 .9 8

3 1 .3
1 6 9 .6 '

2 1 .1 *

3 1 .2 3 1 .4 3 1 .4 3 1 .4 3 1 .4 3 1 .4 3 1 .3 2 7 .1 2 6 .5
1 7 .3 d h

* <5 scale, CDClj solution; b CDC13 -f- DMSO-d6 solution; “ line broadening; 'a rb i tra ry  assignment ’ CH3CO ; 8 CH3CO~; h 5/S-Me; 1 not 
clearly assignable because of poor relaxation.
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A s th e  synthesis o f  th e  required trifluorides could  not be effected accord­
ing  to  th e  first approach, th e  second possibility, startin g  from 3-fluoro-5-ene- 
d er iv a tiv es  was tried.

T reatm ent of 3/?-fluoropregn-5-en-20-one (17) w ith  B o r n st e in ’s reagent 
[9] afforded  the A-homo-B-nor  gem inal difluoride 18 and no isomer containing  
v ic in a l fluorine atoms could  be detected in the m other liquor by NM R. 3ß-  
Fluoroandrost-5-en-17-one (19) gave in a similar reaction  the analogous gem inal 
difluoride 20 as the sole p rod u ct, whereas the corresponding 3/?-fluoropregna-

17 К  =  СОС'Нз 18 R  СОСНз

19 R О 20 R 0

5,16-d ien-20-one (21) y ie ld ed , besides the trifluoride 22, a partially rearranged, 
u n satu rated  m ono-fluoro derivative  28. The structure o f th is  com pound w as 
proved  unam bigously b y  N M R . In the 4I-N M R  spectrum  the signal o f tw o  
o lefin ic  protons appeared at 6 .05 and 7.21 ppm , resp ectively , with a coupling  
o f 2 .9  H z , proving their  cis arrangement [23]. The signal of the 18-m ethyl 
group w as shifted downfield to  1.11 ppm, whereas the 19-m ethyl group appeared  
at 1.01 ppm  and showed a lo n g  range XH- 19F coupling of 1 Hz, suggesting  
th eir  1 ,3 -diaxial arrangem ent [15]. The signal o f  H -3 showed identical cou­
p lin gs w ith  vicinal protons — w hich results in  a clear pentet sp litting  — 
( J * .  3 ^  J v , z  e* J 3)4 ш  J za' ^  3 H z) proving its sym m etrica l equatorial arrange­
m en t, consequently/3F-3 m u st be in axial position. In  th e  1H-coupled 13C-NM R  
sp ectru m  tw o  strongly sh ifted  tertiary (142.5 and 166.8 ppm) as well as four 
q u atern ary  carbon atom s (123 .9; 138.8; 150.8 and 166.8  ppm) could be d etec t­
ed b esid es the carbonyl carbon  (192.2 ppm), su ggestin g  the presence o f three  
double bonds. According to  th e  13C-19F couplings o n ly  one fluorine atom  is 
p resen t in  the molecule, b u t th e  19-m ethyl group show ed a longe range cou ­
p lin g  o f  J c p =  6.3 H z, being con sisten t w ith a 1,3 -d iaxial  arrangement, suggested  
b y  th e  1H -NM R data to o . A s th e  fluorine at C-3 w as originally in equatorial 
p ositio n  [2] and no inversion  could occur at th is  cen tre , its axial arrangem ent 
can o n ly  be the consequence o f  the cis junction  o f  th e  originally irans-fused  
A /В  rin gs, and the F-3 — M e-19 1,3-diaxial arrangem ent suggests that sim ul­
ta n e o u s ly  the migration o f  M e-19 from C-10 to  C-5 m ust have taken place. 
A sim ilar rearrangement w as observed when 3/3-fluoroandrost-5-en -17-one  
w as trea ted  w ith hydrogen fluoride [3]. A ccording to  these facts structure
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27 or 28 had to  be tak en  in to  consideration for the new com pound, differing  
on ly  in the place o f  one double bond (C-9,10 or C-8,9). As b oth  o lefin ic  C-15 
and C-16 atom s show  besides the xJ ch coupling only one 2J ch coupling o f
4.5 and 6.4 H z, resp ectively , and no further :iJ ch coupling can be detected , 
structure 27 can be ruled out, where H -8 should cause a further sp littin g  of 
the C-15 signal.

21

/
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T he form ation o f 28 from  21 can be exp la in ed  v ia  the follow ing reactions. 
F irst th e  5,6-double bond is protonated by h ydrogen  fluoride, yield ing a car- 
bonium  ion  at C-5 23 w hich  suffers a W estphalen  rearrangem ent [16] to  give  
24. In  th e  androstane series the so formed ion  w as attacked by fluorine to  
give a 10-/5F derivative [3], b u t in the present case th e  system  is stabilized  by  
elim ination  o f H-9 to  y ie ld  th e  9,16-diene 25. The allylic m ethylene group 
(C-15) o f  the latter is ox id ized  by lead tetraaceta te  [17], being present in the  
reaction  m ixture, affording th e  15-acetoxy d erivative  26, which is converted  
in to  th e  9,14,16-triene 27 b y  elim ination o f acetic  acid. The 9,10 double bond  
of th e  la tter  is then sh ifted  in to  8,9 position y ie ld in g  28 with a more stable  
conjugated  triene sy stem .

The chem ical sh ifts, as w ell as the 1H -1H , 1H -19F and 13C-19F coupling  
constants,obta ined  from  th e 1H - and 13C-NMR spectra  (see Tables I and II)m ade  
possible the unam biguous structure determ ination o f  all fluorinated steroids. 
The assignm ent of the signals w as made by com parison w ith  analogous system s  
[18, 19, 20]; the analysis o f  configuration and conform ation was based on the  
structure dependence o f  th e  13C-19F couplings [21 ,22]. From these data the  
A-homo-H-nor  structure o f  com pounds 8, 10, 12, 15, 18, 20 and 22, as well 
as the conform ation o f th e  seven-m em bered ring could be established. The 
C-5 atom  containing tw o  fluorine atom s is read ily  distinguished at about 
120 ppm  in the 13C-spectra, due to  the 13C-19F  couplings o f about 240 H z. 
B ecause o f  the differences in th e  one-bond carbon-fluorine coupling constants  
and chem ical shifts o f  th e  axia l  and equatorial fluorine atom s, the fluorine­
bearing carbon signal (X  part o f an A B X  system ) appears as a quadruplet 
in th e  13C-NMR spectrum . T he same holds for carbons involved  in tw o-bond  
and three-bond couplings, 2J c f  (20—30 H z) and  3J c f  ( ~ 1 0  H z ), w ith  the  
fluorine atom s. From am ong the two carbon a to m s , being adjacent to  the  
CF2 group, one belongs to  a m ethylene and the other to  a m ethine group (proved  
by off-resonance). On th e  o th er hand, the long-range coupling of C-3 — w hich  
can be easily  assigned because o f  its su bstitu tion  w ith  the fluorine atom s o f  
the CF2 group — is ~ 1 0  H z, being in agreem ent w ith  a 3J c f  coupling; conse­
q u en tly  th e  CF2 group is incorporated in the А -ring (C-5). All these data prove  
the А -homo structure. The absence of any lon g-ran ge coupling of the 19- 
m eth yl group w ith the F-5 atom s exludes the presence o f  an axial  /?F-5 atom  
w hich, according to  the “ converging vector ru le”  [15], should cause a sign if­
icant sp littin g . A ccordingly, /1F-5 is equatorially and ßF-5  is axially  oriented.

Experimental

M .p.’s were determ ined w ith  a Beotius apparatus and  are uncorrected. TLC was effected 
on K ieselgel H F251 w ith benzene-tetrahydrofuran 40 : 3 (A )  and  4 : 1 (В ); for detection a 
20%  solution  of SbCl6 in  chloroform  was used w ith subsequen t heating a t 110 °C. Column
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chrom atography was carried ou t on Woelm Silica Gel (63 — 200 /яп) using benzene-tetra- 
hydrofuran 25 : 1 (C) for elution. The 1H-NMR spectra were recorded a t 90 MHz w ith a 
VAK IAN EM-390 spectrom eter and the 13C-NMR spectra  a t  25.16 MHz w ith a VARIAN 
XL-100 spectrom eter in  CDC13 solution, using te tram ethylsilane as in ternal standard . The 
coupling constants were read by  the assum ption of firs t order splitting.

All evaporation were effected in a ro tary  evapora to r under dim inished pressure, after 
having dried the organic solutions over sodium sulfate. R eactions w ith  hydrogen fluoride were 
carried ou t in polyethylene bottles. O ptical ro tations were determ ined in chloroform (c =  1).

Reaction o f  3/?-acetoxypregn-5-en-20-one ( 6 )  w ith B o r n s t e i n ’s  reagent

To a stirred slu rry  of lead te traaceta te  (16 g) in  a m ixture of m ethylene dichloride 
(40 m L) and dry hydrogen fluoride (11 g), a solution of 6 (5 g) in m ethylene dichloride was 
added a t — 75 °C. The reaction  was monitored by TLC (A ). A fter the disappearance of the 
sta rtin g  m aterial (4 h), the  tem peratu re  was raised to  0 °C and  th e  m ixture was poured into 
ice-water. After neu tra liza tion  w ith sodium carbonate th e  organic solution was separated, 
washed w ith w ater, dried and evaporated . The residue gave on separation by column chrom a­
tography  and subsequent recrystallization from ethanol the following components:

3/?-Acetoxy-5,5-difluoro-A-/iomo-B-nor-6/?-pregnan-20-one (8, 2.42 g; 43.7%), m.p. 
1 2 9 -1 3 0  °C, [aft? + 7 9 ° , R F 0.72 (A ); lit. [6] m.p. 126—127 °C, [a]b° + 83°.

3;S-Acetoxy-5a,6a-difluoropregnan-20-one (7, 0.93 g; 16.8% ), m .p. 177 —179 °C, [a]ou 
+  98°, R F 0.57 (A); lit. [5] m .p. 1 7 8 -1 8 0  °C, [a]f? + 1 0 0  °C.

3/3-Hydroxy-5a,6a-difluoropregnan-20-one (9)

A solution of th e  acetate  7 (0.6 g) in m ethanol (50 m L) was hydrolyzed w ith a solution 
of K 2C 03 (0.5 g) in w ater (2.7 mL), as described for com pound 10, to give pure 9 (0.51 g; 
94.7% ), m.p. 2 2 1 -2 2 4  °C, R F 0.45 (B ); lit. [6] m .p. 2 2 1 -2 2 3  °C.

3/?- Hydroxy-5,5-difluoro-A-/iomo-B-nor-6/?-pregnan-20-one (10)

To a solution of 8 (4.2 g) in m ethanol (350 m L) a solution of K 2C 03 (3.5 g) in w ater 
(18.5 mL) was added and the reaction m ixture was boiled for 5 min. The cooled solution was 
filtered, the filtra te  d ilu ted  w ith  w ater (250 mL) and the m ethanol was evaporated. The precip­
ita ted  m aterial was filtered  and washed w ith w ater to  give pure 10 (3.6 g; 96.2% ), m .p. 
193 195 °C, R f  0.55 (B ); lit. [61 m.p. 1 9 4 -1 9 6  °C.

5a,6a- Difluoropregna-3,20-dionc (11)

To a stirred solution of 9 (0.45 g) in acetone (65 m L) J ones reagent [14] (0.7 m L ) was 
added a t 0 °C. Stirring was continued for 10 min, and the reaction  m ixture was then poured 
into ice-water. The prec ip ita te  was filtered off, washed w ith  w ater, dried and recrystallized 
from benzene to yield 11 (0.32 g; 71.5%), m.p. 227 — 230 °C, R F 0.50 (A); lit. [12] m.p. 224 — 
227 °C.

5,5-Difluoro-A-/iomo-B-nor-6/?-pregna-3,20-dione (12)

A solution of 10 (0.25 g) in  acetone (32 mL) was oxidized w ith J o n e s  reagent (0.4 mL) 
as described for com pound 11 to yield 12 (0.19 g; 76.5% ), m .p. 176 —178 °C, R F 0.65 (A ); 
lit. [12] m.p. 178 °C.

Reaction of compound 10 w ith FA R

To a stirred solution of 10 (3.5 g) in dry chloroform (40 m L) FA R  reagent [2] (3.8 mL) 
was added dropwise a t  0 °C. Stirring was continued for 3 h , then  N aF  (2 g) and, after 1 h, 
m ethanol (2 mL) were added. The reaction m ixture was allowed to  stand  a t room  tem perature 
overnight and was then  filtered  and evaporated. The residue was separated  by column chrom a­
tography (C) to give, a fter recrystallization from ethanol, the  following compounds:

3a,5,5-Trifluoro-A-/iomo-B-nor-6/i-pregnan-20-one (14, 0.1 g; 2.8% ), m.p. 184—190 °C, 
R P 0.65 (A).

C21H31OF3 (356.46). Calcd. F  16.0. Found F  15.72%.
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5,5-Difluoro-A-homo-B-nor-6/?-pregn-2-en-20-one (15, 1.78 g; 53.2% ), m .p . 141 —145 °C, 
Rp  0.73 (A) .

C21H 3üO F2 (336.45). Calcd. F  11.25. Found  F 11.15%.

3/3-5,5-Trilluoro-A-Aomo-B-nor-6|e-pregnan-20-one (18)

A  so lu tion  of compound 17 [2] (4.0 g) in  d ry  m ethylene dichloride (70 m L) was added 
dropwiee a t  —75 °C to a stirred slurry  of lead  te traace ta te  (12.8 g) in d ry  m ethylene dichloride 
(35 m L ) con ta in ing  dry hydrogenfluoride (8 g). The reacation m ixture wasworked up as described 
for com pound  6 to give after colum n chrom atography and recrystallization from  ethanol, 
pure 18 (2.15 g; 47.8%), m .p. 154 — 157 °C, [a fß  + 84 .9°, R F 0.75 (A).

C21H 31O F3 (356.46). Calcd. F  16.00. Found  F 15.97%.

3/9,5,5-Trifluoro-Л -how o-В-ш'Г-б/7-androstan-17-one (20)

A  so lu tion  of compound 19 [2] (3.6 g) in  d ry  m ethylene dichloride (80 m L) w as added 
dropw ise a t  —75 °C to a stirred slu rry  of lead  te traace ta te  (12 g) in m ethylene dichloride (30 
m L) co n ta in in g  dry hydrogen fluoride (10.8 g). According to TLC th e  reaction  was complete 
in  3 h  an d  was then processed as decribed  for compound 6 to  give pure 20(1.76 g; 42.8% ), 
m .p. 158 — 162 °C, [<x]B + 59°, R F 0.73 (A ).

C19H 2,O F 3 (329.12). Calcd. F  17.35. F ound  F 17.18%.

Reaction of com pound 21 w ith B o r n s t e i n ’s  reagent

A  so lu tion  of 21 [2] (2.5 g) w as tre a te d  w ith lead te traacetate-hydrogen  fluoride as 
described fo r compound 6. The reaction  m ix tu re  was processed after 3.5 h  to  give a crude m ixture 
(2.62 g) w h ich  was separated by colum n chrom atography. Rec. : ; lization from  ethanol 
y ielded th e  following two com pounds:

3/S,5,5-Trifluoro-A-/tomo-B-nor-6/3-pregn-16-en-20-one (22, 0.91 g; 31.64% ), m .p . 129 — 
131 °C, [oc]g + 4 3  °, R p  0.80 (A).

C2i H 29O F3 (354.45). Calcd. F  16.15. Found  F 16.08%.
3/3-Fluoro-5/3-methyI-19-nor-pregna-8,14,16-triene-20-one (28, 0.68 g; 27.4% ), yellow 

needles, m .p . 206 — 208 °C, R p  0.55 (A ).
C21H 27O F (314.43). Calcd. F  6.05. F ound  F  6.28%.

*

T he  au thors are indebted to  D r. L. R a d i o s  and Dr. E .  B a i t z - G á c s  (N M R L aboratory  
of th e  C en tra l Research In s titu te  o f C hem istry, H ungarian Academ y of Sciences, B udapest) 
for reco rd ing  some of the 13C-NMR spectra .
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An analytical solution is given for the concentration  response of a counter-
current ex trac to r following a  step change in the concentration  of the feed stream.
The dynam ic model of th e  ex trac to r includes the effects of backm ixing in  both phases.

I t  was assum ed th a t  equilibrium  is reached in  the stages, and  the distribution
coefficient, the hold-up and phase ratio  are constant.

Introduction

The know ledge o f the dynam ic behaviour o f  m ass transfer equipments 
is im portant for calculating the start-up tim e and designing control system s. 
A num ber o f papers have been published so far m ain ly  on the unsteady-state  
behaviour o f  d istilla tion  colum ns, but there is little  in th e  literature on that 
of extraction  colum ns.

In the case o f  these latter the exact m athem atical description even o f  
the steady state operation involves some difficulties because the backm ixing 
in the continuous and dispersed phase m ust be considered.

P ollock and J ohnson  [1] have given a critical review  o f  works published  
before 1969 on extraction  colum n dynam ics. J ones and W ilk in so n  [2] have 
stud ied  a m echanically agitated  m ultistage colum n and presented experim ental 
results and a theoretical treatm ent o f  concentration transien ts for disturbances 
in the input stream s. A  non-equilibrium  stage m odel w ith  backm ixing was 
used in their work.

Similar work has been reported b y  Souhrada  et al. [3] for a reciprocat­
ing  p late colum n. Frequency-response com parisons o f  th e  backm ixing model 
w ith  experim ental data have been m ade by McSw ain  and D u r bin  [4] for 
a packed countercurrent absorber. Som e o f the recently  spreading digital 
sim ulation  routines specially  developed for the num erical solution o f sets 
of first order differential equations have been successfu lly  used  b y  D unn  and 
I ngham  [5, 6] in m odelling non-equilibrium  m ultistage extraction  column 
dynam ics w ith  backm ixing in both  phases.

* To whom correspondence should be addressed.
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288 SAWINSKY, HŰNEK: STAGEWISE EXTRACTION

M athem atical model

C onsidering a countercurrent stagewise extractor w hich consists o f  
p erfectly  m ixed  stages w ith  b a ck m ix in g  between them  (F ig . 1). Our m odel is 
based u p o n  the following assu m p tion s:
1. The p h ases in  each stage are in  equilibrium .
2. B a ck m ix in g  occurs in b oth  p h ases. The coefficients o f  backm ixing do not 

v a ry  from  stage to  stage.
3. The h old u p s o f the phases are constant along th e  entire colum n length.
4. The f lo w  rates of the in let phases do not vary in tim e.
5. V aria tion s in holdup and b ack m ix in g  over the tran sien t period are neg­

lig ib le .
The a b o v e  conditions im ply  a con stan t mean residence tim e in  every stage.

6. The equilibrium  relationship is  linear

Y *  =  m • X

w here X  is the concentration o f  solute in the raffinate phase and Y *  is 
th a t o f  th e  extract phase w h ich  is in  equilibrium w ith  X .

Stage

1 I

*«We

! I

T 7
* J .
Vj Ун

F ig . 1. The stage model w ith  backm ixing of the coun tercu rren t ex tractor
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7. The change in the m utual so lubility  o f the solvents in the exam ined con­
centration in terval is negligibly sm all.

8. The colum n is in itia lly  in the steady state .
In the present stu d y  we consider a step disturbance in the inlet raffi­

nate phase com position . The deviation o f concentrations from  the initial steady  
sta te  values X , and Y, are

* =  X (t)  -  X i  

у  =  Y(t) -  Y,

where X(t) and Y(i) are the concentrations o f  the solute in the raffinate and 
extract phases resp ectively  at tim e t. In  v iew  o f the above considerations the 
follow ing solute balance can be w ritten for the stages 1 <C, j  <^ N  in Fig. 1.

a - X j _ l  — b - x j +  c - x j+1 =  T ~ i .  (1)

The end zones o f  the colum n are neglig ib ly  sm all in volum e and no mass 
transfer takes place there. The solute balance for the zeroth stage:

— - X p — g - x о +  xx =  0 
*o

( 2)

and for the ( N  -(- l ) th  stage:

Л5дг + 1 — h ■ x  =  0 (3)

A fter taking the Laplace transforms and rearranging :

1 < j < N ; q • X _ i  — p  ■ Xj X = 0 (4)

7 =  0; — ■ x F — g ■ x 0 +  x  1 = 0  
a0 (5)

j  =  N  + 1 ;

ОII£1«1+1« (6)

Solution procedure

The solution  o f the above set o f linear second order difference equations 
(4) w ith  constant coefficients can be w ritten  as

j = B 1.r1 +  B2.ri  (7)
w ith  characteristic roots

r i , 2  =  j ( P ± i V 4 q - P * ) -  ( 8 )
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These m a y  be written in  the fo llow in g  form in term s o f periodical functions:

ri ,2 =  1̂ 9 (cos V i *  sin ip) (9)

The transform ed  response fu n ction  for the j th  stage is
»

Xj — g 2 (Сх cos j  ip -(- iC2 sin j  ip). (10)

The arb itrary  constants Cx and C2 have to  be determ ined satisfy ing the boundary  
con d ition s given in Eqs (5) and  (6).

T he general solution for Xj is given by

Xj _  D(ip)

-1
2

E(ip)

D(ip) — [ [ q . sin (N  +  1 — j)W  — h- sin (N  — j )  y>]
a 0

E(ip) =  h ■ sin (N  — 1 )ip — 2 Уq ■ sin Nip -f- g  • sin ( N  -|- 1 )ip

1)

( 12)

(13)

The in v ersio n  of Xj into the tim e dom ain was m ade b y  the m ethod o f residues 
[7, 8] to  g ive  the step response o f  th e  system :

XÁ§) _  Xj(co) N D(Vk)
Xp(°o) x F(cx>) Sk -E'(ipk) dipk

where th e  poles are:
Sk =  c ( l 2 Yq cos ipk)

E '(iP k )  =
dE{ip) I

dip |v=v

D (ipk) =  D(ip) |v=vt

=  h (N  — 1) cos (N  — 1 )ipk — 2 N  Уq ■ cos N ip k -\-

■g(N +  l ) c o s  (IV +  1 )ipk

ds
dy>

=  2c q ■ sin ipk

(14)

(15)

(16)

(17)

(18)

The N  v a lu es  o f ipk are the roots o f  E q . (13) in the in terval 0 <7 ipk <C n.
T he steady-state  solution  o f  th e  solute balance [i. e. E qs (1). . .(3 )] is [9]

X F ( c o )

and for th e  special case of К  =  1

xj(  oo) K - q i ^ - q " - 1 
,N-1K 2

x j { oo) _  1 +  ao +  N  —j  

* f ( ° ° )  1 +  2«0 -(- N

(19)

( 2 0 )
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In the literature there are special so lutions available for lim itin g  conditions 
such as a =  0 and К  =  0 respectively . In  the case o f  zero backm ixing the 
step-response function . X j { p ) ,  reduces to  the same expression  published by  
Ma r sh a l l  and P ig fo r d  [10], J e n s o n  and J e f f r e y s  [8 ]. I f  there is no mass 
transfer betw een the phases (К  =  0) E q. (14) for the o u tle t ( j  =  N )  agrees 
w ith  the cum ulative residence tim e distribution function  given b y  R oem er  
and D u r b in  [11]. A special solution w as obtained by D e c k w e r  and P opovic

[12] for a continuous reactor w ith  first order reaction. Comparison of Eq. 
(14) and the solution  o f D e c k w er  and P opovic  reveals th a t these analytical 
expressions becom e identical for a system  w ithout mass transfer and reaction.

Num erical results and conclusions

Based on the above equations the concentration response in the extract 
and raffinate phases has been calculated  to  a step perturbance in the feed 
concentration. Figure 2 shows the norm alized transition curves o f  the raffinate 
phase leaving the countercurrent extractor containing 5 and 30 stages, re­
spectively . In the presented cases the extraction  coefficient and the steady

1 o

XN (лГ)

05

О•о•о•

•  о И- Ö- W •

оо
о

• N «о
° •  5 0704

• о 30 16691

.  ° .............................................

1 2 3 4 5

Fig. 2. Normalized raffina te  phase concentration response for step change in the feed
concentration

state  concentration value were identical К  =  3 and x n ( oo)Ixf( ° ° )  =  0.01. 
N um erical calculations have been m ade in the follow ing param eter range: 
К  =  1 . . 5, N  =  3 . . .  30 and a 0 =  0 . . . oo. It has been found that the 
transition functions are in good agreem ent w ith each other i f  the extraction  
coefficient and the steady-state  concentration values are id en tica l. Sim ulation  
by a M EDA 40 ТА analog com puter gave similar results [13].
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Notation

A  =

b

r

f  =

1 +  <*0
1 +  К

1 +  m  ■ f
1 m  • <p

2a0
1 +

К  4

1 4- <p
1 +  /

1 +  к

1 4- К  

W
feed phase ratio 

"  r

«о
К  +  “ o

i =

j  s tage  num ber 
К  — in ■ f  ex traction  coefficient 
m =  Y * /X  distribution ratio  
N  to ta l  num ber of stages

Я =

1 + 9  4

1 +  ot0
X  +  ccn

s ■ T  
c

s [ s - 1] Laplace transform  variab le  
t [s] tim e

TX
[s] mean residence tim eW r W r

N  ■ A

V  [m 3] volum e of the exLractor 
W  [m3 • s - 1] volum etric flow ra te
x  [g • m -3 ] deviation of the ra ffin a te  phase concentration from  th e  in itia l steady-state  value 
x  L ap lace  transform  of x
X  [g ■ m -3 ] concentration of solute in  th e  raffina te  phase 
У  [g • m -3 ] concentration of solute in  th e  ex trac t phase 
Y *[g • m -3 ] У  concentration in equ ilib rium  w ith X

Greek symbols

a  backm ixing coefficient
a 0 =  a r +  К  ■ ae overall backm ixing coefficient 
q> =  Ф„1ФГ holdup ratio 
Ф ho ldup
& =  t /T  dimensionless tim e

w =  arc  cos ^
2 Yq
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Subscript

0, 1, 2, . . j  stage num ber 
JV las t stage 
e ex trac t phase
F  feed
e
F
i in itial steady-state  value
r raffinate phase
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Analysis of used lubricating oils for traces of w ear m etals bas been recognized 
long before as essential for the prevention of m ajor breakdow n in  engines.

In  this paper an  organic-based mixed solvent system  and  inorganic compounds 
dissolved in  an  organic solvent as mixed standard  were used for the  determ ination 
of wear m etals as iron, chrom ium , nickel, copper and lead in used lubricating  oils 
of diesel and gasoline engines in air-acety lene flam e by  atom ic absorption  spectroscopy.

An increase in the wear m etal content o f  crank-case and circulated lu ­
bricating oils signifies a source o f potentia l trouble in  an engine. The actual 
m etal m ay indicate the loca tio n  o f the trouble.

Presence o f  lead and copper m ight mean w ear in a bearing; iron, chro­
m ium  and nickel w ould be present because o f p iston  wear. Copper m ay be 
present as a contam inant introduced during refin ing or storage and treating  
processes.

Periodical analyses o f  the lubricating oils enables such troubles to  be 
located  and corrected before th ey  cause a m ajor breakdown.

For rapid analysis o f  m any sam ples m ethods have been developed for 
for the determ ination o f  m etals using organic so lven ts as m edium  for spraying 
the sam ples d irectly in to  the flam e. These techniques are alm ost free o f  inter­
ference effects, but there are problem s, for exam ple the question  o f viscosity , 
particle size, applied standards, etc.

Several investigators have exam ined the relationship for m etal particle 
size and recovery effic ien cy  [1, 2, 3, 4]. B ut th is effect m ust be shared by  
every m ethod th at uses unashed oil. Some work try  to reduce th is  error in 
different w ays [1, 5]. So the experts at the engine have to  be satisfied  usually  
w ith  an approxim ate result o f  the m etal concentration o f the used oil as the  
extrem e high m etal concentration  values mean the trouble in the engine.

I br a h im  and  Sa b b a h  [6] stu d ied  th e  e ffec t  o f  th e  d ifferen ces in  v isco s­
i t y  b etw een  sam ples an d  stan d ard  so lu tion s on  e lem en t co n cen tra tio n  m easure­
m en ts in  crude o il d ilu ted  w ith  x y le n e  and e s ta b lish ed  th a t  th e  v isc o s it ie s  o f  
th e  unk now n  sam p le an d  th e  ca lib ratin g  so lu tio n  sh ou ld  be a p p ro x im a te ly  
th e  sam e.
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In  m ost m ethods so lu tion  containing about 10— 35% w/v  o f oil w ith  
co n sta n t dilution ratio o f th e  sam ple oil and the m etal free oil in standard  
so lu tio n , respectively, are u sed . These solutions are not too  v iscous to  be 
sp rayed  through the atom izer.

D ilu tin g  the used oil w ith  m ehtyl iso-butyl ketone (M IBK ) (oil/M IBK  
1 : 2 v/v)  w as used b y  J a c k so n , Salama and D u n n  [2]. B y  Spargus and  
S l a v i n  [7], S. Slavin and W . Sla v in  [8] 10% v/v  o f  oil in  M IB K  w as used  
for preparing sample and standard  solutions. 20%  w/v  o f  oil in  M IB K  was 
ap p lied  b y  B urrows, H e e r d t  and W illis [9]; 10% v/v  o f oil in xy len e b y  K a h n , 
P e t e r so n  and Ma n n in g  [1 0 ], Mea n s  and R atcliff [4]; 10% v/v  o f  oil in  
iso -o cta n e  by R obinson  [11].

O n the one band th e  great oil content is advantageous to  rise the m easured  
absorbance, but at the sam e tim e th e  increasing v iscosity  can ruin th e  increased  
se n s it iv ity , makes spraying d ifficu lt and som etim es the choice o f  dilution is 
c lo se ly  linked w ith the “ m em ory” effect obtained in different solutions. A  
slow  rise  to  a m axim um  read ing  som etim es requires about 30—40 sec.

T he present work in v estig a tes  a simple m easuring condition  to  determ ine 
th e  w ea r  m etals (copper, chrom ium , nickel, iron and lead) in used lubricating  
oil o f  d iese l and gasoline en g in e w ithout prior ashing o f  the sam ple. On the  
one h an d  the v iscosity  should  n o t be considered as far as possib le. On the  
oth er hand  instead o f using  m etallo-organic com pounds in m ixed standards 
(m ix ed  standards have been used also by other authors [7, 8, 9]) the more 
a va ilab le  and cheeper inorganic com pounds in m ixed standard were tried  
to  u se  like in our earlier m easurem ents for the determ ination o f calcium , 
m agn esiu m  and zink in lu b ricating  oils and additives [12].

E xp erim en ta l

T he effect of viscosity on th e  determ ination  of wear m etals in  used lubricating  oils is 
th e  question  of applied solvent. T herefore th e  two more often used solvent M IB K  and xylene 
fu r th e r  an  organic solvent m ix tu re  (to luene—glacial aceticacid) according to  G u t t e n b e r g e r

[13] an d  our earlier experim ents w ere tried  in the present eeperim ents. A 3 : 2 v/v m ixture 
of th e  tw o  solvents dissolves the oil sam ple readily and there is no flam e extinction  yet.

F irs t, several solutions of d ifferen t viscosities were prepared by  m ixing base oil (metal- 
free 0 —• abou t 150 — 200 cS a t 37.8 °C) w ith  metal-free solvents. These samples were prepared 
to  estab lish  a connection betw een v iscosity  and the added base oil in d ifferent solvents (Fig. 1). 
The v iscosity  measurem ents were perform ed according to  [14] in  the m ixed solvent and M IBK ; 
th e  v iscosity  values of xylene w ere tak en  from  the literature  [6]. F u rth e r on th e  basis of the 
re su lts  o f viscosity m easurem ents and  because the “ m em ory” effect often has appeared in 
xy lene during  previous m etal co n ten t determ inations, only th e  two solutions: M IB K  and the 
organic  solvent m ixture were exam ined.

In  th e  next step from  alcohol soluble inroganic m etal salts [nickel(II) chloride, copper
(I I)  chloride, Iead(II) n itra te , ch rom ium (III) chloride, iron (III) chloride] stan d ard  solutions 
w ere p rep a red  in  ethanol. F rom  these  alcoholic solutions two kinds of standard  solution were 
p rep a red , th e  first type contained one of th e  m etals the second one contained all th e  examined 
m eta ls  in  M IB K  and in the organic solvent m ixture. The absorbance values of these solutions 
have  n o t  shown interelem ent effect in  th e  chosen organic solvent during the w ear metals 
d e te rm in a tio n  according to  T able I.
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Figures 2 and 3 show curves for th e  absorbances of m etals in  organic so lven t m ixture 
and  M IB K  containing different quan tities of oil. In  M IB K  a decrease of the abso rp tion  of the 
m etal a t  increasing oil concentration  was found b u t in  organic solvent m ix tu re  increasing the 
viscosity of solvents does no t seem to  effect the absorption  values as far as th e  oil con ten t is 
10 wjv % . So i t  is no t necessary to add oil to the solutions used for calibration .

Fig. 1. Viscosity a t 25 °C versus volum e of added base oil. 1: solvent m ix tu re ,
2: M IBK , 3: xylene

Solution (w ithout oil) p repared from  the five alcohol soluble inorganic m eta l salts in an 
organic solvent m ixture (toluene : glacial acetic acid =  3 :2 ) is available for s tan d a rd  solutions 
during determ ination of wear m etals in  lubricating oil by AAS. These stan d ard  solutions are 
norm ally stable for m onths. Figure 4 shows typical calibration curves for th e  five  m etals in 
organic solvent m ixture containing no oil. The conditions of the determ inations are given in 
Table II .

In  the case of samples (the m easured solution never contained more th a n  10 w/v °/0 used 
lubricating  oil) the absorption reading levels off a fter 10 — 20 s and re tu rns rap id ly  to  zero

Table I

Inlerelement interference in the determination o f wear metals in organic solvents

Concentration
(Mg/ml)

Other metals present
(Mg/ml)

Absorbance
Metal

in MIBK in an organic 
solvent mixture

Cu 6.0 — 0.545 0.492
Cu 6.0 Ni 6.0; Cr 10.0; Fe 10.0; Pb 10.0 0.540 0.487

Ni 6.0 — 0.382 0.353
Ni 6.0 Cu 6.0; Cr 10.0; Fe 10.0; Pb 10.0 0.379 0.355

Cr 10.0 — 0.275 0.225
Cr 10.0 Cu 6.0; Ni 6.0; Fe 10.0; Pb  10.0 0.272 0.244

Fe 10.0 — 0.510 0.845
Fe 10.0 Cu 6.0; Ni 6.0; Fe 10.0; Pb 10.0 0.507 0.845

Pb 10.0 — 0.254 0.351
Pb 10.0 Cu 6.0; Ni 6.0; Cr 10.0; Fe 10.0 0.252 0.350
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Fig. 2. Absorbance of m etals in  an  organic solvent m ix tu re  contain ing  different am ounts of oil

Fig. 3. Absorbance of m eta ls  in M IBK contain ing d ifferent am ounts of oil

Fig. 4. C alibration curves for metals in  an organic solvent m ixture
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Table II

Operating conditions for the A A S  determination o f near metals in oil

Metals Cu Ni Cr Fc Pb

W ave length (nm) 324.7 232.0 357.9 248.3 283.3
Lamp current (mA) 4 4 7 7 4
Slit w idth  (mm) 0.04 0.04 0.06 0.05 0.04
Seale expansion 3x l x 8 X 5 x 5x
B urner height (mm) 5 5 5 6 5
Flam e air — acetylene

A pparatus: Spektromom 190 A

Table П1

Comparison o f different methods to determine wear metals in oil

Sample
Cu, /xg/mL Ni, fig/mL Fe, Hg/mL Pb, i<g/mL Cr, /xg/mL

Direct Ashed Direct Ashed Direct Ashed
T itra­
tion Direct Ashed Direct Ashed

l 13.1 14.7 3.2 3.1 68.1 74.0 73.1 41.6 40.5 27.7 29.1
2 44.1 43.2 11.8 13.8 128.7 153.4 152.0 37.0 37.8 42.2 43.7
3 26.3 28.3 7.7 7.7 96.4 124.0 121.0 15.4 13.9 32.2 34.5
4 23.4 24.5 9.7 10.6 110.0 113.0 110.5 26.9 25.4 23.6 22.7
5 18.9 19.9 13.3 13.9 182.0 220.5 202.1 10.1 43.3 121.7 132.3
6 18.8 17.9 6.1 7.0 112.2 115.4 111.3 27.7 25.4 59.9 57.4
7 21.3 20.9 5.1 5.3 64.0 65.1 67.0 52.5 50.6 51.5 49.6
8 10.8 11.5 9.0 9.8 90.3 114.9 111.7 29.2 32.5 67.9 71.3
9 11.6 10.6 4.3 4.6 41.8 41.2 42.5 13.4 14.1 3.5 3.4

10 9.3 9.0 3.7 3.5 26.3 25.6 27.1 41.0 12.2 4.5 5.0
11 14.3 15.5 3.6 5.0 75.4 73.1 74.6 22.0 21.6 65.2 67.0
12 19.7 20.9 3.5 4.4 54.0 52.8 52.7 60.4 57.1 12.0 11.1

when spraying is discontinued. Only a very short period is needed to wash ou t th e  sp ray  or 
w ith pure solvent betw een the  samples.

Some results of the determ ination by the developed method can be seen in  T able  I I I . 
The d ifferen t m etals (iron, chrom ium , nickel, copper, lead) in  used lubricating oils w ere deter­
mined by th e  direct m ethod (in inorganic solvent m ix tu re) and after ashing by  AAS, and  after 
ashing by  com plexom etric titra tio n  (in the case of iron).

The results of th e  m etal concentration determ ined  by the three d ifferen t m ethods 
agree well in  m ost of the cases. There are some sam ples where especially iron concentration  
m easured after ashing is h igher th an  the result o f th e  d irect AAS method, because in  these 
sam ples particles larger than  a few microns are p resen t and  th ey  do no t contribute to  th e  absorp­
tion. F or th is reason several oils were filtered (sam ples 2, 3, 5 and 8) consecutively th rough  
filters of size 16.6 and 9.8 m icron, respectively, and  th e  filtra tes were analyzed (Table IV).

I t  can be seen th a t  th e  m ajority  of iron is p resen t as particle smaller th a n  ab o u t 10 
microns in d iam eter or dissolved, and so particles larger th a n  about 10 microns do n o t contrib-
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Table IV

Filtration study

Without filtration Filtration

Sample
Direct Ashed

on 16.6 [X filter on 9.8 /l filter

Direct Ashed Direct Ashed

2 128.7 153.4 127.5 149.7 122.3 126.1

3 96.4 124.0 94.2 123.5 95.9 100.6

5 182.0 200.5 179.3 182.0 175.3 —
8 90.3 114.9 88.9 113.1 88.1 90.7

u te  to  th e  ab so rp tio n  signal (s im ila r  to  th e  re su lts  o f  T a y l o r , B artels and  Cr u m p  [3]). 
B y  m e a n s  o f  n itro u s  o x id e /ace ty len e  flam e th e  v a lu e  o f  th e  abso rp tio n  signal m a y  be  im ­
p ro v e d  [15].

Recom m ended procedure

A p p a r a tu s :  A tom ic absorption spectrophotom eter w ith iron, chrom ium , 
n ick e l, copper and lead hollow -cathode lam ps. T he determ ination can be car­
ried o u t  in  air-acetylene flam e under the con d ition s given in Table II .

Preparation  o f  s ta n d a rd s : 500 /ig/mL sto ck  solutions are prepared by  
d isso lv in g  iron(III) chloride (FeCl3), chrom ium (III) chloride (CrCl3 • 6 H 20 ) ,  
n ic k e l(II )  chloride (NiCl2 • 6 H 20 ) ,  copper(II) chloride (CuCl2 • 2 H 20 ) ,  lead (II) 
n itra te  [P b (N 0 3)2] in eth an ol and standardized b y  com plexom etric titra tion .

F rom  these stock so lu tions five calibrating solutions are prepared accord­
ing  to  T able У.

0 .0 , 0.25, 0.5, 0.75 and 1.0 mL o f copper, n ick el, and iron and 0 .0 , 0 .5 ,
1 .0 , 1.5 and  2.0 mL o f chrom ium , and lead alcoholic stock solution are tran s­
ferred in to  50 mL calibrated flasks, to  each f la sk  30.0 mL toluene is added  
and d ilu ted  up to  the calibration  mark w ith  glacia l acetic acid.

Table V

Metal concentration o f the calibrating solutions

i  ! 2 j 3 j 4 j 5

/ig/m L

Cu 0.0 2.5 5.0 7.5 10.0
Ni 0.0 2.5 5.0 7.5 10.0
Cr 0.0 5.0 10.0 15.0 20.0
Fe 0.0 2.5 5.0 7.5 10.0
Pb 0.0 5.0 10.0 15.0 20.0
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Table VI

Reproducibility o f direct method on replicate samples measured at the same time

Metal Cone, in oil, 
flg/m L

Relative etd. dev.,
%

Cu 13.1 0.8
Cr 27.7 1.5
Ni 11.8 1.0
Pb 13.4 3.3
Fe 26.3 2.2

Preparation o f  sam ples: weigh in to  a 50 mL beaker m axim um  5.000  
grams o f  lubricating oil. Add 30.0 mL toluene and shake the solu tion . Transfer 
th e  solution in to  a 50 mL calibrated fla sk  by glacial acetic acid and dilute 
up to  the calibration mark w ith  glacial acetic acid.

The relative standard deviations calculated  for ten  replicate measure­
m en ts are given in Table V I.
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Positron life tim e and annihilation  D oppler broadening m easurem ents have been 
carried o u t on 44 solid coordination com pounds. Several correlations have  been found 
betw een th e  annihilation life tim e (tj) an d  line shape param eters (L) and  th e  chemical 
struc tu re  o f the  compounds. Halide ligands were the m ost active tow ards positrons. 
This fac t supports the assum ption on th e  possible form ation of [e+X - ] positron -halide  
bound sta te . The life tim e was decreasing and  th e  annihilation energy spectra  were 
broadening w ith  the increasing negative ch aracter of the halides. The arom atic  base 
ligands affected the positron-halide in te rac tion  according to their basic ity  and  space 
requirem ent and thus indirectly the ann ih ila tion  param eters, too. In  th e  p lanar and 
te trahedra l complexes the electron density  on th e  central m etal ion affected  directly 
the annihilation  param eters, while in  th e  octahedral mixed complexes only indirectly  
through the polarization of the halide ligands.

As a result o f  com plex interactions, positrions (e +) entering th e  medium  
and slow ed down b y  it w ill finally  ann ih ilate  into gamma photons w ith  the  
electrons o f  th e  m edium . The p robab ility  and other parameters o f  th e  positron  
annihilation strongly  depend on the electron  density at the site o f  th e  positron  
and generally on the physical and chem ical properties o f the m edium  [1]. 
This is w hy the m ethods based on the m easurem ent o f the characteristic param ­
eters of the positron annihilation keep  spreading in studies o f  th e  physical 
and chem ical properties o f  the m atter.

The m ain aim  o f  our first sy stem atic  investigations on com p lex  com ­
pounds b y  the positron annihilation m eth od  [2] was to  find ou t w h at kind  
o f inform ation can he gained about th e  chem ical structure in  solid  phase. 
The results o f  m easurem ents in m ixed com plexes o f iu.s( dime th y  lg lyox im ato)- 
Co(III) w ith  unidentate ligands have proved convincingly th a t th e  changes 
observed in  the annihilation param eters (e.g., the lifetim e o f th e  positrons, 
the angular correlations o f the annih ilation  gamma photons) correlate w ith  
the coordination chem ical changes and th e  effect o f structural irregularities 
in the solid sta te  is negligible.

* To whom correspondence should he addressed.
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I t  w as show n [I], th a t th e  sam ple preparation has practically no e ffec t  
on th e  p o sitro n  annihilation param eters. Com paring the data for p o lycrysta l­
line p ow d ers and samples pelleted  under high pressure practically no d iffer­
ence w as fou n d . This result ind icated  the fact th a t, in the course o f  h igh  
pressure p ressin g , no new defects and positron traps were formed in th e  su b ­
stances in v estig a ted , consequently  th ey  had probab ly  been saturated w ith  
them . I t  is  know n [lb ] th a t at h igh  concentration  o f the defects the ann ih ila­
tion  p aram eters are not sen sitive for further changes and are m ainly deter­
m ined b y  th e  average size o f  th e  traps i.e., b y  th e  size o f missing m olecules. 
The average size o f  the traps for series o f  sam ples w ith  very similar structure  
can be e stim a ted  to  be sim ilar as w ell. H ence it  w as reasonable to  assum e th a t  
the ch an ges in  the annihilation param eters could  be attributed to  chem ical 
changes in  th e  surroundings o f  th e  positrons.

T h e  a im  o f the present w ork was to  ex ten d  the above in vestigation s  
over a w id er  range o f solid  com plex com pounds w ith  em phasis on th e  role 
of the cen tra l m etal ion not in v estig a ted  earlier. R esu lts o f annihilation m eas­
urem ents on  44 com plex com pounds are presented. T he com plexes in vestigated  
belong to  th e  follow ing three groups:

[C o(III)en2A X ]C 2, M eAxX y  and M eB,

where Me =  F e 2 + , Fe3 + , Co2 + , Co3 + , N i2 + , Cu2 + , Z n 2+ or Cd2 + ; A =  N H 3, 
pyridine, p ico lines, aniline, benzylam ine or m -toluidine; X  =  Cl", B r~ , I -  
or N C S -;  C =  NO3- or C104~ and В =  SA, Cl-SA or N 0 ,-S A  (en =  e th y len e-  
diam ine, S A  =  salicylaldoxim e). Positron life tim e data are presented for  
all th e  th ree  groups while D oppler broadening o f  th e  annihilation energy spectra  
was in v e stig a te d  on ly  in the com pounds of the fir st tw o  groups.

E xp erim en ta l

T he com plexes investigated were prepared by m ethods described in the lite ra tu re  [3], 
their com position  was checked by  elem ental analysis. The N i(N H 3)2X 2 (X  =C1~, B r~ , I - ) 
com pounds w ere made from the corresponding [Ni(NH3)6]X 2 compounds by therm al decom ­
position. T he chloride, bromide and iodide, were dried for 30 m inutes a t  150 — 160 °C, 130 — 
140 °C a n d  125 — 235 °C respectively. The weight loss in  all cases agreed within ± 5 %  w ith  
the ca lcu la ted  one.

T he positron  life tim e spectra were recorded as published earlier [2]. The spectra  were 
analysed fo r tw o life tim e com ponents by  the R ESO L U T IO N  [4] com puter program , w hich 
au tom atica lly  calculates also the param eters of the resolution  curve of the m easuring a p p a ­
ratus.

T he D oppler broadened energy spectra  of the annih ila tion  gamm a-photons were recorded 
by a P rin ce to n  Gam m a Tech. Mod. LGC 9HT Type Ge(Li) detec tor. The energy resolution  of 
the d e tec to r fo r the 514 keV line of a 85Sr source was F W IIW  =  1.3 keV. The detector signals 
were fed  th ro u g h  a pream plifier and an  amplifier in to  a m ultichannel analyser w ith  d ig ita l 
spectrum  stab ilizer. One channel of th e  MCA corresponded to  0.125 keV energy. A  brass 
tube w ith  a  d iam eter and dep th  of 10 m m  contained the sam ple in  the form of polycrystalline 
powder. T he  positron  source (abou t 10 f id  22NaCl sandw iched between 1 m g/cm 2 K ap to n  
polyim id foils) was placed into the centre of the sam ple holder. A bout 2.7 X 106 pulses were

Acta Chim. Acad. Sei. Hung. 109, 1982



LÉVAY et «1.: POSITRON LIFE TIME 305

recorded for the to ta l spectrum  in the 512 channels of the MCA. A bout 2.3 X lO 6 pulses were 
recorded under the annihilation  peak (in about 100 channels). One spectrum  was recorded in 
about 1 hour.

Results and Discussion

1.1. The relative in ten sity  (I2% )  o f  the so-called long life tim e com po­
nent (r2 ~  1 — 2 ns) o f  the positron life tim e spectra w as less th en  3% in 
all th e  cases but one. These results indicate th a t the probability  o f  positronium  
(Ps) form ation [1] in  these com plexes in negligible. In th e  Z npy2Cl2 (py =  
pyridine) com plex, how ever, J2 =  39.0 1.5%  was m easured w ith  a life
tim e o f r2 =  887 +  12 ps. I t  is very probable that the central Z n2+ ion is 
responsible for the h igh in ten sity  o f  the positronium  form ation, since sim ilarly  
high P s intensities were found in tw o  other Zn com pounds m easured for com ­
parison. Zn-acetate: I2 =  49.1 +  1.5% , r2 =  947 +  8 ps and Zn-dibenzyl- 
dithiocarbam ate: I 2 =  32.0 +  1*0%, r2 =  1200 +  10 ps. P resen tly  we are not 
able to  interpret th is extraordinary behaviour o f  the Zn ion.

The short-lived com ponent o f  the life tim e spectra (ту) has varied in the  
300 — 380 ps interval sim ilarly to  our earlier m easurem ents [2].

2. The D oppler broadening o f the energy spectra o f  th e  annihilation  
gam m a photons can be characterized b y  different line shape param eters [5]. 
W e have used the so-called L  parameter:

where
n2 +  n3

308 295 322
T il == 2  ^ 2  =  2  П 3 ~

/=299 /= 2 8 5  /=312

and n, is the content o f  the ith  channel o f the spectrum . In our case the m axi­
m um  of the annihilation  line was in the 303 — 304 channels.

The L param eter for the non-broadened spectrum o f 85Sr (tak ing  into  
account the shift o f  the peak) w as L  =  13.32 +  0.04, while for th e  samples 
investigated  it  varied in the (1 .0— 1.5) +  0.002 range. The accuracy o f the 
L  param eter is characterized by the sta tistica l error. The L  param eter was 
w ell reproducible w ith in  the sta tistica l error i f  the source strength  and measur­
ing geom etry were constant. Changes in these param eters, how ever, resulted  
in greater changes than  the sta tistica l error. This was w h y  all th e  samples 
were m easured by the sam e source and in a well-defined geom etry .

B oth the D oppler broadening o f the annihilation energy spectra and 
the angular distribution  o f the annihilation gamma photons are determ ined  
by the m om entum  distribution o f the annihilating positron-electron pairs. 
The m om entum  o f the annihilating pair com es practically from  the m om entum
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o f  th e  electron hound in  a chem ical compound. Therefore investigating either  
th e  angular correlation or th e  Doppler broadening essen tia lly  the same infor­
m a tio n  is  gained. The stron ger the bond o f the positron  to  the atoms o f  the  
m edium  at the m om ent o f  annih ilation , the w ider th e  annihilation energy  
spectrum  (the smaller th e  L  param eter), and the w id er  th e  angular correlation  
spectrum . In the case o f  positronium  form ation th e  annihilation of the o- 
and p -P s  com ponents resu lt in  a wide and a very  narrow  com ponents in the  
spectra, respectively [1].

T he results (the v a lu es  o f  r 1 and L)  are p resen ted  in Tables I — III .
I I .1. In  Table I  th e  resu lts  obtained for th e  C o(III)-ethylenediam ine  

m ixed  com plexes are show n in  the order o f  increasing L  param eters. The 
sequence o f  compounds c lear ly  shows th at th ey  fa ll in to  groups according  
to  th eir  chem ical structure. T h e Doppler broadening is  th e  greatest (i.e ., the  
L  param eter [2] is the sm a llest) in compounds n o t conta in ing  arom atic base 
ligand  in  their inner coord ination  sphere. The positron  lifetim e is also the short­
est in  th ese com pounds. C om plexes w ith one arom atic  and one Cl-  ligand  
b elong to  the next group, w h ile  the third group con sists  o f  similar com pounds 
b u t w ith  B r -  instead o f  C l- .

A s seen the D oppler broadening is first o f  all affected  b y  the typ e and 
num ber o f  the halide ligan d s and  the role o f the arom atic base ligands is less 
pronounced. Similarly to  w h a t was found earlier in  th e  6 is(d im ethylglyoxi- 
m ato)C o(III) mixed com p lexes [2], greater broadening is observed in the  
presence o f  the more n eg a tiv e  Cl-  ligands. On th e  other hand, in com plexes 
in v estig a ted  earlier, shorter life  tim es corresponded to  the broader angular

Tabic I

Positron annihilation parameters ( t i,L )  for C o(III)-ethylenediam ine mixed complexes

No. Compound
Life time

Ti, ps
L  parameter 

(±0.002)

l . [Co(en)jClj] СЮ4 3 1 0 ± 3 0.982

2. [Co(en)jBrj]N 03 3 3 5 ± 3 1.095

3. [Со(еп)гС1 aniline] (N 0 3)s 36 2 ± 2 1.097

4. [Co(en)jCl /З-pic] (C104)2 364 ± 3 1.106

5. [Co(en)2CI benz] (No3)2 3 5 2 ± 2 1.117

6. [Co(en)2B r m -tol] (N 03)2 3 5 1 ± 3 1.141

7. [Co(en)2B r /3-pic] (N 0 3). 349 ± 3 1.152

8. [Co(en),Br benz] (N 0 3)2 34 3 ± 3 1.158

9. [Co(en)2B r y-pic] (N 0 3)2 347 3 1.178

en =  ethylenediamine; -pic =  -picoline; benz =  benzylam ine; -tol =  -toluidine
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correlation curves. In th is seris o f  com pounds th is correlation is not univer­
sa lly  valid . In com plexes w ith  one B r -  ligand the positron life tim e is constant 
w ith in  the experim ental accuracy irrespective o f  the va lue o f the L  parameter 
and, whereas unexpected , it is som ew hat shorter than th a t for the Cl-  com­
plexes.

2. W ithin the groups o f  C l- - and Br “ -containing com plexes the change 
o f th e  L  param eter is obviously  related to  the character o f  the arom atic base 
ligands. It seem s th a t in both groups the value o f  the L  param eter increases 
parallel w ith  the b asicity  o f the ligands. (Compounds 8 and 9 are the only  
exceptions.)

The decreasing localization  o f the positrons m anifests itse lf  in the narrow­
ing o f  the energy spectra. Therefore th is effect m ay be reasonably w ell explained  
as follow s. The ligands w ith  greater protonation constant have probably 
greater affin ity  tow ards the positrons, consequently th ey  decrease the positron- 
halide interaction. The decreasing positron—halide in teraction , as it has been 
seen, results in th e  narrowing o f the energy spectra.

The same effect, how ever, can be interpreted also in another w ay based 
on the change o f  com plex stab ility . In the com plexes w ith  stronger donor 
bases, the increasing strength  o f the m etal-basic-N  bond results in the decrease 
of the strength o f  m eta l—halide bond and, consequently, in  decreasing polar­
ization  of the halide ligand. The decreased polarization m ay result in  decreasing 
positron—halide in teraction .T his assum ption is supported b y  the data obtained  
for com plexes 31 — 33. In these analogous system s the differences in the m eta l-  
halide bond strength caused by the different central ions m ay  explain the differ­
ences in positron lifetim es.

III. W ith  th e  series o f  com plexes shown in Table I I  one can study the 
effect o f  halide ligands, their inner or outer sphere position and the role o f the 
central m etal ion.

1. In all series o f  com plexes w ith  similar structure a close correlation  
ex ists  betw een the annihilation param eters and the n egative character o f  the 
halide ligands, as it  w as already observed in the b is(d im ethylglyoxim ato)- 
C o(III) com plexes [2] and partly  also in the C o(III)-ethylenediam ine m ixed  
com plexes (Table I).T h e  positron—halide interaction  increases w ith  increasing 
negative character o f  the ligands w hich results in  decreasing positron life time 
and L  param eter in the order o f I ~ ,B r “ and €1“ . (See e.g., the 10, 11 ,12; 13, 
14, 15; 16, 17, 18; 25, 26 and 29, 30 com pounds.) As it  was pointed out in 
our earlier paper such kind o f changes in the annihilation param eters corre­
spond to  the theoretical calculations on the [ e +X “ ] positron—halide bound  
state .

2. In addition to  the character o f the halide ligands also their position  
in the com plex (inner or outer sphere) can p lay an im portant role. For a clear- 
cut in vestigation  o f th is effect we have on ly  a single pair o f  cobalt com plexes
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Table II

Positron annihilation parameter ( l x. L )  for MeAxX y  complexes

No. C o m p o u n d
L ife  t im e

Ti,ps
L - p a r a m e te r

(±0.002)

10. [Ni(NH3)e]CI2 329± 3 1.237

l i . [Ni(NH3)6]Br2 331± 3 1.330

12. [Ni(NH3)6]I2 363±3 1.447

13. [Ni(NH3)2Clj] 335±1 1.167

14. [Ni(NH3)2Br2] 350±2 1.233

15. [Ni(NH3)2I2] 358±1 1.327

16. [Ni(py)4Cl2] 332 ± 3 1.178

17. [Ni(py)4Br2] 337± 3 1.221

18. [Ni(py)e]I2 349 ± 3 1.282

19. [Ni(/3-pic),Br„] 326±3 1.211

20. [Ni(a-pic)2(NCS)2] 349 ± 3 1.186

21. [Ni(NH3)4(NCS)2] 353±2 1.185

22. [Ni(py)4(NCS)2] 363±2 1.187

23. [Ni(y-Pic)4(NCS)2] 376± 3 1.344

24. [Ni(/3-pic),(NCS)2] 381± 3 1.377

25. [Co(NH3)e]Cl3 305± 3 1.133

26. [Co(NH3),]B r3 308 ± 3 1.202

27. [Co(N H 3)6C1]C12 339±3 1.139

28. [Co(py)4Cl2]Cl 367± 2 1.176

29. [Co(py)4Cl2] 320±2 1.140

30. [Co(py)4Br2] 325±3 1.171

31. Сч(ру)2С12 316± 2 1.140

32. Zn(py)2Cl2 334±8 1.328

33. Cd(py)2Cl2 335±3 1.178

34. Cd(py)2Br2 344 ± 3 1.207

py =  pyridine

(25, 27). These data suggest th a t the positron life tim e is longer and the energy  
sp ectru m  is narrower, i.e., th e  positron-halide in teraction  is stronger, i f  the  
C l-  lig a n d  sits in the inner coordination  sphere. A  sim ilar trend o f the life 
tim es can  be observed in the corresponding [N i(N H 3)6]X 2 and [N i(N H 3)2X 2] 
outer and  inner sphere com p lexes, respectively. On the other hand, in th is
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case the L  param eter is not greater but sm aller in the com plexes w ith  inner 
sphere halide ligands. The evaluation  o f the effect in these system s, how ever, 
is distributed by the fact, th at the structure and sym m etry o f the coordination  
sphere change appreciably when the halide enters in to  the inner sphere.

In the d im ethylgyloxim e m ixed com plexes an opposite trend o f th e  life 
tim es was observed [2] w hen the halide ligand entered in to  the inner coordina­
tion  sphere. Therefore, to  clarify this effect further investigations have to  be 
carried out on inner and outer sphere com plexes o f  analogous structure.

3. In the series o f  N i-th iocyanate m ixed com plexes one can observe  
again the parallel change o f  positron life tim e and L  param eter. On the other  
hand, the effect o f  arom atic base ligands does n ot show the correlation w ith  
their basicity  observed in the case o f C o(III)-ethylenediam ine m ixed com plexes. 
In the com plex contain ing the very sm all N H 3 ligand (21) or in the com plex  
w ith  on ly  tw o a-picoline m olecules instead o f four (20), in spite o f  the greater 
basicity  as com pared to  the pyridine, the life tim es are shorter and the energy  
spectra are wider, i.e., the interaction betw een th e  positron and the th io cy a ­
nate ligand is stronger than  expected. In the am m ine com plex (21) probably  
the smaller space requirem ent of these ligands com pensates the effect o f  the  
stronger basicity , as the th iocyanate ligand becom es less screened and conse­
quently  its in teraction  w ith  the positrons increases. Because o f the sm aller 
coordination num ber in  the a-picoline com plex (20) the th iocyanate ligand  
is bound stronger to  the central N i ion and becom es more polarized, which m ay  
explain  its stronger interaction w ith the positrons.

4. Comparing the corresponding pairs o f  com plexes w ith  analogous 
structure in Table II  one can study the effect o f  the central m etal ion on the  
annihilation param eters. In all pairs o f N i- and Co-com plexes (10, 25; 11, 26; 
16, 29, and 17, 30) shorter positron life tim e and sm aller L  param eter were 
observed in the cobalt ones irrespective o f  w hether the central atom  was 
a high spin Co(II) or a low  spin C o(III). In  the series o f  M e(py)2Cl2 com plexes 
(31 — 34) the life tim e a n d L  param eter increase in  the sequence o f Cu—Z n— Cd. 
(The extrem ely  h igh L  value of the Zn com plex can be w ell explained b y  the  
high in ten sity  o f  positronium  form ation. The p a r a -Ps com ponent m ay cause 
the extrem e narrowness o f the spectrum .)

As it is to be seen, the life tim es and L  param eters decrease w ith  decreas­
ing electron density  on the central m etal ion , consequently  in these com plexes 
the central m etal ion  m ay be responsible for th e  changes o f the annihilation  
param eters on ly  ind irectly . The positron in teracts w ith  electrons o f the ligands 
and feels the effect o f  changes on the central m eta l ion on ly  indirectly  through  
the changes caused on the ligands. Sim ilar conclusion was drawn when the  
annihilation and ESCA param eters o f  the b£s(dim ethylglyoxim ato)C o(III) 
com plexes were com pared [2]. In  the M e(py)2Cl2 com plexes the positron life 
tim e increases w ith  decreasing stab ility , i.e., w ith  decreasing polarization
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Table III

[.Positron life time data fo r  salicyl aldoxime complexes

N o . C o m p o u n d
L ife  t im e

TT,ps

35. Ni(SA)j 318 ± 3
36. Cu(SA)2 324 ± 2
37. Co(SA)j 357 ± 3
38. Fe(SA)2 359± 3
39. Fe(OH)(SA)2 370± 2

40. Ni(Cl— SA)j 324± 2

41. Cu(Cl—SA), 324± 2

42. N i(N 02—SA)2 332± 3
43. Cu(N 0 2- S A ) 2 347± 2
44. F e(N 02—SA)2 360± 2

SA =  salicyl aldoxime

o f th e  C l-  ligand. It seem s th a t  the decreasing polarization o f th e  C l-  ligand  
d ecreases also its interaction  w ith  th e  positron, as it was seen above and in 
our earlier investigations [2].

IV . In  Table III  the positron  life tim es m easured in the planar and te tra ­
hedral salicylaldoxim e com plexes are show n. B ecause o f the planar and te tra ­
hedral structures of the coordination  sphere th e  central m etal ion  m ay  more 
easily  in teract w ith the positron  th a n  in th e  octahedral com plexes. H ence  
it  is  ex p ected  that the electron d en sity  on it  m ay affect the positron life tim e  
d irectly .

T h e sym m etry o f  the coordination  sphere o f th e  N i and Cu com plexes  
is th e  c lo sest to  the regular square planar configuration, w hile th a t o f  the  
F e (III )  com plex is closest to  th e  regular tetrahedron [6]. Because o f  steric 
reasons th e  structural change from  planar to  tetrahedral m ay hinder the  
m eta l—positron  interaction and increase the positron life tim e. In  other respect, 
on th e  basis o f m agnetic su scep tib ility  m easurem ents [7] th e  num ber o f  
unpaired  electrons on the central m etal ion  o f  these com plexes increases in  
th e  fo llo w in g  order: N i (0), Cu (1), Co (3), F e(II) (4) and F e(III) (5). T h e increase  
o f th e  num ber of unpaired electrons in  these system s goes togeth er  w ith  the  
decrease o f  the number o f th e  3d4s electrons. This fact m ay also he t h e  reason  
for th e  increasing positron life  tim e in  the sam e order. This latter conclusion  
is  su p p orted  also by the effect o f  the substituents o f  the salicylaldoxim  e ligands.
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The electron w ithdraw ing substituents decrease the electron d en sity  also on 
the central m etal ion  [8] deform ing the sym m etry o f the coordination sphere 
on ly  slightly, consequently  increasing the positron life tim e.

Conclusions

Positron annihilation  m easurem ents carried out on 44 solid  com pounds 
have confirm ed our earlier conclusion, th a t the positron annihilation parameters 
reflect w ell the changes in  the chem ical structures o f  the com pounds. Thus 
th e  m ethod can be u sed  for the study o f the chem ical structure a lso  in  solid  
phase.

Because o f th e  com plicated com position o f the com plexes, the effect 
o f their constituents (central m etal ion, inner and outer sphere ligands) on 
th e  annihilaton param eters can be interpreted on ly  b y  studying  system atica lly  
chosen series. Several questions still rem ained to  be answered and we are 
going to  continue our system atic investigations.
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The study  deals w ith the determ ination  of the trace elements o f polyacrylam ide 
solutions by direct flam e atom ic absorp tion  spectrom etry, and w ith in  th is , w ith  the 
d isadvantageous m atrix  effect of polym ers. R ank  correlation was used for th e  evalua­
tion  of experim ental data . I t  was sta ted  th a t  th e  absorption signal su b stan tia lly  decreases 
in  th e  presence of polym ers, depending on the  type  and concentration of th e  polym er. 
The reason of the m atrix  effect of polym ers is to  be sought in the nebu liza tion  process, 
prim arily  in the decrease of take-up  ra te . Sodium  chloride reduces th e  m a trix  effect 
of polym ers th rough  its  influence on solu tion  viscosity and consequently  on take-up 
ra te . The au tho r a ttribu tes  the dim inishing of th e  take-up ra te  to  an increase in  viscos­
ity  of the  polym er solutions and, in  general, to  changes in solution s tru c tu re . U lti­
m ately , i t  is advantageous in the d irect flam e atom ic absorption analysis o f polymer 
solutions if  th e  tes t solution contains only  one polymer of known ty p e , and  sodium 
chloride in a concentration of 1.5—2.5 g d m -3 . According to experim ental d a ta , the 
take-up  ra te  can be used for the correction of the analytical curves.

Introduction

The sweep efficiency o f polym er so lu tions used in enhanced oil recovery  
is controlled in the laboratory test and in th e  field  operation b y  th e  determ ina­
tion  o f tracer com pounds and often  o f  trace elem ents. In view  o f  th e  fa c t that 
th is ta sk  m eans series o f  analyses for one or tw o  elements in a great number 
o f  liquid sam ples from the laboratory or th e  reservoir, the application  o f  atom ic 
absorption m ethod seem s obvious. So far on ly  a few publications [1 — 6] deal 
w ith  the determ ination  o f the m etal con ten t o f  polymers or p olym er solutions 
b y  atom ic absorption m ethods, and o f  th ese  on ly  H enn  [4] reported  data on 
the d etection  o f  trace elem ents in polyacrylam ides. A com m on feature of  
these pub lications is however, th at m o stly  flam eless m ethods, particularly  
graphite furnace atom ization was used, or the solution technique w as preceded  
b y  ashing, and possib ly b y  acid ex traction . For lack o f an electrotherm ic  
atom ization  technique, a direct flam e atom ic absorption process has been 
developed b y  us for the trace analysis o f  polym er solutions. T he fir st part of 
publication  sum m arizes the results o f  in vestiga tion s connected w ith  th e  m atrix  
effect. W ith in  the frame o f th is work, th e  effect of the polym er concentration

Acta Chim. Acad. Sei. H ung. 109, 1982



314 LAKATOS: DETERMINATION OF TRACE ELEMENTS

and structure, the v isco s ity  o f  the solution and th e  structural characteristics 
o f th e  solution  (gel concentration , size and d en sity  o f  the random coils) on the  
m agnitude o f the signal and on the rate o f  n eb u liza tion  have been stud ied . 
A  non-param etric rank correlation m atrix is used  for the determ ination o f  
the closeness o f  relationsh ip  betw een the single characteristics and for th e  
selection  o f  the factor or factors determ ining th e  m atrix  effect, m ost su itab le  
for th e  correction o f  th e  analytical curves.

Experimental

W ater soluble polym ers of various structure (average re lative molecular mass, degree 
of hydrolysis) were used for th e  labora to ry  tests. H ow ever, th e  intensive study of the m a trix  
effect involved only polyacrylam ides, because a t present o th e r polym ers used in the petro leum  
in dustry  am oun t only to  10 —15% . The average molecular m ass o f the polymers varied betw een 
(0.5 —14) X 10e, their degree o f hydrolysis between 0 an d  40% . Generally, m anganese was 
used as m odel elem ent, th ough  studies were extended also to  o ther elements of p rac tica l 
im portance (e.g. Al3+, Ca2+, M g2+, etc.). In  addition, aqueous solutions contained also sodium  
chloride in  various concentrations for the simulation of th e  ionic strength  of brines.

A  Pye-U nicam  Model SP  190 single beam atom ic abso rp tion  spectrophotom eter was 
used for th e  laboratory  te s ts  to ge ther w ith a manganese hollow  cathode lamp. O ther experi­
m ental conditions were as follows:

W ave length 
Slit w idth  
B urner head slot 
A ir flow  rate  
A cetylene flow ra te  
F lam e height of detection

279.5 nm  
0.15 m m

10 cm  (acety lene—air flame) 
5 dm 3/m in  
1.8 dm 3/m in  
8 m m .

A bsorbance values w ere recorded by an in teg ra tion  tim e  of 4 s with a Philips d ig ita l 
p rin ter. Sets of 20 da ta  w ere processed by elem entary te s ts  (outliers or rm test, n o rm ality  
tes t, tren d  analysis, F  te s t), th e  probability  level of w hich w as 95% .

In  view  of the fac t th a t  non-norm al d istribution  w as characteristic for some sets of 
da ta  w ith o u t trend , S p e a r m a n ’s and  K e n d a l l ’s rank  co rre la tion  and K e n d a l l ’s concordance 
analysis were used for s ta tis tica l evaluation  [7]. Since th e  la t te r  tw o did not yield new in fo rm a­
tion, th e  resu lts of Sp e a r m a n ’s ra n k  correlation will on ly  be given in this paper. B o th  th e  
elem entary  tests  and ran k  correlation  calculations were ru n  on a CDC 3300 computer.

R esults and D iscussion

In F ig . 1 th e  effect o f w ater  soluble polymers o f  variou s typ es on the absorbance 
o f m anganese is p lo tted  as a function o f polym er concentration. The figure  
show s th e  m atrix e ffec t o f  a hydroxyethylcellu lose (Hercules Co., U S A ), 
a polysaccharide (C X -12, CECA A .S., France) and o f  three polyacrylam ides, 
of w hich  tw o  are A m erican (Separan N P-10 and A P -30 , Dow Chemical) and  
one a G FR  (A N -34, Industria  Chemical) p roducts.

I t  can be seen from  th e figure that w ater soluble polymers of d ifferent 
typ es decrease to  a rather different extent th e  absorbance measured at th e  
m anganese line. This has from  the analytical a sp ect the consequence th a t
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LAKATOS: DETERMINATION OF TRACE ELEMENTS 315

errors o f different m agnitude can be com m itted , if  the type and concentration  
o f the polym er changes in the sam ple solution . This circum stance m ade neces­
sary an intensive investigation  o f  the m atrix effect, and th e  selection  of a 
factor for the correction o f th is unfavourable effect. It w ould be favourable

Polym er  concen t ra t ion  , (gdnrT3)

Fig. 1. E ffect of w ater soluble polym ers of d ifferent type  on the absorbance of the manganese 
line in th e  presence of 2 g dm -3  sodium chloride

i f  the correction factor were a general characteristic o f  the so lu tion  or the 
solution  structure, and not an in d iv idual property of the single polym er types. 
Therefore, the investigation  o f th e  m atrix  effects was exten d ed  to  the quali­
ta tiv e  analysis o f the follow ing functional relationship:

A x =  f ( c p 0[, M  r,  H d e g n  c gel . Qe q » d eq ,  I’ N 'aC l) ( 1 )

where A x is the absorbance, cpoi the polym er concentration, M r the average 
relative m olecular mass o f  the polym er, ifdegr the degree o f  hyd ro lysis o f  the 
polym er, v the rate o f nebulization , /1 the dynam ic v iscosity  o f  the polymer 
solu tion , Cgei the gel concentration o f  th e  polym er solution , peq the density  
o f  the random  coil, deq the equ ivalent diam eter o f the random  coil and C[yaci 
th e  concentration  o f sodium  chloride present.

Considering th at these factors are partly interdependent variab les, the 
m atrix  effect was analyzed by the calculation  o f the to ta l correlation  matrix. 
O f th ese the study o f the dependence o f  nebulization or tak e-u p  rate on the 
properties o f the test solution is em phasized. B y  analogy to  th e  above relation­
ship , th is  is characterized by the fo llow ing correlation:

f  =  f ( c pol, /I, Cgei i?eq> deq, CNaCl) (2)
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316 LAKATOS: DETERMINATION OF TRACE ELEMENTS

I t  sim plified laboratory  work that the ex ten siv e  study o f phenom ena  
w as restricted  to polyacrylam ides. Two acrylam ide — acrylic acid copolym ers 
o f th e  follow ing characteristics were selected as m odel substances:

Degree of
M T hydrolysis

(%)

Separan NP-10 106 5 —7
Separan AP-30 3.5 x l 0 e 30

In  F ig. 2, besides th e  change in absorbance o f  m anganese, changes m easur­
able at th e  m agnesium  and calcium  lines are p lo tted  as a function o f the tw o  
polym er concentrations. I t  should  be m entioned as a general experience th a t  
the tren d  o f the signal reducing  effect o f the polym ers is sim ilar for all elem ents, 
h ow ever, as concerns th e  e x te n t  o f change, lesser or greater differences can be 
fou n d  in th e  individual cases. T o lim it independent variab les, in m ost o f the  
cases deta iled  studies w ere carried out only on m anganese solutions of 1 m g  
d m -3  concentration.

A s the first step o f  th e  investigation  o f the m atr ix  effect, a relationship  
w as sou gh t between th e  absorbance and the m olecular m ass and the degree 
o f h vd ro lysis , characteristic o f  the polymer structure. In connection w ith  
polyacrylam ide A N -34 show n in  F ig. 2, we add as com plem entary inform ation  
th a t its  average relative m olecular mass and degree o f  hydrolysis is about 
(12 — 14) X 10® and 40% , resp ective ly . Comparing the effect o f the three acryl­
am ides and their chem ical structure, the conclusion can  be drawn th a t th e  
larger th e  average m olecular m ass and the degree o f  hydrolysis o f the polym er, 
th e  g rea ter  is the m atrix  e ffec t. Figure 3 presents a basis for the evaluation  
o f th e  role o f  the tw o factors. I t  shows the m atrix effect o f polymers o f nearly  
id en tica l molecular m ass (2.0 — 2 .2 )х Ю 6 but hydrolyzed  to  0 —10—20 —30%  
in  so lu tion s w ithout N aCl add ition  and w ith 2 g d m -3  NaCl.

The course of th e  curves belonging to  various polym er concentrations 
d em onstrates that in the deterioration of absorbance basically  the increase 
o f th e  degree o f hydrolysis p la y s  a decisive role, w hile th e  effect o f the m olecular 
m ass is  relatively  neglig ib le. Presum ably, this is con n ected  w ith  the fact th at 
in th e  shaping of the rheological and structural properties o f  polymer solutions, 
to o , th e  ex ten t of hyd ro lysis is  decisive.

The salt content o f  con n ate  waters (brines) and th e  well-known effect 
o f inorgan ic salts on the properties o f polymer so lu tion s justified  a study o f  
the effect o f  salt con ten t. F igure 4 shows that th e  m atr ix  effect o f a 1 g d m -3  
p olym er solution decreases som ew hat up to a NaCl concentration  o f I g d m -3 , 
to  a tta in  then  essentia lly  an equilibrium  (above th is v a lu e  absorbance changes
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LAKATOS: DETERMINATION OF TRACE ELEMENTS 317

but sligh tly). E ven tu a lly , the presence o f  sodium  chloride reduces th e  signal 
reducing effect o f the polym er m atrix , th a t is to  say, it increases th e  sen sitiv ity  
o f atom ic absorption to  the m etallic com ponents o f polymer so lu tions.

W hen elucidating the cause o f  the m atrix effect, com parison o f  the ef­
fic ien cy  o f  the nebulization process w ith  the change in absorbance is a logical 
step . T hus, F ig. 4 shows besides the data m entioned already the dependence o f

Fig. 2. E ffect of th e  concentration of two polym ers w ith different structure  on th e  absorbance 
of m anganese, m agnesium  and  calcium lines

Without NaCI addition 2 gdm'3 NaCI

Fig. 3. E ffect of the degree of hydrolysis o f polym ers on the absorbance o f m anganese line 
in solutions w ithout NaCI addition  and  in th e  presence of 2 g dm -8  sodium  chloride

7* Acta Chim. Acad. Sei. Hung. 109, 1982



318 LAKATOS: DETERMINATION OF TRACE ELEMENTS

the tak e-u p  rate on sodium  chloride concentration . I t  can he seen th a t the  
character o f  both curves fo llow s the change in  absorbance, i.e. the m atrix  
effect o f  polym ers can be p artly  traces back to  a decrease in nebulization rate. 
The sim ilarity  is still m ore conspicuous when F ig . 5, showing the relationship  
take-up  rate vs. polym er concentration, is com pared w ith  the tw o curves o f  
polym ers N P-10 and A P -30  in  F ig. 1.

In  accordance w ith  F ig . 5 the m atrix effect o f  polym ers is clearly illu s­
trated  b y  F ig. 6, in w hich  th e  change in absorbance is p lotted as a function  
o f tak e-u p  rate for so lu tions o f  various sodium  chloride concentration. The 
characteristic curves o f  th e  figure are also num erically  in good agreem ent 
w ith  respective data in  th e  literature [8].

Fig. 4. E ffect of sodium chloride concentration on th e  absorbance of manganese line and  on 
th e  tak e-u p  ra te  of th e  polym er solution

Fig. 5. Take-up rate  as a function  of the polym er and  sodium  chloride concentrations

Acta Chim. Acad. Sei. Hung. 109, 1982



LAKATOS: DETERMINATION OF TRACE ELEMENTS 319

The effect o f the changes in polym er and sodium chloride concentrations 
can be interpreted , if  the extrem e v isco s ity  increasing action o f  chain  like poly­
mers hav in g  large molecular m ass is tak en  in to  consideration. A s it  is shown 
in F ig. 7, th ese substances increase th e  v iscosity  of the test so lu tion  several 
tim es at relatively  low concentrations. The increase in v isco sity  is influenced  
to  a sm all ex ten t b y  the molecular m ass, and to  a large ex ten t b y  th e  degree

Nebulizalion rate (cm3 min*1)

Fig. 6. Absorbance of m anganese line as a function of take-up  ra te

o f  hy drolysis. The difference betw een polym ers with respect to  increasing the 
v isc o s ity  arises from th is fact. On th e  o th er hand, the sen sit iv ity  o f  the poly­
mers to  salts also increases w ith  increasing degree o f h yd ro lysis and conse­
q u en tly , the changes in v iscosity , n ebu lization  rate and absorbance produced 
b y  NaCl are greater in the case o f  th e  polym er o f type A P -30, th a n  in that of 
polym er N P -10 , as it is shown p artly  b y  F ig . 8.

H ow ever, the decreasing take-up  rate is only one con seq u en ce o f  the 
presence o f polym ers. It has been assum ed that besides the tak e-u p  rate the 
effic ien cy  o f nebulization and the d im ension and dispersity o f  th e  aerosol 
are also substantia lly  changing. F irst o f  all the nebulization effic ien cy  was 
determ ined for polym er-free solutions and solutions of high p o lym er concentra­
tion , form ing lim iting cases from the asp ect o f  viscosity. T aking in to  considera­
tion also standard deviations, it  w as found th at an im portant increase in the 
v iscosity  of the solution essentially  does n o t affect the neb u liza tion  efficiency. 
W ithin the 1 — 20 m Pas v iscosity  in terva l investigated, the n eb u lization  ef­
fic ien cy  o f the solutions varied betw een 10 and 12%, which is a lso  close to  the
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320 LAKATOS: DETERMINATION OF TRACE ELEMENTS

va lu es given for pneum atic nebulizers [8]. M oreover, it  should be m entioned  
th a t th e  surface ten sion  o f  polym er solutions does n o t differ from th a t  of 
polym er-free solutions, so th a t  also in principle n o  change in nebulization e f­
fic ien cy  is to  be expected . M ention must be m ade, how ever, that the n eb u liza ­
tio n  efficiency was n o t corrected w ith the v o lu m e o f  the solvent (w ater) 
evap orated  during th e  n eb u lization  in the spray cham ber. On the other hand, 
resu lts  o f  qualitative in vestiga tion s permit to  conclude that in aerosols ob­
ta in ed  b y  the nebulization  o f  polym er solutions th e  droplet dimensions are larger

Polymer concentration (gdmf3)

Fig. 7. D ynam ic viscosity of th e  po lym er solution as a function  o f polym er and sodium chloride
concentrations

Fig. 8. Take-up ra te  as a function of dynamic v iscosity  of polymer solution
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LAKATOS: DETERMINATION OF TRACE ELEMENTS 321

than e.g. in the nebulization  o f d istilled  w ater. This conclusion w as reached 
on the basis o f  the resu lts o f  th e  fo llow ing very simple and b y  far not exact 
experim ent. The apparatus was zeroed in flam eless state, and polym er solution  
and w ater were nebulized into the burner head at identical rates. (In the latter 
case th is  was atta in ed  b y  an adequate reduction o f air flow  rate.) Absorbance 
produced by the aerosol form ed from  th e polym er solution  w as by about 
3 0 —40%  lower than  th a t produced b y  th e  aerosol formed from  polym er-free 
w ater. In view  o f the fact th a t th e  decrease in in tensity  caused b y  ligh t scatter­
ing is proportional to  the num ber o f particles in the light p a th , th e  decrease 
in absorbance is probably ind icative o f  an increase in droplet volum e. (It 
should be em phasized th a t the take-up rate and the nebulization effic iency  were 
identical during the experim ent, and th e  transm ittance o f  th e  d issolved  sub­
stance w as 100% at the given w ave length .) I t  was assumed on th e  basis o f  theo­
retical considerations th a t the d ispersity o f  the aerosol obtained  b y  pneum atic 
nebulization changed also as a function  o f polym er concentration [9 — 12]. Accord­
ing to  D a v ie s  [12], in th e  case o f colloid dispersions the dim ension o f  the aerosol 
particles is determ ined by the dim ension (the equivalent d iam eter, deq) of 
the random m olecular coils. Thus, in  principle the efficiency o f  nebulization  
should increase up to  a gel concentration  o f 100% . A bove th is , th e  degree 
o f  dispersity o f the aerosol increases anyhow , because such so lu tion  is already 
solvent-deficient, and due to  th e  partial overlap o f random coils can be actually  
considered as a gel. T hus, it  was exp ected  on the basis o f  the change in disper­
sity  o f  the aerosol th a t up to  a gel concentration o f 100%  th e decrease in 
absorbance w ill be less steep than  after th is  concentration, because o f the 
decrease in take-up rate. H ow ever, th e  four curves in F ig. 9 do n o t exhibit 
a break in the v ic in ity  o f  100% gel concentration, from w hich  th e  conclusion  
can be drawn th at the possible effect o f th e  differences in the degree o f  disper­
sity  can be neglected beside the decrease in take-up rate.

W ith the aim to  elucidate in d irectly  th e  role o f the degree o f  dispersity  
o f  the aerosol, the change in absorbance w as also compared w ith  other struc-

Fig. 9. Absorbance of m anganese line as a function  of gel concentration of polym er solution
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tural properties of the so lu tion , thus e.g. w ith the d en sity  and the equivalent 
d iam eter o f  the random m olecular coils. These investigation s indicate th a t  
th e  p artic le  size of the aerosol decreases w ith increasing NaCl concentration, 
w hile th e  density of the random  coil increases, w h ich  is indicative o f the  
increase in free solvent (bulk  phase) in the so lu tions. B oth  findings can lie 
used for th e  interpretation o f  th e  dependence (increase) o f  absorbance on sa lt  
con cen tration , but nevertheless, th e  effect of sod ium  chloride on the v isco sity  
of the polym er solution and th e  increase in take-up  rate ensuing from it  is 
considered as the determ ining factor.

C ontrary to  the usual case , in  the atom ic absorption spectrom etry o f  
polym er so lu tions, m acrom olecules and even m olecular coils consisting o f  
chain substances and absorbed w ater participate in  th e  atom ization processes 
besides th e  low  molecular inorgan ic substances. The circum stance that polym ers 
con ta in in g  acrylic acid segm en ts (hydrolyzed polyacrylam ides) form poorly  
d issociating  salts w ith m u ltiv a len t cations further com plicates the evaporation  
and th erm al decom position processes. The effect o f  th ese  processes cannot lie 
com p lete ly  excluded. H ow ever, experim ental fin d in gs unequivocally prove  
th a t b a sica lly  the effect o f  th e  polym ers on n ebu lization  process is responsible  
for th e  deterioration o f ab sorp tion  measured at the an a ly tica l lines.

Since the effect o f polym ers in nebulization processes and atom ization  
phenom ena could not be sharp ly  distinguished, th e  tw o  effects of identical 
direction  have been treated  togeth er  by rank correlation  analysis. The rank  
correlation  m atrix calcu lated  m ade also possible th e  m utual correlation o f  
every fa cto r  o f the q u a lita tiv e  relationships (1) and (2). Thus, the m atrix  
effect cou ld  be reduced th rou gh  interm ediate steps to  characteristics of so lven t  
structure (e.g. absorbance —>- take-up  rate -*■ v isc o s ity  —*- polym er concentra­
tion  — gel  concentration, etc.). O f the results o f  sta tistica l calculations the  
m ost im p ortan t are given in  T ables I and II, in w h ich  the Spea rm a n ’s rank  
correlation  coefficients o f  absorbance and of tak e-u p  rate are sum m arized. 
The fir st  colum n o f the tab les is pertinent to  so lu tions w ithout NaCl add itive, 
the second  column to  so lu tion s containing 2 g d m -3 sodium  chloride. In the  
third colum n CNaCi and in  th e  fourth the polym er ty p e  was also treated  as 
in dependent variable. T hereby we intended to  clarify  th e  question of sensib il­
ity  o f  th e  m atrix effect o f  polym er solutions to  the q u an tity  of foreign ions 
present in  the solution and to  the type of the polym er.

T he Spea r m a n ’s correlation  coefficients fa ll in to  th e  [—1, + 1 ]  in terval. 
The sign  indicates only th e  direction of the tw o  rank vectors, i.e. w h eth er  
the tw o  factors com pared change in an identical or opposite  direction. It can be 
sta ted  after these prelim inaries th at the absorbance is w ell correlated w ith  
tak e-u p  ra te , polymer and gel concentrations and  th e  dynam ic v iscosity  o f  
the so lu tio n , if  both the ty p e  o f  the polymer and th e  sa lt content are constant 
in the sam ple solution. H ow ever, the m atrix effect cannot be brought even
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Tabic 1

S p e a r m a n ’s  rank correlation coefficients o f  absorbance at various sodium  
chloride concentrations 

Polyacrylamide: Separan AP-30

cNaCl =  0  g /L cNaCl =  2 g /L cNaCl — 0— 2 g /L nFAA =  2 '

cpolyiner -0 .9726 -1 .0 0 0 -0 .9 4 3 0 — 0.762

V 0.9726 1.000 0.9759 0.8035

/* -0 .9 7 2 6 —  1.000 -0 .8 7 1 9 -0 .7 1 1 4

e gel —  0.9726 —  1.000 -0 .8 7 1 9 —0.7227

(?eq 0.8433 0.1515 0.5020 0.1645

^ e q -0 .9087 -0 .1 5 8 1 -0 .5053 -0 .4 4 1 3

c N a C l — — 0.2953 0.1252

* Polymers Separan AP-30 and Separan NP-10 together

Table II

S p e a r m a n ’s  rank correlation coefficients o f  the take-up rate at various sodium  
chloride concentrations 

Polyacrylamide: Separan AP-30

cNaCl =  0 g/L cNaCl =  2 g/L cNaCl =  2 g /L n PAA. =  2 *

c p o l y m e r —  1.000 - 1.000 — 0.8762 — 0.4788
— 1.000 — 1.000 -0 .9 4 5 2 —0.8815

c g e l - 1.000 - 1.000 -0 .9 4 5 2 -0 .8 8 4 2

£ e q 0.8941 0.1515 0.6523 0.3591

^ e q -0 .9 4 5 2 -0 .1 5 8 1 -0 .6 5 4 2 -0 .6 2 6 9

c N a C I — — 0.4605 0.2472

* Polymers Separan AP-30 and Separan NP-10 together

in th is case in direct correlation (at best under analysis o f  NaCl-free solutions) 
w ith  the characteristics o f  solutions structure (size and density o f  the random  
m olecular coil), w hich presum ably exert an im portant effect on nebulization  
processes. The correlation coefficients are poorer som ew hat, i f  the te st  solu­
tions contain also foreign electrolytes at different ratios. The poorest correla­
tion  is obtained w hen the type o f the polym er is also an independent variable. 
Correlation coefficien ts decrease from a value o f  about -|-1 to  +  0 .7 —0.8, 
though only  tw o  chem ically very sim ilar polym ers were included in the  
studies.

The correction of the m atrix effect w ill be su itab ly  carried out w ith  that 
or those factors, w hich are in closest correlation w ith  absorbance. I t  can be 
seen from T able I th a t the correlation coefficien t is highest betw een absorbance
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T ab le  I I I

Confidence levels o f the rank correlation o f take-up rate at various sodium  
chloride concentration 

Polyacrylam ide: Separan AP-30

4J*C1 -  о g /L c N a C l =  2 g/L c s » C l  =  0—2 g/L n P A A  =  2 *

N 12 11 27 51

f 11 10 26 50

c po ly m er 99.9 99.9 99.9 99.9

л 99.9 99.9 99.9 99.9

cgel 99.9 99.9 99.9 99.9

£?eq 9 8 -9 9 90 90 9 0 -9 5

^eq 90 9 5 -9 8 99.9 99.9

c N aC l — _ 90 9 0 -9 5

* Polym ers Separan AP-30 and Separan NP-10 together

and t  a k e-u p  rate. This lias to  be considered as a favourable circum stance from  
the p ra c tica l aspect, because during th e  analysis o f  polym er solutions o f  un­
know n com p osition  the determ ination  o f  the take-up rate is sufficient for the  
correction  o f  the m atrix effect. H ow ever, the com parison o f the correlation  
co effic ien ts  a lso  shows that the m ost accurate results are given by a correlation  
of th is  ty p e  i f  the solutions to  be analyzed  contain  on ly  one polym er o f pos­
sib ly k n o w n  ty p e  and if  th ey  con ta in  sodium  chloride in a concentration (about 
1.5— 2.5  g  d m -3 ) which provides for th e  equilibrium  o f the solution structure  
properties.

T h e S p e a r m a n ’ s  rank correlation  has the advantage that i f  the data  
(IV) and  th e  degree of freedom  ( f )  are know n, the confidence level can be ca l­
cu lated . O n th e  basis o f data in  T able I I I  it  can be sta ted  w ith  a reliab ility  o f  
of 99.9%  th a t  there is a correlation e.g. betw een absorbance and take-up  rate  
if  th e  ty p e  and the concentration o f th e  polym er and the salt concentration  
are ch a n g in g  in  the test solution. H ow ever, it  rem ains an open question w hether  
for correla tion  coefficients o f  0 .7  — 0.8 the correction o f  the m atrix effects  
through th e  take-up rate y ields acceptable resu lts from  the analytical point 
of v iew . A n  answer to  th is question  w ill be the aim  o f our next paper.

Conclusions

In  th e  stu d y  of the unfavourable m atrix effect m et in  the analysis o f  the  
trace e lem en ts  o f  polyacrylam ide solutions b y  direct flam e atom ic absorption  
sp ectrom etry , the following has been  concluded:

Acta Chim. Acad. Sei. Hung. 109, 1982



LAKATOS: DETERMINATION OF TRACE ELEMENTS 325

a) The absorption signal decreases w ith  the increase of relative m olecular  
m ass, degree o f  hydrolysis and concentration  o f the polymer.

b) The trend character of the m atrix  effect is identical for all the elem ents, 
how ever, depending on the elem ents, there m ay  be larger or sm aller differences 
in the decrease o f  absolute absorbance.

c) The cause o f  the m atrix effect is to  be sought primarily in th e  nebuli- 
zation processes, and w ithin  these, in th e  decrease o f take-up rate.

d) The decrease in  take-up rate can be traced back to  increasing polym er  
concentration and solution  v iscosity , in  general, to  changes in solution structure.

e) Through its  effect on the structure and v iscosity  o f the polym er solu­
tion  and consequently  on the take-up ra te , sodium  chloride decreases the  
disadvantageous m atrix  effect o f polyacrylam ides.

f) A ccording to  rank correlation an a lysis , the absorbance is in  close 
correlation w ith  take-up  rate, solution v isc o s ity  and polymer and gel concen­
trations alike.

g) The closeness o f correlation w orsens if  th e  analysis is ex tended  sim u lta ­
neously to  several typ es of polymers.

In sum m ary, th e  direct trace analysis o f  polyacrylam ide so lu tion s by  
flam e atom ic absorption spectrom etry w ill be su itab ly  carried ou t on a p o ly ­
mer o f know n ty p e , and at a sodium  chloride concentration o f  1 .5 —2.5 g 
d m -3 . From  the poin t o f view  o f practical work, it is advantageous to  use 
the take-up rate as th e  correction factor.
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M. N ó g r á d i : Stereochemistry. Basic Concepts and A pplica tions

A kadém iai K iadó, B udapest and Pergam on Press, Oxford, New York, T oronto , Sydney, 
Paris, F rank fu rt, 1981. XV +  283 pages

The present book is a significantly revised and completed English version of the book 
“ Bevezetés a sztereokém iába” (In troduction  in to  Stereochemistry) published in  H ungarian 
(M űszaki K önyvkiadó, B udapest, 1975, 245 pages) by the same author. The title  of the H un­
garian version “ Introduction  into S tereochem istry”  was extrem ely m odest; in  the same way, 
the main title  of the present edition, “ S tereochem istry” can be, w ithout the sub title  printed 
in  m uch sm aller le tte rs, “ Basic Concepts and A pplications” , ra ther misleading, particularly  
in view of the only 283 pages volume.

For these reasons, it  m ust be sta ted  a t the beginning here th a t the presen t book is of 
m uch higher level th an  suspected on the basis o f th e  title  and the relatively  sm all volume. I t  
is n o t concerned w ith  the fundam ental concepts in this branch of science as an in troductory  
w ork of for deeped studies, hu t presents very concise, high level, and really original m aterial.

The book is n o t simply a description of th e  basic phenomena in stereochem istry, bu t 
the theoretical principles and the correlations betw een them  are surveyed, w hich have increasing 
im portance in to d ay ’s preparative and theoretical organic chem istry, pharm aceutical and bio­
chem istry, polym er chem istry and also in  inorganic chem istry; this is followed by  illustrative 
exam ples of applications, treated  som etimes in  g rea t detail. In view of these facts, the emphasiz­
ing of the expression “ Basic Concepts and A pplications” , instead of using i t  as m erely a sub­
title , would have been justified to indicate th e  real con ten t and originality o f th e  book. “ Basic 
Concepts and Applications of S tereochem istry” or “ Basic Principles of S tereochem istry” 
could have been a be tte r title for the book w ritten  by M. N ó g r á d i .

Professor W . D. O l l is  presents the book to  the reader in  a Forew ord, then  the author 
describes his concepts in  the Preface. A lready th is sparkling introduction m ay suggest th a t the 
book will contain more than  a conventional stereochem ical work.

The h istory  of stereochem istry can be divided into three main periods. The firs t, lasting 
for alm ost eight decades, starting  w ith the verification of the te trahedron theory  by van’t  
H o f f  and L e  B e l  (1 8 7 4 ) ,  exploiting then  the various possibilities in stereochem istry  and 
synthesizing the appropriate basic com pounds, was followed, after 1 9 5 0 , by  the  in troduction 
and w idespread application of the conform ation theory. Further rapid developm ent was 
supported by the increasing use of new, powerful instrum ental m ethods of exam ination. 
In  th e  present, th ird , period, stereochem istry is no longer ju s t an independent b ranch  of science, 
bu t an  indispensable p a rt of the m ajority  of chemical and biochemical sciences. The author 
has w ritten  a book corresponding to th is th ird  period, introducing the stereochem ical principles, 
theoretical correlations and their practical applications, emphasizing the general concepts. 
This approach m ade possible th a t, in spite of the small volume, all im p o rtan t stereochem ical 
problem s could be included in this very up-to -date  work.

There are three main chapters in the book. The first chapter, S tatic  stereochem istry 
(1 1 1  pages) trea ts  th e  geometric conditions in molecules, molecular sym m etry . Grouping of 
the molecules is based on the S c h ö n f l i e s s  po in t group notation (pages 9 — 1 6 ) , and this is 
consistently used then  throughout the book. F u rth e r main sections in C hapter 1 deal with 
the chirality  of molecules, with molecules having several centres of asym m etry , determ ination 
of absolute and relative configurations and th e  separation of enantiom ers (pages 22 — 92); 
then  the conform ational analysis of carbon com pounds is discussed (pages 93 — 11 1 ).

The p a rt dealing w ith molecular ch irality  (pages 19 — 40), points 1.1.6 —1.1.6.6. (Molec­
ular ch irality ; The chiral centre: The sequence rules relating to the ch irality  centres: The 
conventions of C a h n , I n g o l d  and P r e l o g ; The chiral axis; The chiral plane; Helices; Stereo­
isomerism in penta- and hexa-coordinate com pounds) is more detailed than po in t 1.1.7 (pages
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41 — 53) dealing  w ith  molecules con tain ing  more than  one cen tre  of asym m etry. Po in t 1.1.8 
(The ex p erim en ta l determ ination o f configuration; A bsolute and relative configuration) 
(pages 5 4 —86) and  the subsequent P o in t 1.1.9 (Principles re la ting  to  the separation of enan tio ­
mers) (pages 87 — 92) are very  in form atory .

S ection  1.2. Conformation of carbon  com pounds (pages 93 — 111), dealing w ith the fu n d a­
m ental p rinc ip les of conform ational analysis and the conform ation of basic molecules, appears 
a t f irs t  s ig h t to  be very short and concise. The subsections are: 1.2.1. The conform ation of 
e thane; T o rsional strain  (pages 94—95); 1.2.2. The conform ation of re-butane; N on-bonding 
in te rac tions (pages 96—99); 1.2.3. T he conform ation of cyclohexane (page 100 — 111). A 
discussion on  th e  conformation of o th e r cyclic systems, particu la rly  of sa turated  heterocycles 
would h av e  been  welcome.

T h is sh o rt chapter on conform ational analysis given in  th e  f irs t p a r t of the book should 
be considered , however, in correlation w ith  th e  second and th ird  m ain chapters. In  C hapter 2, 
D ynam ic stereochem istry  (pages 112 — 179) and C hapter 3, A pplied stereochem istry (pages 180— 
268), severa l subchapters deal again w ith  the conform ations o f cyclic systems, of exam ple, 
2.2.4. C onform ational equilibria in  ring  system s; Ring inversion (pages 163 —179) and 3.1.2.2, 
C onform ation and  reactiv ity  (pages 203 — 20). This is an exam ple to  show the way of approach­
ing and  discussing a given problem  in  th e  book.

In  th e  sam e way, the second m ain  chapter (D ynam ic stereochem istry 2.2.1 In tram olec­
ular sy m m etry  relations betw een groups of th e  same stru c tu re  and  position; Topicity (pages 
112 —119) gives a discussion of the  fundam enta l phenom ena tre a ted  already in  the chap te r 
on s ta tic  stereochem istry, a t a  higher level.

In  2.2, the  kinetics of configurational and conform ational change (pages 133 —151), 
isom erisation , epim erisation and configurational inversion are discussed very exactly, on the 
basis o f energetical considerations; th e  subject of section 2.2.3 (pages 152 —163) is hindered 
ro ta tion .

O n th e  basis of the title , A pplied stereochem istry, one m ay  expect th a t C hapter 3 de­
scribes th e  p rac tica l applications of th e  knowledge presented in  the  previous chapters. This is 
true, how ever, only partly . E ven  th e  titles show th a t  new  topics are also discussed in  th is 
section. T hese  largely belong to the recen t results of organic chem istry or biochem istry. The 
very h igh-level theoretical discussion assum es, of course, th e  knowledge of the previous p a rts  
of th e  p re se n t w ork and fam iliarity  o f th e  reader w ith th e  elem ents of molecular orbital theory , 
as in d ica ted  in  th e  Note in page 212.

P a rticu la rly  notew orthy sections in  subchapter 3. (R eac tiv ity  and molecular sym m etry) 
(pages 180 — 235) are: 3.1.12, T ransform ations involving m olecular faces (pages 185 —195); 
3.1.2.1. C onfiguration  and reac tiv ity  (pages 196—202); 3.1.2.2, Conformation and reac tiv ity  
(pages 203 — 209).

Special a tten tion  should be paid  to  th e  subsequent section 3.1.3, The stereochem istry 
of concerted  reactions. The conservation  of orbital sym m etry  (210 — 241) is discussed in  th e  
following p o in ts : 3.1.3.1. The sym m etry  of molecular o rb ita ls; 3.1.3.2, Electrocyclic reactions; 
C onrotation  and  disrotation; 3.1.3.3, Cycloaddition and cycloreversion; Suprafacial and in tra ­
facial processes; 3.1.3.4, Cheletropic reactions; 3.1.3.5, S igm atropic rearrangem ents; R e ten ­
tion and  inversion.

T he v e ry  profound discussion o f the W oodw ard  —H o ff m a n n  rules is also a character­
istic exam p le  of the general v irtues o f the  trea tm en t applied in  the  book: i t  is m odern and  of 
high level. I t  is particularly ev iden t in  th is chapter, b u t characteristic  of the whole book, 
th a t a r ich  am o u n t of figures helps th e  understanding. In  p arag raph  3.1.3, covering 32 pages, 
the co n ten ts  consist of figures in ab o u t 50% , and there  is also a table. On these 15 pages, 
the figu res are  very carefully and econom ically constructed , like the to ta l figure con ten t of 
the book. T he formulas are clear and  have the optim um  size. This is also in  accordance w ith  
the concise sty le , and contributed to  th e  small volume of th e  book despite its rich m aterial.

In  th e  following part of C hapter 3, th e  author tre a te d  th ree  topics of general in te rest: 
the s tereochem istry  of enzym atic processes (pages 242 — 248), stereoselectivity  in the b iosynthe­
sis of stero ids (pages 249 — 259) and  th e  stereoisomerism o f monotonous polymers (pages 
260 — 264). T he final section (3.4) en titled : Stereoisom erism in some inorganic complexes 
(pages 265 — 278). E xcept these four pages — and ap a rt from  a few examples — the book 
deals only  w ith  the stereochem istry o f organic molecules.

T he num ber of references is 169, including all m odern stereochem ical books and review  
papers. Som e particularly  im p o rtan t original papers are also cited. The literatu re  contains 
alm ost exclusively  the product of th e  la s t 12 years, and  also refers to  works being in  the press 
in 1980. O rien ta tion  of the reader is fac ilita ted  by listing th e  full titles no t only for the books, 
b u t also fo r th e  reviews and original papers. In  view of th e  careful editing, i t  seems to  be 
strange th a t  th e  close reference 64 and  69 are the same.
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The stereochem ical language and m anner of trea tm en t are s tric tly  ex ac t throughout 
the book. This m anifests itself in  th e  use of exact terminology and in  endeavouring  to  conse­
quen t conciseness, n o t abandoning these principles even for the sake of b e tte r  readability.

In  sum m ary, i t  can be s ta ted  th a t  a  very  valuable book of o rig inal view s has been 
added  to  the stereochem ical lite ra tu re , which trea ts  the earlier and m ost recen t knowledge 
in stereochem istry a t a high level.

G. B e r n At e

J . F a l b e  (ed itor): New Syntheses with Carbon M onoxide  

Springer Verlag, Berlin, Heidelberg, New York

The hook “ New Syntheses w ith Carbon Monoxide”  was published in  1980 as the 11th 
volum e in  the series “ R eactiv ity  and S tructu re  Concepts in Organic C hem istry” .

The publication of th is work — as sta ted  by  th e  E ditor in  the P reface — was justified, 
since th e  las t edition of th e  book “ Carbon Monoxide in  Organic S yn thesis”  was published 
more th an  a decade ago, and in  th is period the  im portance of the chem istry  o f carbon  monoxide 
has become, more and more evident; the oil crisis, th e  constant fear of dep le ting  th e  oil reserves 
and the “ rediscovery”  o f coal as raw  m ateria l have greatly increased th e  research  activity 
in th is field. Processes alm ost forgotten, such as the F ischer—Tropsch syn thesis , have got into 
the centre of research in terest. Thus i t  was high tim e to revise thoroughly  th e  previous book. 
New chapters, like “ H om ologation” or “ H ydrogenation  of carbon m onoxide”  have been 
included, while others, for exam ple, “ The conversion of synthesis gas in to  m ethano l and higher 
alcohols”  are om itted.

The modern w ork consisting of 465 pages and  divided into six ch ap te rs  does no t cover 
the entire content, however, since as it  will be seen below, no t the “ new syntheses”  are emphasized 
(the  book does no t even aim  a t completeness in th is respect), b u t the scope and  limitations, 
m echanism s, and the know-how of p reparative reactions and industria l processes used for a 
long tim e are presented in  an  excellent way.

C hapter 1, “ H ydroform ylation, oxo synthesis, Roelen’s reaction”  (B . Co r n il s ), which 
can be regarded as typical in respect of s truc tu re  is a good illustration for th e  above statem ents:

1.1 Introduction
1.2 Mechanism
1.3 Effect of reaction conditions on th e  conversion: selectivity, th e  course of the oxo 

synthesis
1.4 Exam ples of the reaction for different types of compounds
1.5 Side reactions
1.6 Industrial oxo syntheses. Economy.
The scope of the following five chapters are presented by  listing th e  titles.
C hapter 2: Hom ologation of alcohols (H . B a h rm a n n , B. Co r n il s )
C hapter 3: Carbonylation catalyzed by  m etal carbonyls; the R eppe reac tio n  (A. M u l l e n )
C hapter 4: H ydrogenation of carbon monoxide (C. D. F r o h n in g )
C hapter 5: The Koch reaction  (H . B a h r m a n n )
C hapter 6: Cyclization reactions w ith  carbon monoxide (A. M u l l e n )
The volume is excellently edited; the au thors of the chapters s tr ic tly  considered the 

rules of lucid presentation , consequently, the  book makes enjoyable read ing .
References are com plete, including the p a ten t literature, up to  1978 b u t citations of 

1979 and  1980 can also been found. The value of th e  inform ation con ten t o f th e  book is greatly 
increased by  119 figures and 127 tables.

In  all chapters, the industria l practice of “ carbonylation” is em phasized , and related 
problem s, such as the composition of ca ta lysts, contam inant, perspective of application, 
econom y, are also discussed in  detail.

The book can be regarded as an excellent comprehensive reference m ateria l for all 
readers in terested  in  ca ta ly tic  carbonylation, carbon monoxide-based in d u s tria l syntheses, 
o r in  teaching chemical technology, b u t i t  can be interesting for p repara tive  organic chemists, 
too. I t  m ay  be m entioned th a t  H ungarian au thors are often cited in  th e  book, particularly  in 
C hapter 6.

L . T ő k e
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A new  pulse technique, term ed po ten tio s ta tic  double pulse technique, has been 
developed for the study  of fast electrode reactions. The first large am plitude  pulse 
rapidly  charges the double layer capacitor to  th e  level corresponding to  th e  second 
po ten tia l step  and consequently  very fast Chargetransfer processes can be investiga ted , 
as the cu rren t can be ex trapo la ted  to t =  0 from  th e  initial period of th e  cu rren t-tim e 
transient. T hus it is possible to  evaluate the faradaic current more precisely.

The technique perm its the determ ination  o f the heterogeneous rate 
constant up to  к  =  10 cm s _1 w ith an acceptab le accuracy. This is a con sid ­
erable im provem ent as com pared to single poten tia l pulse technique w hich  
can be em ployed  for the calculation  o f th e  heterogeneous rate con stan t w ith  
reasonable accuracy when к  10 ~2 cm s -1 .

Introduction

Charge transfer betw een the m etal and the respective com ponent o f  the  
solution is an essential step o f  the k inetics o f  electrode processes.

Several m ethods have been developed for the determ ination o f  the  
kinetic param eters of electrode reactions [1, 2 ]. R elaxation  techniques form  
an im portant class of these m ethods. In  th ese techniques the electrode in 
equilibrium is perturbed either b y  a controlled current signal or by a controlled  
potential function , and the response w hich is determ ined by the k in etic  char­
acteristics o f  th e  electrode process is m easured and analyzed.

The w ell-know n faradaic im pedance m ethod  consists in perturbing the  
electrode w ith  a sinusoidal current or p oten tia l function . The k inetic param ­
eters o f the electrode reaction are determ ined from  the measured electrod  
im pedance data . The faradaic rectification  m ethod utilizing the non-linearity

* To whom correspondence should be addressed.

1 Acta Chim. Acad. Sei. Hung. 109, 1982



332 DÉVAY et al.: POTENTIOSTATIC DOUBLE PULSE METHOD

of th e  faradaic impedance is also generally accepted . However, these m ethods  
can o n ly  be used in the case o f  steady sta te  (or quasi-stationary) system s.

W h en  using dynam ic m ethods, the stu d y  o f  th e  transient signals perm its 
to  draw  conclusions on the k in etic  param eters o f  the charge transfer process.

D y n a m ic  m easurem ent can be carried ou t according to tw o different 
prin cip les depending on w hether the p otentia l or th e  current o f the electrode  
is ch an ged  according to  a g iven  signal.

Perturbation  is produced w ith  a current pulse in the ga lvan osta tic  
current step  m ethod. The cou lostatic  charge pulse m ethod is sim ilar to  the  
la tter . In  these m ethods th e  change in tim e o f th e  overvoltage produced b y  
th e  current pulse or charge pulse respectively  is measured.

T h e potential or v o lta g e  step m ethods b elon g  to  another im portant group  
o f  d y n a m ic  techniques. In  th e  voltage step m eth od  the voltage o f the m easur­
ing  ce ll is changed by a v o lta g e  step of g iven  m agnitude, and the change in  
tim e  o f  th e  current produced is analyzed. T he overvoltage o f the electrode  
also changes as a function  o f  tim e because th e  overvoltage is the difference 
o f  th e  v o lta g e  step (AV)  and o f the voltage drop at resistance R  o f th e  circuit:

V =  A V ^ J R

T h e measuring cond itions becom e b etter  defined, if  instead o f  th e  cell 
v o lta g e  th e  electrode p o ten tia l is controlled b y  a step function. The in ten sity  
o f th e  current is determ ined b y  the transfer resistance and diffusion resistance. 
In  th is  case, however, th e  current can only he m easured after the decay o f the  
ca p a c it iv e  current. Since th e  overvoltage produced by a potentia l step  E 2 
varies exponentia lly  w ith  tim e (because o f  th e  fin ite  tim e o f the charging of 
th e  c a p a c ity  o f the double-layer), the m ethod  is only suitable for th e  stu d y  
o f r e la t iv e ly  slow processes having a heterogeneous rate constant o f  10 ~2 
cm  s -1  or lower.

S im ilarly  to m ost o f  th e  transient m ethods the potential step  m ethod  
can  a lso  be interpreted w ith  functions in terrelating  current, p oten tia l, tim e  
and concentration .

L et us consider the m ost sim ple electrode process:

R ^ ± 0  +  ze (1)

w h ere R  and 0  are th e  reduced and ox id ized  forms, respectively , o f  the  
rea c tin g  species and z is th e  number o f electrons taking part in th e  charge 
tran sfer  reaction.

T he theoretical bases o f  the analysis o f  the results obtained b y  the  
p o te n tia l step m ethod h a v e  been developed in  detail by Sm utek  [3] and 
in d ep en d en tly  from him  b y  K ambara and T achi [4] as well as by D ela h a y  [5], 
and b y  Gerischer and V ielstich  [6].

A  eta Chim. Acad. Sei. Hung. 109, 1982
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The follow ing are the essential points o f  their results:
1) The charge transfer current density (faradaic current) is given by the 

follow ing formula

j =  j 0 exp (Я2«)ег/с(Я f t )  (2)

where j(0) is the current d en sity  at t =  0, and factor /  is defined b y  the fo l­
low ing formula

jo 1 ( oczF 1 (! «)**■ J l
zF C°R ]fD~RĈ  1 R T  v ' CS ^ o eXP R T  J

where j 0 is the exchange current density, « the sym m etry factor, rj the over­
voltage, С о and Cr are the bulk concentrations o f  th e  oxidized and th e  reduced  
form, respectively while D o  and £ ) r  are the diffusion coefficien ts o f  the ox id ­
ized and reduced form resp ectively , z is the num ber of electrons exchanged  
in  the electrode reactions w hile F , R  and T  have their usual significance.

2) Current density at tim e t =  0: is given by

. I oczF ) (1 — oc)zF 11
Jo j exp ——  rt\ — exp

R T  ) R T  V)
(4)

I t  can be seen from the aforegoing that charge-transfer overvoltage is only  
observed at t =  0.

The above relationships refer to system s, in which both  th e  reduced 
and the oxidized forms are present in the solution . If, how ever, th e  solution  
contains only the oxidized form , or only th e  reduced one other relationships 
m ust he used. In the stu d y  o f rather rapid processes as the reduction o f some 
cations (e.g. Cd2+, Pb2+) th e  follow ing assum ptions are made:

1) The reduced form  produced in the cathodic process is deposited on 
or dissolved in the electrode w ith  am algam form ation,

2) m aterial transport on ly  takes place b y  diffusion,
3) the ohm ic resistance o f  the cell is zero, and thus, the capacity  of the 

double layer is charged at t =  0.

The follow ing relationships are valid under these conditions

1) The charge transfer current density is expressed by relationship (2), 
where factor (3) has the fo llow ing m odified form:

k0 exp
/  =  -------- --

(1 oc)zF
- ---------'-----V

R T

Ш

к

Ш
(5)

where k Q is the formal rate constant o f the electrode reaction at the formal 
potentia l o f the electrode reaction , and к is the p otentia l dependent rate con­
stan t the value o f which is conven iently  referred to  the half-w ave potential.

1* Acta Chim. Acad. Sei. Hung. 109, 1982
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2) Current density a t t =  0 is:

j(0 ) =  zFkCo (6 )

G erischer  and V ielstic h  [6] also analyzed th e  above expressions in  
d eta il and  found th at th e  current density can be approxim ated w ith  the  
fo llo w in g  formula if  Я ][* 1? i.e . tim e is su ffic ien tly  short,

j = j ( 0 ) 1 (? )

T hus the faradaic current is obtained by extrapolation  o f th e  function  j 
vs. у t to  t =  0. The exchange current density is g iven b y  the relationship

j 0 =  z F k 0C*oc £ - a) (8)

w ell kn ow n  in literature.
S ince the instantaneous se ttin g  o f the electrode p otentia l to  the desired  

o v erv o lta g e  is im peded b y  th e  delayed charging o f the double layer capacity  
an a ttem p t has been m ade to  develop a m ethod w hich perm itted  to  charge 
th e  double layer capacity in  a v ery  short period o f tim e (w ithin  a few  [is). 
T hus a potentiostatic  double pulse m ethod was developed. The first potentia l 
p u lse  o f  a large am plitude ( £ x) charges the double layer capacity  to  the level 
corresponding to the second p oten tia l step (E 2). C onsequently th e  capacitive  
current is not observed after th e  first pulse. The k inetic param eters are cal­
cu la ted  according to  the princip les o f the p oten tiostatic  potentia l-step  m ethod.

The potentiostatic double pulse method

A ctu a lly , in the case o f  th e  sim ple potentia l step m ethod th e  overvoltage  
does n o t change according to  a true step function  because the double layer  
c a p a c ity  is charged to th e  desired overvoltage according to  th e  follow ing  
eq u ation  (neglecting the faradaic current):

E(t) =  E 2 1 — exp
t

Rc C/< . (9)

w here С  к is the double layer cap acity , R  c the cell resistance and t the tim e.
I t  is apparent from E q . (9) th at if  the ohm ic resistance o f  the cell is 

reduced  to  a value approaching zero (e.g. w ith ohm ic com pensation), then  the  
ex p o n en tia l term also tends to  zero, thus in  the lim iting  case E {t) w ill be equal 
to  E 2 a t t =  0.

A  dum m y cell was assem bled  for the stu d y  o f th e  aforesaid case. The 
m easuring equipm ent is show n in  Fig. 1. The poten tia l betw een  points A  
and В  w as measured w ith  an oscilloscope. The effect o f  ohm ic com pensation
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10 к О

F ig . 2 . Potential function  im posed on the electrode
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F ig . 1. Block diagram  of the  m easuring system  w ith a dum m y cell



336 DÉVAY et al.: POTENTIOSTATIC DOUBLE PULSE METHOD

on th e  transient was found  to  be unsatisfactory because E(t) attains E 2 ex p o ­
n en tia lly  in the sam e w ay  as w ithout ohm ic com pensation . This can be a ttr i­
b u ted  to  the follow ing fact: though the response tim e o f pulse p o ten tio sta ts  
is  about 10~ 7 s in  th e  case o f  ohmic load, th is  va lue, however, is reduced to  
1 0 -4  s when the load  also contains a cap acitive  com ponent because o f  the  
p hase-sh ift caused b y  th e  capacitive com ponent.

The frequency transfer o f the Tacussel M odel PIT  20 — 2x p oten tiosta te  
equipped w ith an ohm ic com pensating unit CDCO 1, was measured using a load  
conta in ing  a capacitive com ponent. Ohmic com pensation  was found to  becom e  
ab ru p tly  ineffective at frequencies higher th an  10 kH z. Consequently another  
w a y  had to he found to  im pose the desired p oten tia l step on the electrode in  
th e  shortest possible tim e.

The principle o f  the m ethod  is the fo llow ing: The signal shown in F ig . 2a  
is im posed on the electrode. The am plitude o f  th e  first relatively short pulse  
(E j), m ust be chosen so th a t th e  double layer is charged to  the level correspond­
ing  to  potentia l E 2. The fo llow ing potential step , E 2, perm its the observation  
of th e  current tim e tran sien t from which th e  k in etic  parameters can be ca l­
cu lated . Figures 2b and 2c illu strate the cases, w hen  th e  am plitude of E x is sm aller  
or larger, resp., than  th e  required one.

I t  is apparent from  th e  figure that w hen a charging pulse is sm aller than  
th e  required one the double layer is not charged to a level corresponding to  
E 2 during tim e t1? w hich is the duration o f th e  potentia l pulse E v  On the  
other hand, a larger pulse th an  needed produces overcharging. The respective  
current-tim e transients o f th ese  cases are show n in Figs 3a, 3b and 3c.

Theoretically, the proper ratio of the tw o potentia ls is selected in  the  
fo llow ing way: it can be assum ed that the current flow ing through th e  cell 
during the first short pulse com pletely charges the double layer cap acity . 
T hus, th e  overvoltage due to  the capacity can be calculated when Cdi and R q 
are know n. A t tim e t =  tx, E(t) m ust be equal to  the second step , E 2, 
[E(t)  =  E 2].

H ow ever, an appropriate adjustm ent can be also made experim entally . 
Figure 3c illustrates the cases in which the first pulse E x overcharges the cap acity  
o f th e  doble layer at t =  t x, and consequently a discharge current and the  
faradaic current drops below  the level o f th e  faradaic current. The correct 
va lu e (E x) o f the pulse can adjusted by changing its  am plitude until the over­
charge transient observed after t =  tx d isappears. From  the current-tim e  
tran sien t obtained b y  th e  extrapolation  o f the p lo t o f j vs. jIt to t =  0.

The redox system  1 0 ~ 3 mol d m -3  K 4Fe(CN)e — 1 0 -3 mol d m -3  
К  3F e(CN)e was studied in  order to prove the ap p licab ility  o f the above m easuring  
m ethod  to  rapid electrode process (к l>  1 0 -2  cm  s _1). Y  mol d m -3 KC1 was 
used as the supporting e lectro ly te , a Pt needle as the working electrode, and  
norm al calom el electrode as the reference electrode. M easurements were
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carried out at 25 °C. The circuit diagram  o f the potentiostatic double pulse 
m easuring set is show n in Fig. 4 .

The signal o f  generators Gx and G2 (generator Gx was a pulse generator  
M odel EM G—1157, generator G2 a fu nction  generator AILTECH  Series Model

Fig. 3. Current — tim e transient generated  by  the potential step in the case of a charging
pulse (E j)  o f various amplitude

Fig. 4. 31ock diagram of the p o ten tio s ta tic  double pulse m easuring system
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505) are connected to  a v o ltage  adding circuit. M easurem ent is started by the  
synchron  signal o f generator G15 which at th e  sam e tim e ensures the synchron­
ous operation o f generator G2 and o f m em ory oscilloscope Model T etronix  
7633/R 7633. The double pulse was set to  an adequate level w ith helicoidal 
potentiom eter H.

The current flo w in g  through m easuring resistance R m was m easured  
w ith  an oscilloscope. T he potential step controlling the potentiostat was 
sim ilarly  adjusted w ith  an oscilloscope.

The equilibrium p o ten tia l o f the system  w as m easured w ith a m illivolt- 
m eter (this was found to  be £  =  198 mV at 25 °C). The latter potentia l was 
ad ju sted  w ith p o ten tiom eter  H. Then p oten tia l steps o f + 1 0 , + 2 0 ,  + 3 0 ,  
+  40  and + 5 0  mV w ere applied and the j vs. t transien t were recorded; j vs. 
y i  diagram s were p lo tte d  from  these transient data. The faradaic current 
va lu es were calculated b y  extrapolation o f th ese p lots to  t =  0.

An exam ple o f such  an extrapolation is show n in  F ig. 5, where j vs. lAt 
diagram  was p lotted  from  a current tim e transien t produced by an anodic 
p oten tia l step of 40 m V.

Exchange current d en sity  j 0 relating to  th e  equilibrium  potential was 
determ ined by Tafel extrap ola tion , from the faradaic current values obtained  
from  th e j vs. j/t p lots and  the rate constant o f  th e  charge-transfer reaction  
w as calculated using th is  d ata . The anodic transfer coefficient (a) is determ ined  
from  th e slope of th e  T afel line. The faradaic currents relating to given poten­
tia ls  are listed in T able I . The Tafel lines obta ined  w ith  these data are shown  
in  F ig . 6. The exchange current density j 0 w as found to  be j 0 =  10.5 X l 0 ~ 3 
A c m -2 . The rate con stan t o f  the charge-transfer reaction  can be calculated  
using  E q. (8). I f  C0 =  Co  and Cr  =  Cr , and C =  C r  =  Co are the in itia l 
concentrations at t =  0 , th en  Eq. (8) is reduced to  the following expression:

j 0 =  zFCk  (10)

Table I

Faradaic current in the case o f anodic polarization

Е г (mV) 10 20 30 40 50
j  (mA cm -2) 6.54 10.2 14.1 18.8 22.2

Faradaic current in the case o f cathodic polarization

E 2 (mV) - 1 0 - 2 0 - 3 0 - 4 0 - 5 0
j  (mA c m '2) 7.9 16.2 21.5 27.2 34.4
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In  the case o f th e  present system  2 = 1  and C =  10 6 mol cm -3 . 
Thus

10.5 • 10~3 
96500 • 1 • 10-«

1.09 • 10_1 cm s-1 .

The transfer coefficient w as calculated  from the Tafel lines in  the  
usual w ay.

The slope o f  th e  anodic branch were found to  he ma =  6.45 V -1 , while  
th a t o f  the cathodic one =  10.48 V -1 .

The transfer coefficient calcu lated  from  th e anodic branch w as a  =  0.381 
w hich is in good agreem ent w ith  th a t calcu lated  from the cathodic branch  
a == 0.380.

Fig. 5. Current generated by potential step Ег as a function of the square root of time

Fig. 6. Polarization curves of the charge transfer process of the redox system  
[Fe(CN)e]*-/lFe(C N )e]3- ;  lg =  -1 .9 8 ;  i0 =  1 .0 5 x 1 0 -*  A cm “ *
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Table II

Tem perature 1 J57j /2 *
(°C) (mV)

к
(cm s-1) a кш.(cm s-1 )

10~3 mol d m -3 CdCl2 
1 mol d m -3 KCl 

10“2 mol d m -3 HC1

2 2 - 6 8 5 0 .9 5 0 .2 0 2 .9 0 .2 2

10~3 mol d m -3 P b(N 03)2 
1 m ol d m -3 NaCIO,

2 2 - 4 2 5 1 .7 0 0 .3 9 3 .3 0 .4 0

* Referred to normal calomel electrode.

T he kinetic param eters o f  the above system  reported in the review  of 
Ta n a k a  and Tamamushi are the follow ing: a =  0.39 and к =  0.52 • 1 0 _1
cm • s _1.

I t  is apparent th a t the above experim ental results are in good agreem ent 
w ith  literature data.

T he reduction o f Cd(II) and of P b(II) ions w as also studied. In th e  former 
case a 1 0 ~3 mol d m -3 Cd(II) solution was prepared and a 1 m ol d m -3  KC1 
so lu tion  was used as the supporting electro lyte, w hile in the letter  case a 
1 0 ~ 3 m ol d m -3 P b(II) so lution  was used, and th e  supporting electro lyte  was 
1 m ol d m -3  NaClL4. The pH  o f the solutions w as adjusted to pH  =  2 in 
b oth  cases.

D ropping m ercury electrode was used as th e  working electrode while  
m ercury pool as the auxiliary electrode, and norm al calomel electrode as the  
reference electrode. M easurem ents were carried ou t at 22 °C.

Our results and data published in the work o f Tanaka  and Tam am ushi [2] 
are sum m arized in Table I I . I t  is apparent th a t a good agreem ent exists  
b etw een  our results and literature data.
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A new diphosphirane (III) has been iso lated  from the reaction of brom oform  
w ith  triphenylphosphine and potassium t-bu tox ide, using both  of the la t te r  reagents 
in excess. The reactions of П1 w ith carbonyl com pounds gave new oxadiphospholanes 
(IV and  V) which have also been characterized b y  elem ental analysis and spec tra l data .

C ontinuation o f our studies on ylides has led  to  the isolation o f  a d iphos­
phirane form ed b y  a m odified W ittig  reaction . Form ation of a d ib u toxy-y lid e  
when using potassium  i-butoxide in excess and th e  form ation of a phosphirane  
in the presence o f excess triphenylphosphine h ave been reported b y  us [1 , 2 ]. 
N ow  we report the form ation of 1 ,1 ,1 ,2 ,2 ,2-hexaphenyl-3 ,3-d i-(t-butoxy)d i- 
phosphirane (III). The reaction can he represented as shown b y  E q . (1).

i) Ph3P f  (С'Нз)зСОК -  OH 111 3 ---------- — P h3P = C B r2 +  KBr +  (СНз)зСОН

I

ii) PhaP—OBi‘2 “b 2 (СНз)зСОК Р11зР=С[ОС(СНз)з]2 -г 2 К Bi­

ll

iii) II +  P h 3P PhaP—С|ОС(СНз)з)з

P h3P

( 1 )

P h 3P—;С[ОС(СН3)з]з 

РЬзР

I I I

* To whom correspondence should be addressed.
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T he form ation o f the non-isolated d ibrom o-ylide (I) was first reported  
b y  Sp e z ia l e  et al. [3] in the reaction o f triphenylphosphine, potassium  t-but- 
ox id e and brom oform , all taken  in equim olar am ounts. In  our experim ents, 
p otassiu m  i-butoxide was present in excess w hich  being a strong base, replaced  
both  h alogen  atom s o f the y lide I, to  give rise to  the ylide II. The fa c t th a t  
phosphorus can undergo bonding both by u sin g  its  em pty 3d orbitals, as w ell 
as b y  u sin g  its lone pair o f electrons, suggests th a t triphenylphosphine, w hich  
also is present in excess in th e  reaction m ix tu re , can attack the double bond  
b etw een  th e  phosphorus and carbon atom s to  give the diphosphirane III.

I l l  +  R iR 2C = 0 P h 3P ---------С[ОС(СНз)з]2

p b 3R. x 'R iR 2 m
ЧГ

IV, V

IV R i =  R 2 =  C0H5; V R i =  H, R 2 =  C0H4OCH3

T he structures o f com pounds III, IV and V have been confirm ed by  
elem en ta l analysis and spectral data.

T he diphosphirane TTT w as allowed to  react w ith  various carbonyl com ­
pounds and the products were identified  as th e  oxadiphospholanes IV  and V. 
The reaction  can be represented by E q. (2).

Experim ental

Preparation of the diphosphirane III

Triphenylphosphine (0.02 mole) and potassium  t-butoxide (0.02 mole) [prepared  by 
dissolving potassium  (1 g) in t-butanol (100 m L) and evapora ting  the solvent u n d er reduced 
pressure], w as taken  up in  dry, distilled petroleum  e th e r (100 mL). The m ixture w as cooled 
in ice. To th is  ice-cold m ixture a solution of brom oform  (0.01 mole) in petroleum ether (20 m L) 
was added , w ith  constant stirring. The addition of th e  brom oform  produced a d a rk  orange 
colour ind ica ting  the form ation of the brom o-ylide (I), b u t  soon the solution becam e colourless. 
The reac tion  m ix ture  was allowed to  w arm  to room  tem p era tu re  and let to stand  for one day. 
The m ix tu re  was then  filtered and the  filtra te  concen tra ted  to  obtain a yellow oil w hich gave 
two spo ts in  TLC corresponding to unchanged triphenylphosphine and the product. Column 
chrom atography  of the reaction m ixture afforded u n reac ted  triphenylphosphine (w ith  p e tro ­
leum ether) and  the product (w ith e ther as the elu ting  solvent). Recrystalization from  ben­
zene-ether gave the product w ith m .p. 160 — 161 °C in 40%  yield.

C45H 480 2P 2. Calcd. C 79.1; H  7.0; P  9.09. Found  C 78.8; H  7.5; P  9.6%.
T he IR  spectrum  had m ain bands due to  P  — P h  (1440), —C(CH3)3 (1930), C — О — C — 

— O - C  (1110 and 1000) [4] and P - P  (450) [5].
T he H-TiMR spectrum  of the product showed com plex aromatic signals in tb e  range 

2.0 —3.0 ( r )  and  aliphatic signals in the range 8.0 —9.0 (t).
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Reaction of I I I  w ith benzophenone

The diphosphirane II I  was prepared in  the sam e m anner as described above. A fter the 
addition  of brom oform , benzophenone (0.01 mole) in petroleum  ether (25 m L) was added, 
w ith  constant stirring. A fter one day, th e  reaction  m ix ture  was filtered and  th e  filtra te  con­
cen tra ted  and then sub jected  to column chrom atography. E lution w ith  petro leum  ether gave 
unchanged triphenylphosphine; benzene e lu ted  then  the unreacted benzophenone, and finally 
elution w ith ether gave a solid which was recrystallized from ether-benzene; m .p. 168 — 169 °C; 
yield: 30%.

C58H 580 3P 2. Calcd. C 80.5; H 6.7; P 7.2% . Found C 80.2; H 6.4; P  7.7% .
The IR  spectrum  had  main absorption  bands due to  P  —Ph (1435), P  — О — C (1190), 

C O - C - O  C (1110 and  1000) [4] and  P  P  (460) [5].
The 4I-N M R  spectrum  showed com plex arom atic signals in th e  range 2.0 —3.0 (t) 

and complex aliphatic signals in the range 8 .0 —9.0 (r).

Reaction of I I I  w ith anisaldehyde

The reaction w as performed in th e  sam e m anner as described above. The product was 
obtained from the e th e r elution of th e  colum n chrom atography and was recrystallized from 
benzene-ether; m.p. 165 — 166 °C; yield: 35% .

C53H->K0 4P 2. Calcd. C 77.7; H  6.8: P 7.5. Found C 77.5; H  6.4; P  7.9% .
The IR  spectrum  had  main absorption  bands due to P Ph  (1450), С О — С О — C

C C

(1160 and 1030), P  О C (1190),
\  /  

C (1920) [4] and  P - P  (460) [5].

О
The 4 I-N M R  spectrum  showed com plex arom atic and aliphatic signals in the range 

of 2.0 —3.0 (r) and 8 .0 —9.0 (r), respectively.
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The complex form ation betw een C r(III) and Mo(CN)|~ follows a second order 
kinetics, being first order in each reac tan t. The rate is linearly re la ted  to  pH  in the low 
pH  range. The salt effect is negative and  exponential in character. The ra te  decreases 
w ith an increase in dielectric constan t. Therm odynam ic param eters have been evaluated. 
Chemical analysis corresponds to  th e  form ula CrMo(CN)e(H zO)(OH). The formation 
of Cr(CN)2 as an interm ediate has been identified polarographically. A  possible reaction 
mechanism has been proposed and th e  corresponding ra te  law' derived.

Introduction

Metal ions like silver, thallium , copper and cobalt react w ith  potassium  
octacyanom olybdate(IY ) to  g ive insoluble com plexes, th e  com position of 
w hich were investigated  by W a r d l a w  and co-workers [1] using various 
physico-chem ical m ethods. H ow ever, F e(III) and Cr(III) form  soluble com­
plexes w ith potassium  octacyanom olybdate. Studies on th e  nature and compo­
sition  o f  these and other com plexes formed with potassium  octacyanom olyb- 
date(IV ) were carried out b y  Ma l ik  and co-workers [2, 3] b y  spectrophoto- 
m etric m ethod. H ow ever, a review  o f the literature show s th a t  the kinetics 
o f these com plexation reactions has not been studied. H en ce a system atic  
kinetic study o f the interaction o f Cr(III) w ith m etal cyanides w as undertaken  
w ith  a view  to elucidate the m echanism  o f these in teractions, and the present 
paper describes our results on th e  stu d y  of the in teraction  o f  Cr(III) with 
octacyanom olybdate.

Experim ental

Methods and Materials

Potassium  octacyanom olybdate(IY ) was prepared by the m ethod  of R o s e n h e i m  [4] 
as modified by F i e s e r  [5]. I ts  solution was standardized by the procedure recommended by 
K oL T H O F F [6] and stored in a coloured bottle . Chromic chloride, A nalar, grade, was dissolved 
in double distilled w ater and its streng th  was determ ined iodom etrically a fte r oxidizing the 
solution to chrom ate w ith N a20 2. Sodium acetate-hydrochloric acid buffer was used to main­
ta in  the pH  of the solutions. All o ther salts used were of A nalaR grade.

* To whom correspondence should be addressed.
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Chemical analysis

A red  coloured com plex sep a ra ted  after about 3 hours o f m ixing o f equimolar aqueous 
so lu tions of octacyanom olybdate(IV ) and  chromic chloride. I t  w as recrystallized from absolute 
e th an o l, dried over quick lim e fo r ab o u t 24 hrs and heated  a t  110 °C for about an hour to  
rem ove w ater of hydration.

0.1 g of the dehydrated  com plex  was decomposed by  h ea ting  w ith  cone, sulphuric acid 
fo r n ea rly  one hour, cooled and  d ilu ted  w ith water. A clear so lu tion  was obtained and its Mo 
c o n te n t was determined by  p rec ip ita tin g  w ith benzoinoxime and  w eighed as M o03 [7], Cr was 
dete rm ined  iodometrically. The re su lts  of chemical analysis are listed  below:

Mo Cr H c N

F o u n d 28.11 15.26 0.91 21.31 24.82

Calc, for 
CrMo(CN)„ 
(H 20 ) (OH)

28.31 15.34 0.89 21.24 24.78

K in e tic  measurements

T he spectrophotom etric m easurem ents were made on a U nicam  S P —500 spectrophoto­
m eter. T he /.max for the reddish  brow n  coloured solution ob ta ined  on m ixing aqueous solutions 
of octaeyanom olybdate(IY ) an d  chrom ic chloride, and for th e  aqueous solution of the complex 
o b ta in ed  b y  isolation of th e  com plex from  absolute alcohol was found  to  be 360 nm. Further 
th e  / max of the reaction m ix tu re  d id  n o t change w ith tim e. I t  is w orth-w hile to  point ou t here 
th a t  th e  tw o reactants do n o t h av e  a n y  appreciable absorbance a t  th is  wavelength. F urther 
th e  so lu tion  of potassium octacyanom olybdate(IV ) was taken  as th e  b lank. The reaction m ix­
tu re  w as k ep t in a therm osta ted  cell, th e  tem perature of w hich was m aintained constant 
w ith in  ^ 0 .1  °C. The course of th e  reaction  was followed b y  m easuring the absorbance a t 
360 n m  a t  different intervals of tim e  a n d  the concentration of th e  com plex was evaluated from 
th e  ca lib ra tion  curve (Fig. 1).

T he polarographic m easurem en ts were made on a  T oshniw al m anual polarograph, 
w ith  a scalam p galvanom eter in  th e  ex ternal circuit and using a d.m .e. against a sa turated  
calom el electrode. The capillary characteristics in the open circu it were: drop tim e 3.86 sec Hg 
pressure 40 cm. pH  m easurem ents w ere carried out on a Cam bridge bench type pH  meter.

Fig. 1. C alib ration  curve for th e  com plex
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Results and D iscussion

Effect o f  p H

For determ ining the m ost suitable pH  for com plex form ation, th e  k inetic  
runs were m ade betw een pH  1.0 and 4 .6 . A t pH  4.6 precipitation occurred  
and hence the effect o f  pH  greater than  th is could not be investigated . Further  
it  was observed th a t the rate constant increased w ith an increase o f  [O H - ] 
and reached a m axim um  at [O H - ] 2 . 0 x l 0 -10 mol d m -3 corresponding to  
pH  4.3. H ence subsequent kinetic runs w ere m ade at pH 4.3. F urther a plot 
of log k2 vs log  [O H - ] was found to  be linear (F ig . 2).

Order o f  reaction

A plot o f (a is the in itial concentration  o f reactants and x  is the
a  — x

cone, o f  com plex form ed after tim e t) vs tim e a t equimolar concentration  of 
the reactants w as found to  he linear suggesting  th at the reaction  follow s  
second order k inetics. The order w ith  respect to  each reactant was determ ined  
by carrying ou t th e  reaction at varying concentrations in each case b u t at

nearly constant ionic strength. From these runs the value of w as eval-
l d t )

uated by plane mirror m ethod [8]. A plot o f  log |-^-J vs log c (where c is the

Fig. 2. Plots for order in  C r(III) and Mo(CN)| . Curve(a) — Variation of [M o(CN)| ] a t 
50 °C, fC r(III)] =  2.OX 10_ * mol d m -3  Curve(b) — V ariation of [Cr(III)] a t  50 °C, 

[Mo(CN)|- ] =  2 .0 x 1 0 -*  mol d m “ 3

2 Acta Chim. Acad. Sei. Hung. 109, 1981
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corresponding concentration o f  the reactant taken) was found to  be linear  
(F ig . 3) w ith  slopes of 1.01 and 1.1, indicating fir st  order behaviour in Mo(CN)8_  
as w ell as in Cr(III).

Effect o f  reactant concentration

F rom  the kinetic results at varying concentration  of the reactants but 
at n ea r ly  constant ionic strength  the second order rate constants (к ^ w ere 
ev a lu a ted  (Table I). I t  was seen  that the reactan t concentration has v ery  little

T ab le  I

Effect o f reactants concentration on second order rate constant

(A) [Mo(CN)|- ] =  2 X 10-2 mol d m -3 [KC1] =  0.2 mol dm -3 Temp. =  50 °C

(B) [C r(III)] =  2 X 10-2 mol d in -3 [KC1] =  0.2 mol dm -3 Temp. =  50 °C

(A)
[C r(III)]X  10-2 mol d m -3 2.0 1.0 0.8 0.6 0.5 0.4

fc2X l0 3 dm3m ol- I JVf-1 9.86 9.64 9.38 9.01 8.89 8.50

(B)
[Mo(CN)|- ] X 10-2 mol d m -3 2.0 1.0 0.8 0.6 0.5 0.4

fc2X l0 3 dm3m ol-1M -1 9.86 9.60 9.40 9.13 8.81 8.76

e ffec t on  th e  second order rate constant. This consistency in second order rate  
co n sta n ts  w ith  the vary in g  concentration o f  reactants further confirm s the  
secon d  order kinetic behaviour for this reaction .

Fig. 3. E ffect of [O H - ] on th e  second order ra te  co n stan t. [Mo(CN)| ] =  [C r(IlI)] = 1 x 1 0  2 
mol d m -3 , tem p . =  50 °C, CH3COONa =  HC1 buffer
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Therm odynam ic param eters

B y  studying the kinetics at 318, 323, 328, 333 and 338 K, the activation  
energy, entropy o f activation  and frequency factors were evaluated . A ctiv a ­
tion  energy: 89.45 k jm o l-1 ; entropy o f activation: 166.0 J K - 1m o l-1 , and 
frequency factor: 6.1 x lO 7 dm 3 m ol-1 s -1 .

S alt effect

The nature o f salt effect was in vestigated  b y  using KC1 as a neutral salt. 
The p lo t of log k 2 vs. [i " was found to be linear w ith  a slope o f 3.95 (F ig . 4), 
in d icatin g  th at the negative salt effect w as exponential in character. This 
suggested  th at the rate-determ ining process was the reaction betw een  ions 
o f opposite charge. The specific effect o f  different ions investigated  v iz ., 
K +, N a + , Mg+ +, C l- , B r - , I - , A c- , NOjf, CIO^, SO4 was rather negligible. 
The effect o f Cu2 + , Ag + , Mn2+ Zn2 + , Ca2+ and B a2+ could not he investigated  
because o f precipitate form ation.

Solvent effect

The reaction w as studied in  the fo llow ing solvent system s o f  varying  
com position: m ethanol-w ater, ethanol-w ater and dioxane-water. The cor­
responding dielectric constants for these so lven t system s were obtained  from  
literature [9, 10], the interpolated values being used when required. In  all 
th e  three solvent m ixtures (m ethanol-w ater, ethanol-w ater and dioxane-w ater) 
th e  rate decreases w ith  an increase in dielectric constant. The p lo t o f  log  k2

vs. —  (F ig. 5) was linear only in the rate o f  higher dielectric constants, sug­

gestin g  th at the rate determ ining process should be between oppositely  charged  
ions f i l l .

Fig. 4. Effect of ionic strength. IK4Mo(CN)8] =  [CrCl3] =  5.O x  10~3 mol d m -3 ,
tem p. 50 °C
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Fig. 5. E ffect of dielectric constant. l-C 2H6OH H 20  m ix tu re , 2-CH3OH +  H 20  m ix ture , 
3-D ioxane +  H 20  m ixture, [K4Mo(CN)g] =  [CrCl3] =  5 .0 x l 0 _3 mol d m -3, tem p. 30 °C

P H  change with time

I t  w as seen th a t in an unbuffered m edium , there was a slight increase  
in p H  early  during the reaction after w hich it  attained a constant value  
(Table II).

Table II

Change o f  pH  with time

[Mo(CN)|~] =  [Cr(III)] =  I.O X IO -2 mol d m " 3; Temp. =  50 °C

Time
(min) 2 10 20 30 40 50 60 80

pH 4.01 4.16 4.22 4.25 4.32 4.34 4.34 4.34

Polarographie evidence for the intermediate Cr(CN)2

T he evidence for the presence o f Cr(CN)2 w as obtained polarographically  
using  L i n g a n e ’s m ethod. The polarogram o f CrCl3 in 0.1 m oldm -3 KC1 as 
a su p p ortin g  electrolyte was first o f  all recorded and E 1/2 measured. T hereafter  
th e  E 1/2 w as recorded in th e  presence o f  various CN~ concentrations. From  
th e  p lo t o f  E 1/2 v s .  log C N -  (F ig. 6), the form ula o f  the com plex w as found  
to  be Cr(CN)^ (slope =  —0.113).
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1.0 1.2 1A 1.6 1.8 0.0
log [CN ]

Fig. 6. Shift of £ j/2 w ith change in  [CN- ]

M echanism

On the basis o f  k inetic and other evidences the follow ing reaction  
m echanism  is proposed:

Mo(CN)8~ +  2 H 20 ^  Mo(CN)8(H 20 ) 2_ (1)

Mo(CN)8(H 20 )^ - ^  Mo(CN)e(H 20)2~  +  2CN“ (2)

C N - +  H 20 ^  HCN +  O H - (3)

Mo(CN)e(H 20 ) | -  +  O H “ ^  Mo(CN)6(H 20 ) (0 H )3 - (4)

Cr(III) +  2 C N - Cr(CN)2+ (5)

Mo(CN)e(H 20 )(O H )3_ +  Cr(CN)2+ Cr[Mo(CN)0(H 2O)(OH)] +  2CN' (6)

According to the above mechanism the rate o f  form ation of the  
(denoted  by P) is g iven by,

com plex

- f f l -  =  fc« [Mo(CN)e(H 20 )(O H )3 -]  [Cr(CN)2+ ] (i)

From equilibrium  processes (1), (2) and (4),

[M „(CN,„(H ! 0 )(0H )> -] =  * 1« i * ‘ [M °(CN>C ][O H -]
[CN J“
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w hereas from  equilibrium  process (5)

[Cr(CN)2+] =  K 5 [C r(III) j [C N -]2 (iii)

S u b stitu tin g  these values,

=  i ^ K 2K * K 5K °[M o(C N )!-] [Cr(III)] [O H -]  
d i

=  fe2[M o(C N )| ] [C r (I I I ) ] [O H -]

w here k 2 is the experim ental second order rate constant.
In  th e  above m echanism  equilibria (1 — 5) are rapidly estab lished  and  

as su ch  process-6 is the rate controlling one.
I t  m ay he pointed out that octacyanom olybdates have been show n by  

J a k o b  and J akob  [12] to form  the anion M o(CN)8R 2— where R is H 20  or N H 3. 
F u rth er  it  is w orth-while to m ention that a change in the spectra o f  th e  system  
M o(CN)g— -|- H 20  w ith  tim e had been reported  by Co l l e n b e r g  [13]. The 
sp ectra  o f  the system  Cr(III) J- CN~ also changes w ith tim e in d icatin g  the  
form ation  o f Cr(CN)2b, w hich has also been confirmed polarographically.

T he rate equation derived above show s th e  first order dependence of 
rate on  [C r(III)], [Mo(CN)^“ ] and [O H “ ] as observed experim entally . The 
rate rap id ly  increases w ith  an increase in [O H - ], the lim itation above pH  4.5 
is th e  precip itation  o f C r(III). Chemical an a lysis data also support th e  above  
m ech an ism  so far as the fin a l product is concerned. Process (6) a reaction  
b etw een  a negative and a positive ion is supported  by the nature o f  sa lt effect 
and so lv en t effect observed. Besides th is , th e  positive value of th e  entropy  
o f  a c tiv a tio n  is in agreem ent w ith that th eoretica lly  expected.

*

O ne of us (VKG) is thankfu l to C. S. I. R ., New Delhi, India for aw arding a post­
docto ra l fellowship.
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The kinetics of th e  alkaline solvolysis of dichloroacctate ion in t-propyl alcohol- 
w ater solvent m ixtures have been studied over the tem perature  range 50.0 to 65.0 °C. 
The reaction follows a second-order ra te  law and th e  reaction is firs t order w ith respect 
to both  d ichloroacetate and hydroxide ions. The en thalpy  and en tropy  of activation 
for the reaction shows a minim um  a t about 0.9 w ater mole fraction. The significance 
of these results from  th e  view point of the electrostatic theory  and  the changing of 
solvent s truc tu re  in such m ixtures is discussed.

Introduction

The alkaline so lvolysis o f m onochloroacetate ion in  binary alcohol-water  
system s [1 — 3] proceeds by a direct displacem ent, a one-step Sn 2 m echanism , 
first order w ith respect to  both m onochloroacetate and hydroxide ion. On the  
other hand, in th e  alkaline solvolysis o f  trichloroacetate ion [4 — 6], the rate­
determ ining step is the breaking o f the carbon-carbon bond w ith  concom itant 
release o f C 02 and the form ation o f a trichlorom ethyl carbanion interm ediate. 
Trichlorom ethanide reacts further w ith base and u ltim ately  yields salts of 
hydrochloric and form ic acids [4, 5]. A detailed study o f the alkaline solvolysis 
o f dichloroacetate ion has not been reported and a com parison o f the results 
obtained in th is case w ith  those reported previously for m ono- and tri-chloro- 
acetates would be desirable. The results have show n that there are large differ­
ences in solvolysis reaction order, specific rate constants and m echanisms 
betw een m ono-, di- and tri-chloroacetate ions.

The exten sive  in vestigation  o f F a in b e r g  and W in s t e in  [7] on the change 
in  A H * and AS* w ith  solvent com position for the so lvolysis o f t-butyl 
chloride showed a dram atic change in these param eters w ith  so lvent com po­
sition  and the need for a detailed study o f so lven t effects in solvolysis reactions 
w as clearly ind icated . The variation in the activation  param eters has been

* For correspondence: Faculty  of Science, Zagazig U niversity  of B enha, Benha, E gypt.
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d iscu ssed  in  terms of the ch an ge in  the polarity o f th e  substrate in  the activa ­
tio n  process and more recen tly  in  term s o f the effect o f added co-solvent on 
th e  stru ctu re of water [8, 9 ]. T he unusual properties resulting from th e struc­
tu ra l n atu re  of water are reflected  in the properties o f aqueous solutions o f  
ions and  weakly polar m olecu les and in so lvolytic  reactions, these unusual 
p rop erties are expected to  be ev id en t in the experim ental results [10].

Experimental

F o r all ra te  determ inations, С. P . grade dichloroacetic acid (obtained from  Riedel-de 
H aen  A b Seelze-Hannover) was u sed  w ithou t fu rther purification; i-propyl alcohol, reagent 
g rade (o b ta in ed  from BDH Chemicals, L td ., England) was distilled (b.p. 82.5 °C) and  the  middle 
frac tio n  used. Doubly distilled w a te r an d  purified alcohol were used to prepare all the  solutions. 
All so lv en t m ixtures used th ro u g h o u t th e  investigation were m ixed by  weight, and  mole frac­
tions w ere th en  calculated. E nough  of each solvent m ixture was m ade to  com plete th e  series 
of s tu d ies  an d  for each kinetic ru n  solu tions of the acid or base of the appropriate concentration 
in  th e  app rop ria te  solvent were p rep a red  im m ediately before doing each experim ent.

T he ra te  of reaction was follow ed in  the tem perature range 50.0 to  65.0, by  following 
th e  release of chloride ions using a  titr im e tric  m ethod [11]. The in itial concentrations of 
d ich loroacetic  acid were in the ran g e  0.2 to  0.4 mol/L, while th e  in itial concentrations of base 
were in  th e  range 0.05 to 0.4 m ol/L . In  each reaction m ixture, th e  concentration of the base 
was a lw ays less than  twice th a t  o f th e  dichloroacetate ion in the  reaction  solution. In  solvent 
m ix tu res  rich  in i-propyl alcohol (w ith  less th an  50 wt. % w ater) and especially a t  th e  higher 
te m p e ra tu re s , there appears a d a rk  brow n oily layer in the reaction  solution due to  a slow 
side reac tio n , which is probably  an  esterification  going in  parallel to  the solvolysis reaction. 
T his causes a scatter in the  d a ta  an d , therefore, experim ents a t  tem peratures higher th an  
60 °C an d  in  solvent m ixtures w ith  m ore th an  about 50 wt. %  i-propyl alcohol have been 
d iscontinued .

Calculations

In  dilute alkaline so lu tio n , dichloroacetate ion is hydrolyzed according  
to  th e  equation:

0

CHCl2-C O O - +  2 O H - — C H -C O O - +  2 CI“ +  H2 (1)

I t  is fou n d  experim entally th a t  th e  rate o f reaction is first order w ith  respect 
to  b o th  dichloroacetate and h yd rox id e ion concentration. The rate o f  so lvolysis  
fo llow s th e  second order rate expression:

w h ich  y ie ld s the integrated form :

kt
2 a — b

■ In

x) (b — 2x) (2)

b(a — x)
(3)

a(b — 2x)

(mol/L) reacting in tim e t, a == in itia lw here x  =  amount of d ich loroacetate  
con cen tra tion  of d ich loroacetate ion , b =  in itia l concentration  o f base, and 
к =  sp ec ific  reaction rate co n sta n t. The rate constants were evaluated  from  
th e  slop es o f the straight lin es obtained when In ((6(a — x)!a(b — 2x)) is
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Fig. 1. Second-order plots a t 60.0 °C in i-propyl alcohol-w ater solvent m ixtures. W ater mole 
fraction: (1) 1.00; (2) 0.968; (3) 0.930; (4) 0.769; (5) 0.690

p lo tted  against t. Figure 1 shows typ ica l p lots in i-propyl a lco h o l—water 
solutions at 60 °C.

Energies o f  activation  in  the various so lvent mixtures w ere calculated  
from  th e tem perature coefficient o f the reaction  rates. A ctiva tion  entropies 
and enthalpies were calculated from the rate constants using th e  absolute 
rate theory  equations [12]:

k =  — e - * HtlRTeástlR (4)
Nh

and
AS* =  R (  In A -  In (eR T /N h )) (5)

where A  is the frequency factor, (R j N ) is th e  B oltzm ann gas co n sta n t and h is 
P lan ck ’s constant.

Results and D iscussion

The solvolysis o f  dichloroacetate ion  in  i-propyl alcohol—w ater  m ixtures 
w as in vestigated  over the tem perature range 50 .0 —65.0 °C. The rate  o f  reac­
tion  w as first order w ith  respect to both  dichloroacetate and h yd rox id e ions. 
The base-induced hydrolysis o f  d ich loroacetate ion would thus in vo lve  an 
in itia l slow attack  o f hydroxide ion and form ation of the u n stab le  chloro- 
h yd roxyacetate  interm ediate:

Cl
I

H - C - C O O -  +  O H -  
I

Cl

OH
I

H - C - C O O -
I

Cl

(6)
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T his, in  turn, is fo llow ed b y  a fast step in w hich  the reaction in term ediate  
elim inates hydrochloric acid to  yield glyoxylate:

OH О

H - C - C O O
I

C l

fast
■=нсГ H - C - C O O - ( ? )

T able I shows th e  resu lts of the rate con stan ts obtained at d ifferent 
tem peratures and in different solvent m ixtures. T he rate constants represent 
the average of at least three determ inations. In  each solvent m ixture, the  
dielectric constant (D ) w as tak en  from the exp erim en tal data of A k e r l ö f  [13] 
or ca lcu la ted  from these va lues by interpolation  betw een different tem pera­
tures or betw een different so lven t com position. I t  can be seen that the rate o f  
reaction  first decreases, as th e  i-propyl alcohol co n ten t o f the solution increases 
to  a broad  minim um  betw een  0.8 and 0.95 w ater m ole fraction depending on 
tem perature, and th en  increases. These results are different from those o f  the  
so lvo lysis  o f mono- and tri-chloroacetates in aqueous alcohol solvent system s, 
w hich w ould  probably be due to  differences in  reaction  m echanisms [1 — 6]. 
In  th e  alkaline solvolysis o f  dichloroacetate ion , since the highly polar tran si­
tion  s ta te  is more strongly  solvated  relative to  th e  less polar ground sta te , 
it  is exp ected  that as the so lvent polarity increases the reaction rate in ­
creases [14]. H ow ever, data in  Table I show th a t  th is  is only satisfied  in  the  
w ater-rich  solvent m ixtures and the plot o f  log  к  vs. 1/П, shown in F igure 2 
is nonlinear, giving a broad minim um  at about 0 .88  water mole fraction.

A  change in so lven t usually  affects both  th e  enthalpy and entropy o f  
a c tiv a tio n  [15]. E nergies o f  activation w ere fou n d  from the tem perature  
dependence o f the rate constants according to  th e  Arrhenius equation, m aking

Fig. 2. Dependence of the second-order rate constant on th e  dielectric constant of th e  m edium
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use o f  the m ethod o f least squares. A ctiva tion  entropies and enthalp ies were 
then calculated according to the absolute rate theory equations [12]. Table II  
shows the activation  parameters calcu lated  at 50.0 °C. The free energies of 
activation  AG*, listed  in Table II do not change much w ith so lven t com po­
sition . This m ust be due to the linear com pensation  betw een AH*  and /IS*. 
The plot o f  AH* V S .  AS* gave rise to a straight line as show n in Figure 3. 
This behaviour is expected  if  the so lvents in a series p lay closely sim ilar roles 
in the reaction [15] and has been observed in m any system s as w ell as for the  
solvolysis o f m ono- and trichloroacetate ions in aqueous organic so lv en t binary 
m ixtures [1 —4].

Fig. 3. A plot of AH* vs. dS* for the alkaline solvolysis of dichloroacetate ion in a series 
of i-propyl alcohol-w ater solvent mixtures
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-20
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Fig. 4. Dependence of £ a, AH* and /IS* on solvent composition: (1) E a; (2) AH*  ; (3) dS*
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T h e variation o f AH* and /IS* with so lven t com position is shown in  
F igure 4 . I t  is seen th at w hen  the concentration o f  i-propyl alcohol in  th e  
so lv en t m ixture is increased, th e  enthalpy and entropy o f activation  first 
decrease to  a minimum at ab ou t 0.88 water m ole fraction, and then  increase. 
The d ep th  o f A H 4 minim um  relative to pure w ater is about 8.4 k j/m o l and

Table I
E f f e c t  o f  te m p e r a tu r e  a n d  s o lv e n t c o m p o s i t io n  o n  the  ra te  c o n s ta n ts  o f  th e  a lk a l in e  s o lv o ly s is  o f  

d ich lo ro a ce ta te  io n  i n  i - p r o p y l  a lc o h o l-w a te r  s o lv e n t  m ix tu r e s

i-propyl alcohol
К  %)

Tem p.
(°C)

Dielectric
Constant

fcxlO 7 
(М - l  s - 1)

0 5 0 .0 6 9 .8 5 5 . 8 9 ± 0 . 3

5 5 .0 6 8 .1 3 1 0 . 4 2 ± 0 . 0 6

6 0 .0 6 6 .6 2 2 0 . 2 5 ± 0 . 6

6 5 .0 6 4 .9 9 3 4 . 3 6 ± 0 . 3

10 5 0 .0 6 3 .1 2 5 . 5 6 ± 0 . 2

5 5 .0 6 1 .8 3 8 . 3 3 ± 0 . 0 8

6 0 .0 6 0 .2 4 1 7 .6 1  ± 0 . 0 3

6 5 .0 5 8 .9 4 3 1 . 3 9 ± 0 . 0 8

2 0 5 0 .0 5 6 .6 1 5 . 1 4 ± 0 . 1

5 5 .0 5 5 .3 5 7 . 9 2 ± 0 . 1

6 0 .0 5 3 .8 7 1 5 . 7 5 ± 0 . 6

6 5 .0 5 2 .7 1 2 7 . 7 8 ± 0 . 0 8

3 0 5 0 .0 5 0 .1 8 4 . 8 1 ± 0 . 1

5 5 .0 4 8 .9 1 7 . 3 6 ± 0 . 1

6 0 .0 4 7 .5 8 1 5 . 4 7 ± 0 . 3

6 5 .0 4 6 .4 9 2 3 . 7 5 ± 0 . 7

4 0 5 0 .0 4 3 .5 4 4 . 0 3 ± 0 . 1

5 5 .0 4 2 .5 0 8 . 7 5 ± 0 . 6

6 0 .0 4 1 .3 5 1 5 . 9 4 ± 0 . 3

6 5 .0 4 0 .3 3 2 3 . 3 3 ± 1 . 3

50 5 0 .0 3 7 .0 3 4 . 1 1 ± 0 . 0 8

5 5 .0 3 6 .0 6 1 0 . 0 0 ± 0 . 5

6 0 .0 3 5 .0 5 1 8 . 7 2 ± 0 . 6

6 0 5 0 .0 3 0 .6 7 5 . 4 4 ± 0 . 3

5 5 .0 2 9 .6 9 1 2 . 8 9 ± 0 . 6

6 0 .0 2 8 .9 0 2 4 . 3 9 ± 0 . 3
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Tabic II

Activation parameters (at 50.0 °C) fo r  the alkaline solvolysis o f dichloroacetate ion in  i-propyl
alcohol-water solvent m ixtures

»-Propyl 
alcohol 

(wt. %)

Water mole 
fraction

Ел
(kj/mol)

AH*
(kj/mol)

— zlS-t 
(J/K mol)

A GÍ
(kj/mol)

0 1.00 108.3 105.6 38.34 118.0
10 0.968 107.9 105.2 40.52 118.3
20 0.930 104.4 101.7 51.94 118.5
30 0.866 100.6 97.95 64.00 118.6
40 0.833 107.0 104.3 44.95 118.8
50 0.769 135.9 133.2 -44 .41 118.8
60 0.690 134.4 131.7 -4 2 .11 118.1

th a t for AS* is about 25 J /K  m ol. These va lues are about on e-h alf o f  th at  
found in th e  solvolysis o f m onochloroacetate ion [1] and trich loroacetate  
ion [4] in w ater—m ethanol solutions and in d icate that the nature o f  the alcohol 
co-solvent is im portant in determ ining th e  m agnitude of the depth  o f the 
extrem a in  th e  activation  param eters observed for m any so lvolysis reactions 
in  binary alcohol—w ater solvent system s [2]. I t  can also he seen th a t for solvent 
m ixtures w ith  less than  about 30 w t. % i-propyl alcohol (0.88 w ater mole 
fraction) the principal contribution tow ard decreasing rate is from the decrease 
in AS* w hich outw eighs the increase in rate caused by the decrease in  AH*. 
On the other hand, for solvent m ixtures w ith  more than about 30 w t. % 
i-propyl alcohol, th e  increase in A S* (b y  about 100 J/K  m ol betw een  0.88 
and 0.7 w ater m ole fraction) causes an increase in reaction rate w hich ou t­
w eighs the decrease in rate caused b y  an increase in AH*.

It is believed that hydrolytic reactions in  water reflect and indeed are 
to  som e considerable exten t determ ined b y  the properties of liquid w ater [16]. 
The extrem um  behaviour o f the activa tion  parameters reflects a com m on  
so lvent behaviour [8— 10], which has been related to the accom panying sol­
ven t re-organization accom panying the activa tion  process in b inary a lcoh o l-  
w ater system s [10]. W ater is a very h igh ly  structured liquid, m ade o f a m ix­
ture o f flu ctu atin g  regions o f three-dim ensional hydrogen-bonded polym ers in 
equilibrium  w ith  random ly arranged H 20  m onom er m olecules. On th e  other 
hand, aliphatic alcohols have a considerable fraction of their m olecules joined  
in rings and chains, but th ey  do not seem  to  participate in the form ation  of 
three-dim ensional clusters that are characteristic o f water [8]. The changes in 
structural features surrounding the reacting species and the tran sition  state  
as w ell as the breaking o f the so lvent structure during the a tta in m en t o f  the 
transition  sta te  are specifically in fluentia l in controlling the rate o f  reaction
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and hence the m agnitude o f the enthalpies and entropies of activation  for the  
reaction  [9].

I t  can be deduced th at the reduction in  AH* on the addition o f  sm all 
increm ents o f alcohol to  w ater is the consequence o f  com pensating changes in 
the so lva tion  of the in itia l sta te  [9]. Each added increm ent of alcohol appears 
to  m ove th e  in itia l sta te  solvation  shell closer to  th a t o f the transition sta te . 
A r n e t t  and co-workers [8 ] claim ed th at th e  ad d ition  o f small increm ents o f  
alcohol to  w ater produce a greater degree o f  hydrogen bonding. This ex tended  
quasi-aqueous structure is sensitive to changes in tem perature [9] and pres­
sure [17]. The capacity  o f w ater to m aintain  a quasi-aqueous structure pre­
sum ably  through an exten sion  of co-operative hydrogen bonding in  th e  pres­
ence o f  increasing concentrations o f w eakly polar alkyl groups is d istin ctly  
lim ited , th e  lim it depending in an obvious w a y  on th e  size of the alkyl group  
[2, 9 ]. A n y  addition o f  co-solvent beyond th a t lim it (about 0.1 m ole fraction  
for i-propyl alcohol), leads to  a rapid change in th e  properties of the so lven t  
con sisten t w ith  a break down o f solvent structure. In  such cases it is concluded  
th at hydrogen bonding m aintaining extended co-operative structure is weaker 
than  th e  therm al agitation  tending to disorganize structure and the quasi-aqueous 
structure is replaced b y  a solvent w ith quite d ifferent characteristics [9, 18].
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The location and height of th e  ac tiva tion  barrier in homologous series of A +  
+  BC -*■ AB -f- C atom  transfer reactions has been investigated using  th e  BSBL 
(bond-strength-bond-length) m ethod. F or all reaction series invetisgated , th e  barrier 
is shifted to  an  earlier position along the  reaction coordinate as th e  ra tio  F bc/ I ab 
decreases (where Vbc and Кдв designate the  energies of the sp litting  and  forming 
bonds, respectively). Correlations betw een barrier height and Vbc/ 1 Д В- as well as 
between barrie r height and location are valid  for series of hydrogen a to m  transfer 
reactions w here A or C is varied, how ever, these correlations fail for groups of halogen 
atom  transfer reactions differing from  one ano ther in the transferred a tom  B.

Introduction

The activation  energy o f a chem ical reaction generally decreases w ith  
increasing exotherm icity  in a hom ologous series. Several em pirical schem es 
were suggested to  predict correlations betw een  the activation  energies and the  
reaction heats o f  related hydrogen atom  transfer reactions. The fir st and best 
know n correlation, the O g g — P o l a n y i  (O P )  relationship [1 ] , predicts a linear 
dependence o f  th e  Arrhenius activa tion  energy on the reaction energy:

F A =  E 0 — <xq (1)

where E 0 and oc are empirical param eters and q, the reaction energy, is positive  
for exotherm ic reactions. A lthough the OP relationship is ob eyed  in  m any  
series of reactions, a number o f exceptions are also known. М ок and P o l a n y i  
[2] exam ined related fam ilies o f reactions in the L o n d o n  — E y r i n g  — P o l a ­
n y i — S a t o  (L E P S) [3] and the bond-energy-bond-order (B E B O ) [4] approxi­
m ation, and found that the OP relationship  fails to apply even  q u a lita tiv e ly  
for series H +  X X , X  +  H B r and X  +  H I (X  =  F, Cl, Br and I). Some 
halogen atom  abstraction reactions also show  the reverse trend [5].

* To whom correspondence should be addressed.
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On the other hand, th e  reaction energy appears to influence the loca­
tio n  o f  the saddle poin t, to o , in  series of related  reactions. This type o f corre­
la tio n , w hich was first recognized by H ammond [6] and set forth in  detail 
b y  P o lanyi [2], predicts early  saddle points and transition  states resem bling  
th e  reactants for h igh ly  exotherm ic reactions, w h ile late saddle points and  
tran sition  states resem bling the products are predicted for endotherm ic  
reactions.

Furtherm ore, М ок and P olanyi [2] p o in ted  out th at, w ithin a series 
o f  related  reactions, an increase in the barrier h e ig h t is accom panied b y  a sh ift 
o f th e  barrier to later loca tion s along the reaction  coordinate.

The study of the barrier location and barrier height in

A +  BC — AB +  C (2)

ty p e  atom  transfer reaction s, carried out b y  М ок and P olanyi (MP) on th e  
basis o f  the LEPS and B E B O  approxim ation, a llow ed the authors to suggest 
th e  follow ing relationships:

zl log  V* =  <xd( Евс — ИдВ) (3)

A lo g V *  = - ß A X i B (4)

V°BC -  Едв) =  -  (ß/x) A X Í b (5)

In  th ese  equations a and ß  are constants w ith in  a reaction  series, ( Евс — F ab) 
is th e  energy of the products minus the energy  o f  the reactants (w ithout 
in clu sion  o f zero-point energies), L* is the c lassica l barrier height (w ith ou t  
in clu sion  o f zero-point energies), and Х дв =  -Кдв — -Кдв designates the ex ten ­
sion o f the A —В bond at th e  saddle point.

A  m ethod, called bond-strength-bond-length  (BSBL) treatm ent, has 
been  recently developed for the calculation o f rate coefficients and Arrhenius 
param eters of atom  transfer reactions [7]. A ctiv a ted  com plex properties 
pred icted  by the B SB L  m eth od  were shown to  agree very  well w ith poten tia l 
energy surface properties obtained from liab in i t io ” quantum m echanical 
calcu lations [9]. The success achieved in pred icting  kinetic parameters and  
a ctiv a ted  com plex properties for atom transfer reactions on the basis o f the  
B S B L  approxim ation prom pted  us to re-exam ine th e  location and height o f  
th e  activation  barrier in real series of related reactions of the type A -f- BC —> 
-*  A B  +  C.

M ethod of calculation and data

In  the BSBL trea tm en t [7], the energy o f  ABC in atom transfer reac­
tion s

Á  +  В : C — [ABC] -  A  : В  +  C
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is obtained along a single collinear m inim um  energy path lead in g  from  reagent 
to  product, w ithout introducing adjustable parameters. As a fir st approxim a­
tion , it is supposed th a t the energy o f the triatom ic com plex ABC can be 
decom posed into

(i) contribution o f the bonding energies in structure - A B  : C and
A : В C- ;

(ii) stab ilization  energy contribution due to the delocalization  o f the 
odd electron over the three atom s o f th e  com plex;

(iii) triplet repulsion energy contribution  due to the antibonding between  
end atom s A and C.

On the basis o f these assum ptions, the potential energy along the mini­
m um  energy path (as com pared w ith  the energy of the reagent sta te ) is given by

V =  { F bc — gee Fßc — £ ab F ab} +  A ac£ ac F Ac (6)

where F bc and F ab denote the poten tia l energy o f d issociation  (classical 
dissociation energy) o f bonds В — C and A —B , respectively , in  isolated  BC 
and AB m olecules, — F bc and — F ab stand for the bonding energies in struc­
tures • A В : C and A : В C •, respectively , gдв, gee  and gAC arew eighting func­
tions, and А  ас is an end group param eter.

In Eq. (6), ( F bc — gee  F bc) is associated  with the energy required for 
the partial sp littin g  o f the bond В — C, w hile —£a bF ab corresponds to  the 
energy released in the form ation o f th e  partial bond betw een A and B. Thus, 
th e  term s in the { } brackets in E q. (6) give an estim ate o f  the bonding contri­
butions w ithout the inclusion o f the stab ilization  energy. These contributions 
w ill be referred to  as the “ intrinsic bond rearrangement en ergy” , which we 
shall designate further on by Fb.r.. The stabilization  energy (i .e . th a t part of 
the bonding energy w hich is due to  th e  delocalization o f th e  odd electron) 
together w ith  the trip let repulsion energy contribution is tak en  in to  account 
in  the last term  o f E q. (6). This term  w ill be referred to as th e  end group 
contribution, w hich we shall designate b y  Fe.g.. It follow s from  th e above 
discussion th at in the B SB L  approxim ation, at any point along th e  reaction 
coordinate (including the saddle point as w ell), the energy o f th e  system  ABC 
(relative to  the energy o f the reactant configuration) is obtained as the algebraic 
sum o f the intrinsic bond rearrangem ent energy and the end group contri­
bution:

V =  Vb.T. +  F e.g. (7)

The procedure o f  obtain ing F from Fb.r. and Feg., adapted in the BSBL  
treatm ent, has considerable practical advantages. N am ely, it  allow s us to 
avoid  the separate calculation o f th e  delocalization energy and the triplet 
repulsion energy, which are quantities hard to  estim ate [8].
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I t  would be desirable to  know  the share o f  th e  to ta l bonding contribu­
tio n  Vb [contribution (i) p lus contribution (ii) ] and th a t o f  the triplet repulsion  
en erg y  V rep to  the energy V  o f  th e  system  ABC:

V =  F b .+  F rep. (8)

T he contributions indicated  on  th e  right hand side o f  E q . (8) cannot be obtained  
one b y  one from the B SB L  trea tm en t, however, we sh all obtain a rough e sti­
m a te  o f  th e  triplet energy from  the equation [9]

У  rep = ------^ACe x p ( _  2/3acX ac)[1  +  (^ a c X ac)-’“ ] (9)
a A C

(w here X AC =  R \ c  — R ac and  R Ac, Lac and ß AC designate the length , the  
en ergy  and the Morse c o n sta n t, respectively, o f  th e  A —C bond in iso lated  
m olecu le  AC). W ith this estim a te  we m ay obtain Lb. as th e  difference ( V  — L rep.) 
from  V  calculated by the B S B L  method.

In  the BSBL trea tm en t, the function describing the reaction path (or 
m in im u m  energy path) in th e  Х дв  — A bc p lane1 is g iven  b y

exp ( — 2/Здв А дв ) +  exp (— 2/?вс A Ac) =  1 (10)

w here ß A& and /?вс designate th e  Morse constants for A —В and В —C, respec­
t iv e ly . The location o f any p o in t p ( X Aв, A bc) on th is collinear reaction path  
m a y  b e characterized either b y  th e  slope of the reaction  path,

S p

d A BC j 

<1Aab j p
ß  AB

ß ß C
[1  —  e x p  ( 2 /Зд в ^ а в ) ]  1 ( П )

or b y  th e  reaction coordinate, w hich is given as an arc length  measured along  
th e  reaction  path from an arbitrary point [7].

S im ply  for practical reasons, we use in th is paper a m odified defin ition  
for th e  slope of the reaction  p a th  and for the reaction  coordinate. Be the new  
slop e a t point p (R AQ, R bc) o f  the reaction path

,sp
ß e c
ß  AB

and th e  new reaction coord in ate (rc)

( 12)

(rc)p =  — . (13)
sp — 1

T his reaction  coordinate2 increases from rc =  0 (reactant state) to rc =  1 
(p rod u ct state).

1 N ote th a t X y  =  — K y, where It designates th e  bond  length , and the superscrip t
refers to  th e  equilibrium value.

2 N ote th a t s S_ t  =  exp ( -  2/Sa b X ab ) and ^1 — -  =  exp ( 2£BCX BC).
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U sing the new designations s and ------- — , one m ay rew rite the BSBL

expressions (7) for bond rearrangem ent energy and end group contribution  
as follow s:3

V b.r. =  V°BC +  П в
s s 1/2-

s — 1 s -  1 s — 1
+

+  П  c

(14)

Ve.e =  A ACV°ACeXj> ( -2 ß ACAR°) Í—̂

where A.R° =  R AB +  7?вс — -Rac-
In  the follow ing section  we shall use the B SB L  approxim ation [i.e. Eq. (7) 

w ith  (14) and (15)] as a m eans to  exam ine the location  o f th e  saddle point, 
the height o f the activation  barrier and their correlation in  series o f related  
atom  transfer reactions. A pplication  o f the BSB L  m ethod requires certain 
properties o f th e  A B , ВС and AC m olecules as input param eters. The sources 
o f these data are given in ref. [9].

ftiĈ AB S ] PaA /’bo '

s - l )
(15)

Results and Discussion

Three typ es o f  series o f  related atom  transfer reactions A -)- BC —> 
—> AB -f- C shall be dealt w ith . Those hom ologous series in w hich  A  is varied  
from  m em ber to  m em ber w ill be referred to  as “ type A ” . The group o f reactions 
differing from one another in the nature o f  C w ill be called “ ty p e  C” . Finally  
hom ologous series where reactions differ from one another in  th e  transferred 
atom  В w ill be referred to  as “ typ e B ” .

R eaction profiles for tw o hom ologous series w hich belong to  types A 
and C are show n in F igs 1 and 2, respectively . Certain correlations are imme- 
d iatelly  apparent from the reaction profiles o f  reactions X  -f- H —I (X  =  F, Cl, 
Br, I) and H  - f  H — R [R CH3, C2H 5,(CH3)2 CH, (C H 3) 3C] show n in the 
Figures and from sim ilar plots o f other A and C ty p e  reaction  groups. The 
generalizations valid  for all A and C ty p e  hom ologous series in vestigated  may 
be sum m arized as follow s:

(i) E xotherm ic reactions have “ early” saddle points ------— <  — ,

w hile endotherm ic reactions are characterized b y  “ la te ” saddle points 

. As the exotherm icity  increases in a series o f  related  reactions,

3 R íj and Vfj designate the bond length and potential energy of dissociation, respectively, 
of bond i ji in the isolated molecule ij.
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F ig . 1. Reaction profiles for hom ologous series X  +  H — I belonging to type A

F ig . 2. Reaction profiles for homologous series H +  H —R  belonging to type C

the sa d d le  point is shifted tow ard s smaller values o f  th e  reaction coordinate  
(i.e. tow ard s the reactant sta te );

(ii) The height of the p o ten tia l barrier decreases w ith  increasing exo- 
th erm ic ity  w ithin a series o f  hom ologous reactions;

(iii) There is a correlation betw een  barrier location  and barrier height: 
a sh ift  in  th e  barrier location  to  sm aller reaction coordinates is accom panied  
b y  a decrease in the barrier h e ig h t w ith in  a series o f  related  reactions.

T h e  valid ity  of these generalizations is also dem onstrated  b y  the data4

g iven  in  Tables I and II, w here th e  location o f th e  saddle point

4 N o te  th a t ( ! b c  — F a b )  is th e  reaction  energy which is negative for exoergic and posi­
tive for endoergic reactions.
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Table I

Saddle point location ----—j  and barrier height ( V*) in homologous series

belonging to type A

Series Reaction (»Ъс-Пв)(kj/mol)
J ' b c

У°АВ

, t
, t  - 1

v X
(kj/mol) (kj/mol)

v%rep(kj/inol)

I +  H - B r 69.9 1.224 0.883 78.7 6 6 .2 1 2 .5

X +  H - B r
B r +  H - B r 0.0 1.000 0.500 24.3 - 1.1 25.4

Cl +  H - B r -6 7 .4 0.850 0.134 11.9 - 4 .8 16.7

F +  H - B r — 211.1 0.644 0.060 6.1 - 1 .7 7.9

I +  H - I 0.0 1.000 0.500 19.6 - 2 .5 22.1

X +  H - I
Br +  H - I -6 9 .9 0.817 0.117 8.8 - 3 .8

- 5 .3

12.5
10.3Cl +  H - I -1 3 7 .4 0.695 0.064 5.0

F +  H - I -2 8 1 .0 0.527 0.025 1.6 - 6 .9 8.5

HOO +  H-  H 64.5 1.163 0.807 83.4 65.7 17.7

RO +  H —H CH30  +  H - H 2.5 1.005 0.528 35.1 13.1 22.0

HO +  H - H -6 1 .6 0.882 0.203 22.1 - 1 .9 24.0

Tabic II

Saddle point location ^—j---- —j  and barrier height (1* ) in homologous series

belonging to type C

Series Reaction ( » b c - » a b ) »"вс v X v X v t
(kj/mol)(kj/mol) k I b .X  - 1 (kj/mol) (kJ/mol)

H  - f  H - F 134.9 1.294 0 .8 8 8 148.2 131.3 16.9

H - f  H - C l - 8 . 7 0.981 0.356 26.6 - 1 0 .6 37.2
H +  H - X

H +  H - B r 76.1 0.834 0.137 12 .2 - 9.9 2 2 .1

H  +  H - I -1 4 6 .1 0.681 0.070 5.5 - 8 .0 13.5

H +  H - C H 3 - 5 .4 0.988 0.460 45.9 2.9 43.1

H +  H - C 2H 5 -3 0 .5 0.934 0.322 32.5 - 3 .0 35.5
H +  H - R

H 4 -  H C(CH3)2 -4 7 .2 0.897 0.262 27.0 - 3 .7 30.7

H +  H -C (C H 3)3 -5 3 .1 0.884 0.245 25.3 - 3 .8 29.1

HO +  H -  CH3 -6 7 .0 0.871 0.205 23.0 -1 7 .3 40.3

HO +  H - C 2Hä -9 2 .1 0.823 0.157 17.2 -1 1 .9 29.1
HO +  H R

29.5HO +  II CI1(CH3)2 -1 0 8 .9 0.791 0.135 14.6 -1 4 .9

HO +  II — C(CH3), -1 1 4 .7 0.779 0.129 13.8 -1 4 .7 28.5
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reaction  coordinate) and th e  height o f the barrier ( V *, potentia l energy of 
a ctiv a tio n ) are indicated in  colum ns 5 and 6, respectively .

A m on g the six series presented in Tables I and II there are three w hich  
w ere d ea lt w ith  by М ок and P o lanyi (M P), too . These are series X  -)- H  — Br, 
X  +  H  — I and H 4- H —X . R egarding th e  trend in the location  o f th e  saddle  
p o in t and  barrier height, our results agree w ith  those of MP for series H  +  
+  H —X , w hile th ey  are at variance for series X  4- H —Br and X  +  H —I. 
N a m ely , for the first three m em bers o f series X  4~ H —Br and X  4- H — I, OP  
ob ta in ed  w ith  the BE B O  m ethod  an increase in  the barrier height and a sh ift  
in  th e  barrier location to  la ter  positions along the reaction coordinate w ith  
in creasin g  exotherm icity. This disagreem ent is obviously  caused b y  the failure 
o f th e  B E B O  m ethod used b y  OP.

A ccording to our resu lts, it  appears to  be generally valid for  all A  and 
C ty p e  series that in order o f  increasing exotherm icity  the potentia l barrier 
is sh ifted  to  an earlier p osition  along the reaction  coordinate (in accordance  
w ith  previous suggestions o f  J . C. P olanyi [2] and in conform ity w ith  the  
H am m ond  postulate [6]), barrier height is decreased w ith  increasing exoth er­
m ic ity  (as required b y  the Ogg—P olanyi (OP) typ e relationships [1]), and  
for decreasing  barrier height th e  barrier m oves to  successively sm aller reaction  
coord in ates (as predicted b y  M P [2]).

A  detailed  exam ination o f  the data g iven in Tables I  and II  shows th a t  
dep en d en ce o f the barrier location  and height on Fbc/P ab can he g iven  by  
th e  relationships

«* .  П с  ,
—  О -t

s* -  1 П в
(16)

V°
ln V* =  a , BC b2 

П в
(17)

w here a x, iq, a2 and b2 are con stan ts w ith in  a reaction series.

5+
T he —------ — and V* va lues taken from th e Tables are p lotted  against

P bc/ P ab in  F igs 3 — 5 for series A and in  F igs 6 — 8 for series C. Curves were 
ca lcu la ted  according to  relationships (16) and (17) using the param eters g iven  
in  T ab le  I I I . B oth relationships are seen to  describe the data reasonably w ell. 

T he saddle point for sym m etric reactions (like Br 4~ H — Br and I +

4 H  — I) is at
s t 1
----- — =  — . One also exp ects that non-sym m etric th erm o­

neutral reactions have saddle points w hich are not far rem oved from
s t j

the lo ca tio n  ——-------- =  — . Substitu tion  o f F b c / F a b  =  1 in Eq. (16) y ields
(s+ 1) 2
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Table III

Parameters fo r  relationships (16) (18); homologous series A  and C

Series A Series C

X  +  H - B r X +  H - I RO +  H —H H +  H - X H +  H R HO +  H - R

a \ 5.2 5.6 4.8 4.8 6.2 4.8

к 6.3 6.7 5.6 5.9 6.9 5.8

« 2 4.4 4.5 4.7 5.4 5.5 4.0
b. 1.2 1.6 1.1 2.0 1.6 0.4

«3 82 73 92 81 101 109

S X
exp (aa — fcj). W ith the ax and 6X param eters given  in Table I I I ,

s*
(** -  1)

one obtains from  th is equation
(** -  1)

values which are som ewhat

1
sm aller than — . The discrepancy m ay originate either from the errors

2
o f the a1 and bx param eters (which are m ain ly  due to  the errors in the input 
data used in th e  B S B L  calculations o f  th e  saddle point locations) or from the  
approxim ate nature o f  Eq. (16). The stu d y  o f further reactions seem s to con­
firm  the first suggestion  (consider for instance the param eters indicated in 
T able Y).

I t  follows from  Eqs (16) and (17) th a t the correlation betw een barrier 
location  and barrier height should be approxim ated by

V х =  exp
V%вс

A B
( 18')

H ow ever, since param eters ax and a2 are sim ilar (if not identical), the term s 
in  braces { } can be considered constant in  a series, and E q. (18') m ay be 
replaced5 by th e  linear relationship

F i  =  fl3 - r ~ T -  ( 18 )s* — 1

The similar dependences o f
«* -  1

and V х

Figs 3 — 8, as w ell as p lots o f V х against
sx -  1

on Евс/Едв apparent from  

indicate th at an approxim a-

5 Considering th e  probable errors of the in p u t da ta  (bond strengths, bond lengths and 
v ibrational frequencies) used in the calculation of th e  barrier height and location, one realizes 
th a t  the difference betw een the values of a, and a2 is around the error lim its. Thus, there is no 
good reason for p referring  the more com plicated E q . (18') to the sim pler relationship (18).
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te ly  lin ear  relationship does ex ist betw een barrier height ( V*) and barrier 

lo ca tio n
\ — 1 ,

slope o f  such  plots are given in  T able III .
B arrier locations and barrier heights for three series belonging to  ty p e  В  

are g iv en  in  Table IV. A ll th e  reactions presented in the Table are halogen

for A and C ty p e  series. Param eters a 3 obtained from  the

V° / 4 °  \J°  / V °VBC X VAB VBC VAB

Fig. 3. D ependence of the location and  height of barrier on J 'bc/ ^ b in  series X  +  H —Br

20

~o
E

'0 r

Fig. 4. D ependence of the location and  height of barrier on Т вс /Т д в  in series X  -f- H —I

80

40

Fig. 5. D ependence of the location an d  height of barrier on Vbc/V ab  in  series RO -j- H —H

Acta Chim. Acad. Sei. Hung. 109, 1982



BÉRCES et al.: ATOM TRANSFER REACTIONS 373

atom  transfer processes. Series H  -f- X — H  and H +  X —C H 3 con sist of 
sym m etrical and unsym m etrical В typ e reactions, respectively, w h ile b oth  В 
and C atom s are varied in series H  -(- X —X .

Fig. 6. Dependence of the location and height o f barrier on F bc/ ^ ab in  series H  -f- H —X

Fig. 7. Dependence of the location and height o f barrier on F b c / F a b  in series H  +  H  —R

Fig. 8. Dependence of the location and height o f barrier on Frc/ F ab in  series HO +  H —R
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Table TV

Saddle point location I—т——г-j and barrier height ( I7’’) in  series belonging to type В

S e r ie s R e a c t io n
^ B C s i v t

(kj/mol)(kj/mol)
F a b , t  - 1 (kj/moi) (kj/mol)

H +  F - H 0.0 1.000 0.500 51.7 36.9 14.8
H +  C l- H 0.0 1.000 0.500 38.6 37.3 1.4

H  +  X  H
H +  B r - H 0.0 1.000 0.500 32.8 32.3 0.5
H +  I - H 0.0 1.000 0.500 26.8 26.7 0.1

H - f -  I CH3 -7 4 .1 0.763 0.123 7.9 7.8 0.1
H +  B r - C H , 86.3 0.774 0.129 10.3 10.0 0.3

H  - f  Х - С П ,
H +  Cl C H 3 95.9 0.787 0.136 12.9 12.1 0.7
H +  F  C H 3 -1 3 1 .5 0.778 0.136 17.4 8.7 8.7

H +  I - I - 160.0 0.488 0.036 1.67 1.65 0.02
H +  Br Br -1 8 7 .6 0.509 0.040 2.36 2.28 0.07

H +  X —X
H +  Cl Cl -2 0 4 .4 0.546 0.047 3.48 3.26 0.22
H +  F F - 429.6 0.276 0.010 0.50 0.29 0.21

W hile the sequence o f  reaction energy ( V b c  — F / \ b ) and the order of 
ratio  F bc/K ab agree in  ty p e  A and C series, th is  is not the case for groups 
o f reaction s belonging to  ty p e  B. R elationships (16) and (17) suggest th a t one 
sh ou ld  regard the barrier location  and th e  barrier height as a function  o f  
V bcI V ab  rather than ( F b c  —  F a b )-

I t  m ay be seen from  the data presented in  Table IV that the saddle

p o in t for therm oneutral reactions V Iвс
V°AB

s t  1
is a t ---- —— — — and for exo-

si -  1 2

therm ic reactions V°BC
W °AAB

it is in the reactan t va lley

As th e  ratio F bc/F ab decreases, the saddle poin t is sh ifted  to an earlier posi-
s i

tion sm aller-
s i  -  1

along the reaction coord inate, ju st as in the case o f

ty p e  A  and C series. R elationsh ip  (16), w hich  described the location  o f the  
barrier in  series belonging to  type A and C, is v a lid  also for series B . One 
ob tain s a 1 =  4.8 and bx =  5.7 for series H  +  X — C H 3, while ax =  6.0  and  
b1 =  6.3  for series H  -f- X —X . These param eters are in accordance w ith  the  
ones reported for A and C ty p e  reaction groups.

T he O g g — P o l a n y i  relationship fails to  ap p ly  even qualitatively  for 
series belonging to ty p e  B . Regarding the dependence of the harrier height 
on F bc/ F ab and the correlation  between barrier h eigh t and barrier location ,
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these correlations appear to  apply q u a lita tive ly  for series H  -f- X — C H 3 and 
H  -)- X —X , however, relationships (17) and (18) are not va lid . T urning to  
series H  -{- X  — H , one m ay notice im m ediately  th at no correlation exists

s {
either betw een V * and F bc/F Ab or betw een  V* and —--------

s* — 1
Our results presented in th is paper indicate that correlation betw een  

barrier location  and F bc/ F Ab applies both  for A and C ty p e  series and for 
В type reaction groups. On the other hand, correlations betw een barrier height 
and barrier location or betw een  barrier height and Fbc/F Ab app ly  on ly  for A 
and C typ e  series (hydrogen atom  transfer reactions), but fail8 for В typ e  reac­
tion  groups (halogen atom  transfer reactions).

In order to  inquire in to  the causes w hich bring about th e  break-drown  
o f correlations involving the barrier height for series o f type B , w e shall attem pt 
to  get som e idea of the factors which p lay  a predom inant role in th e  determ i­
nation  o f the activation  barrier. A ccording to  Eq. (8), one can decom pose the 
potentia l energy of activation  ( V*), obtained by the B S B L  m ethod, into  
to ta l bonding contribution (Fb) and trip let repulsion energy (F?ep), provided  
th a t one o f the last tw o term s can be estim ated . E quation (9) w as shown to 
give a good estim ate o f the trip let energy for the sim plest system s [8]. A lthough  
th is function is defin itely  less successful in predicting repulsion energies for 
more com plicated cases, nonetheless, the qualitative picture based  on F r*ep 
obtained from E q. (9) is expected  to be correct. W ith these lim ita tion s, we can 
decom pose V i into V& and Fj?ep contributions. The results appear in  the 
la st tw o colum ns in Tables I, II  and IV.

I t  m ay be seen from the data given in Tables I and II  th a t the total 
bonding contributions are typ ica lly  sm all negative values7 for th e  hydrogen  
atom  transfer reactions w hich form  the A and C type series. In  the form ation  
o f  the activated  state, the energy release associated w ith th e  partia l develop­
m ent o f  the new bond does som ew hat exceed the energy required to  split 
partia lly  the В — C bond. More im portant, the repulsion energy proves to be 
larger than  the bonding contribution for A and C type series. T hus, the triplet 
repulsion energy seems to  be the predom inant factor th at determ ines the 
barrier height (activation  energy) and its variations in the hydrogen atom  
transfer reactions belonging to  the A and C type hom ologous series.

In the В type series o f halogen atom  transfer reactions, on the other 
hand, the bonding contributions are a lm ost w ithout exception  com paratively  
large positive values which d efin itely  exceed the repulsion energies. Thus, the 
to ta l bonding contribution seem s to be the predom inant factor th a t determ ines

6 Note th a t the use of Eqs (17) and (18) would require extrem e values for a 2, b2 and a 3 
in  case of series H  -f- X  —CH3 and H -|- X  X.

7 For endothermic reactions, th e  bonding energy minus the reaction  energy (i .e.  
F? — ( F bc — Fab)) should be taken  into account.
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th e  barrier height (activa tion  energy) and its variation  in the halogen atom  
transfer reactions belonging to  the В type series.

I t  follow s from the d iscussion  presented above th a t the existence o f the  
correlations o f the activa tion  barrier for hydrogen atom  transfer reactions in 
series A  and €  on one hand and the invalid ity o f  th ese  correlations for halogen  
atom  transfer reactions in series В on the other hand m ay be associated w ith  
th e  difference in the nature o f  the potential barrier (activation  energy) in 
th ese  tw o  fam ilies o f atom  transfer reactions.

H ow ever, the d ifferent nature o f the p oten tia l barrier in hydrogen atom  
transfer reactions and in halogen  atom abstractions cannot be the only reason  
for th e  breakdown o f the correlations involving th e  barrier height in case of 
th e  В ty p e  hom ologous series presented in Table Y . This m ay be realized if

Table V

Parameters fo r relationships (1 6 )— (18); C type reaction groups o f halogen atom 
transfer reactions (see tex t)

H +  F - Y H + Cl Y H +  Br Y H +  I —Y

a , 5.4 5.2 5.2 5.1

bi 6.1 6.0 6.0 5.9

a 2 6.5 5.3 5.3 5.4

6, 2.4 1.6 1.8 2.1

a3 96 82 67 55

the halogen  atom transfer reactions appearing in Table IY are considered  
as C ty p e  reaction groups. T hus one reaction group w ill consist o f reactions 
H  F  — H , H -f- F —C H 3 and H  -f- F —F, etc. I t  can be shown that relation­
ships (16), (17) and (18) w ith  th e  parameters g iven  in  Table V describe the  
data o f  halogen transfer reactions reasonably w ell. H ence, one m ay suggest 
th a t th e  breakdown o f relationships (17) and (18) is expected  in any В typ e  
group o f reactions where th e  members differ from  one another in the trans­
ferred atom , irrespective o f  th e  nature of atom  B . The study o f m etathetical 
reactions other than hydrogen  and halogen atom  transfers is required in order 
to  confirm  this suggestion.
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a-A lum ina, unlike transitional alum inas, is no t a selective dehydration  catalyst. 
F o r acyclic alcohols the  dehydration/dehydrogenation ratio  varies from  about 0.1 
to  0.4; it  is a m ore selective dehydration  ca ta ly st for cyclic alcohols (0.4 to 1.3) b u t 
still does no t approach the selectivity of transitional alum inas. A m uch larger am ount 
of the Irans-2- alkenc isomer is obtained from 2-ols w ith a-alum ina th an  w ith the 
transitional alum ina. Cis-trans isom erization of pure cis- or pure írans-2-m ethylcyclo- 
hexanol is about as rapid  as the combined dehydration  and dehydrogenation reactions; 
cis-trans isom erization does not occur w ith  transitional alum ina.

Introduction

A lum ina has been w idely studied as an alcohol dehydration  cata lyst 
[1, 2, 3]. A ttem pts have been made to relate ca ta ly tic  a c tiv ity  to  some prop­
erty  o f  the cata ly tic  solid  such as ionic radius [4] or heat o f  form ation o f the  
oxide [5]. Much work has been directed toward relating alcohol conversion  
rates to  the transitional alum ina crystal typ e [for exam ple, 6, 7, 8, 9].

R ecently  it  was reported th at transitional alum inas pretreated at 
550 —600 °C w ith oxygen  m ay be as active for dehydrogenation as th ey  are 
for dehydration [10]. D a l l a  L a n a  and co-workers [11] observed a similar 
pretreatm ent dependency in their i.r. studies. Furtherm ore, studies w ith  
a-alum ina have show n th a t it has som e, or only, dehydrogenation a ctiv ity  for 
isopropyl alcohol [for exam ple, 6, 8].

In  this study we have exam ined the dehydration-dehydrogenation selec­
t iv ity  and the alkene se lectiv ity  o f  a-alum ina w ith  several alcohols to  compare 
the se lectiv ity  to th a t o f  the transitional alum inas.

Experimental

Catalysts. N ordstrandite  alum ina (AT— N) was prepared according to  Exam ple 1 in 
Reference [12]. W ith this m ethod an alum inum  chloride solution is added, w ith stirring, 
to a solution of am m onium  hydroxide and am m onium  carbonate. The resulting gel is aged 
overnight, washed, dried a t 120 °C, and then calcined in air a t 550 °C. The B ET  surface area 
o f the alum ina was 220 m2/g.

* P a rt X VI.: J . Chem. Soc., F araday  I, 76. 1971 (1980).
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a-A lum ina was prepared by  heating  a portion of the above alum ina in a ir a t  1200 °C 
for th re e  days. The BET surface a rea  of the m aterial was 4.5 mz/g . The x-ray  diffraction p a tte rn  
w as co nsis ten t w ith th a t expected fo r a-alum ina [13]. The surface area loss and preparation  
procedures are expected to  lead to  a-a lum ina  [13].

Alon-C was obtained from  C abot Corp. and had a surface area of 106 m2/g.
A1 — W  was provided by  Professor W . H. W a d e  and is designated Sample В in R efer­

ence [14]. I t  is "/-alumina w ith  a surface area of 104 m2/g.
Catalyst Regeneration. A fter each  ru n  the reac tan t flow was stopped, and the  cata lyst 

w as cooled to  room tem perature an d  th en  flushed w ith air a t room  tem perature  prior to  heating 
250 °C in  air. A fter about 3 h  a t 250 °C, th e  tem perature was increased to  500 °C in air; after 
1 h  th e  a ir  was replaced by  an  oxygen flow; and after 3 h  th e  oxygen was replaced by  hydrogen 
an d  th e  c a ta ly s t was held a t  500 °C in  hydrogen for 4 to 7 h. The ca ta lyst was cooled to the 
reac tio n  tem perature  in flowing hydrogen . W hen results are given for an oxygen p re treated  
c a ta ly s t , th e  above procedure was followed except the hydrogen p re trea tm en t was om itted.

Alcohols. Alcohols were pu rchased  from  commercial sources. Most alcohols contained 
less th a n  1%  ketone, and in m any  cases i t  was m uch less th a n  this. However, 2-octanol con­
ta in e d  approxim ately  1.5% 2-octanone. The pure cis- or trans-2-m ethylcyclohexanol contained 
less th a n  0.5%  of the other isomer.

Procedure and analyses. The reac to r system  was of conventional design w ith  a m otor- 
d riv en  syringe liquid feed, an electrically  heated  plug flow reactor, and  a liquid sam ple col­
lec to r. T he alcohol was pum ped over th e  cata lyst a t atm ospheric pressure w ithou t added 
carrie r gas. The LHSV was varied  from  0.4 to  12 h _1 in order to  ob tain  a conversion, in m ost 
cases, o f less th an  30%. The liquid p roducts were collected a t  in tervals and analyzed for con­
version  b y  tem perature-program m ed gas chrom atography (gc) using a Carbowax 20M column. 
The a lkene fraction was analyzed b y  operating the gc colum n appropriate  for th e  alkenes 
(C arbow ax 20M, /3,/S'-oxydipropinonitrile, or UC — W) isotherm ally a t  a tem peratu re  where the 
alkenes w ere separated bu t the re ten tio n  tim e for the ketone and alcohol was very  long so 
th a t  severa l samples could be analyzed before the ketone or alcohol eluted. The cis- and trans- 
2-m ethylcyclohexanols were analyzed using a diglycerol gc colum n a t 100 °C.

Results

T he dehydration-dehydrogenation se lectiv ity , S , for the conversion o f  
severa l alcohols over a-alum ina are presented in Table I. The values o f  S  repre­
sen t th e  range of values ob ta in ed  for several (4—9) sam ples taken at increasing  
tim e-on -stream . a-Alum ina is active  for both  dehydrogenation and dehydra­
tio n  an d , except for the h igher tem peratures, is considerably more active for 
dehydrogenation  than for dehydration . W ith increasing tim e-on-stream  S  m ay  
ch an ge s lig h tly  so that alum ina becom es a more selective dehydration cata lyst. 
T he se le c tiv ity  depends more on tem perature and a-alum ina becom es a more 
se lec tiv e  dehydration ca ta ly st w ith  increasing tem perature (Figure 1). A ll of 
th e  tran sition a l aluminas lis ted  in  the experim ental section , as w ell as the  
h yd rogen  pretreated transitional alum inas in R eference [4], were essentia lly  
100%  se lective  for dehydration.

T he tem perature coeffic ien ts for dehydration and dehydrogenation of 
four a lcohols w ith a-alum ina are presented in  Table II . For dehydrogenation  
all four alcohols gave the sam e tem perature coefficien t (E  =  92 k j/m o l). 
T he coeffic ien t for dehydration was higher than  for dehydrogenation; for the  
acyc lic  alcohols the coefficien t is slightly  higher th an  the values reported in  
th e  literatu re  for the transitional alum inas. For 2-m ethylcyclohexanol the
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Fig. 1. Dependence of th e  selectivity  ratio  (ketone/alkene) on the reaction tem pera tu re  for 
th e  conversion of alcohols (1: 2-pentanol; 2: 4-m ethyl-2-pentanol; 3: 2-octanol; 4: cyclohexanol; 

5: 2-m ethyl-cyclohexanol) w ith an  a-alum ina catalyst

Table I

Dehydration-dehydrogenation selectivity, S ,/o r  the conversion o f  alcohols over an alpha-alumina 
catalyst that had been pretreated with hydrogen at 550 C°

Alcobol
Reaction Temp., 

°C
Conversion

Range
%

Selectivity S 
-ene/-one

2-Pentanol 320 3 8 -3 0 0 .1 1 -0 .1 2
340 3 3 -2 8 0.15 0.16
360 3 5 -3 4 0 .1 8 -0 .2 0

3-Pentanol 335 4 5 -2 2 0.18 0.22

2-Octanol 315 3 1 -3 2 0.19 0.25
340 34 29 0.40 -0 .4 8
350 3 1 -3 8 0 .3 3 -0 .4 5

4-Methyl-2-pentanol 315 31 25 0 .1 8 -0 .1 9
342 4 2 -3 6 0.24 0.29
360 2 4 -1 7 0 .3 6 -0 .3 8

Cyclohexanol 320 2 6 -2 0 0.23 0.40
335 1 9 -1 3 0 .4 0 -0 .5 0
370 2 2 -1 2 0 .9 0 -1 .1 0

(cis -)- ir<msJ-2-methylcyclo- 315 2 3 -2 3 0 .3 5 -0 .3 7
hexanol 340 4 5 -4 0 0 .5 1 -0 .6 3

360 4 5 -3 8 1 .1 0 -1 .3 0
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Table II

Temperature coefficients fo r the conversion o f alcohols over transitional and ot-alumina

Temperature coefficient, kj/mol

Alcohol Transitional
Alumina a-Alumina

Dehydration Dehydration Dehydrogenation

2-pentanol 92 —120a 125 92

4-methyl-2-pentanol 125 92

2-octanol 140 92

(c is  -f- iraras)-2-Methyl-cyclo-
hexanolb 120 160 92

a Reference [14].
,! T he m ixture contained 53.1 mole %  of the cis- and 46.9 mole % of the Irans isomer.

co e ffic ien t w ith a-alum ina o f  160 k j/m o l is higher than the 120 k j /m o l we 
o b ta in ed  w ith  a transitional alum ina. This value for transitional alum ina is 
sim ilar to  those obtained b y  other workers [15, 16]. For the other cyclic  
a lcoh ol w e tested, cycloh exan ol, th e  Arrhenius p lo t was not linear for either  
d eh y d ra tio n  or dehydrogenation over the а -alum ina cata lyst and th e  ca ta ly tic  
a c t iv ity  w as considerably low er than  with m ethylcyclohexanol.

W ith  the transitional a lum ina catalyst A1—N , cis-trans  isom erization  
o f  2-m ethylcyclohexanol does n o t occur at a rate th a t is significant in  com par­
ison  to  th e  alcohol dehydration  reaction. The 1-m ethylcyclohexene : 3-m ethyl- 
cy c lo h ex en e  isomer ratio from  dehydration of the Irans- alcohol over A1 — N  
w as 17 : 83; for the cis- a lcohol it  was 76 : 24. In  th e  conversion o f a cis- plus 
fr<m s-2-m ethylcyclohexanol m ixtu re, we assume th at: (a) the cis-trans  alcohol 
isom erization  does not occur and (b) each alcohol isom er will g ive th e  sam e  
m ethylcycloh exen e ratio as w as obtained from the pure alcohol isom ers. These  
tw o  assum ptions enable us to  ca lcu la te  the am ount o f  conversion o f each  alcohol 
isom er required to yield the experim entally  observed m ethylcyclohexene com ­
p o sitio n ; from this we can ca lcu la te  the am ount o f  cis- and trans- alcohol 
isom er unconverted. The a lcohol com position of the liquid reaction products 
ca lcu la ted  using these assum ptions is in good agreem ent w ith the experim ental 
v a lu e  (T able III) and in d icates th a t the cis- alcohol reacts more rap id ly  than  
th e  trans-  isomer in the co m p etitiv e  conversion over transitional alum inas. 
This agrees w ith the results o f  prior workers and w ith  results obtained w ith  the  
pure a lcoh o ls in this stu d y .
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Table III

Comparison o f experimental and calculated lrans-2-methylcyclohexanol from  the conversion o f a 
mixture o f  cis— (- trans-2-methylcyclohexanol over transitional alum ina  (Al-N)

Temperuturc
°C

Time on 
Stream, 

min

% cis isomer 
converted

% lnms-2-methyl-cyclohexanol

% Irans isomer 
converted Exp. Calc.a

232 45 3.7 72 69
57 4.9 71 68

188 290 26 60 59

a See tex t for assumptions in making the calculation; alcohol charge was 53.1 mole %  of 
the cis-alcohol isomer.

a-A lum ina does not resem ble the transitional aluminas for the conversion  
o f 2-m ethylcyclohexanol. The product com position from <r<ms-2-methylcyclo- 
h exan ol at 345 °C shows th a t cis-trans isom erization o f the a lcohol charge 
occurs; th is isom erization is approxim ately h a lf as great as the to ta l dehydra­
tion-dehydrogenation reactions (Table IV). The alkene isomers obta ined  from

Table TV

Products from  the conversion o f trans-2-melhylcyclohexanol over a-alumina at 345 °C

Time, Total Conv., cis- isomer, % 
of unconverted 

alcohol

Metliylcyclohexene, Mole %
min Mole %

3 - 1 -

53 39 26 45 55

67 37 25 43 57

th e  trans-  alcohol over the a-alum ina differs from  the transitional alum ina. 
A m ixture o f 1-octene and trares-2-m ethylcyclohexanol (10 w t.%  o f  alcohol) 
w as passed over the cata lyst under the sam e conditions used obtain  th e  data  
in T able IV  (the to ta l flow  was adjusted to  g ive the same alcohol flo w  rate in  
both  cases). The alcohol conversion, including the cis-trans alcohol isom eriza­
tio n , was similar to  th at obtained w ith the pure alcohol. In  ad d ition , the  
1-octene isom erization was lower than  we could accurately determ ine (certain ly  
m uch less than 1% o f the am ount charged). This suggests th at a secondary  
reaction  involv ing  a gas phase alkene does not alter the primary alkene product 
com position  obtained for the dehydration o f trons-2-m ethylcyclohexanol w ith  
a-alum ina.

A com parison o f the alkene d istribution (Table V) for a-alum ina and 
Alon-C  catalyzed  dehydration o f acyclic alcohols em phasizes another difference
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b etw een  the two ca ta ly sts . Alon-C gives an alkene distribution w ith  a sm all 
am ou n t o f  the trans-2- isom er and nearly equal am ounts o f the 1- and cis-2- 
isom er from 2-ols (F igure 2); this is identical to  other hydrogen pretreated  
tran sition a l aluminas [1, 2 , 3, 17]. In addition , neither the alkene isom er distri­
b u tio n  nor the dehydrogenation/dehydration  se le c tiv ity  o f  Alon-C and A1—W  
depended  on the p retreatm en t. In  contrast, a-alum ina produces a large am ount 
o f  th e  trans-2- isom er from  2-ols and, in som e instances, more of the 1-isomer 
th a n  th e  cis-2- isom er (F igure 3).

200 4 0 0  200 400 200 400
Time, min

Fig. 2. Octene isomer d is tr ib u tio n  from the conversion of 2-octanol over nonporous Alon 
and  A1— W alum ina and porous alum ina
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Fig. 3. O ctene distribution ob tained  w ith  a-alum ina
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Table V

Alkene distribution from  the conversion o f acyclic alcohols over alpha and transitional aluminas

Alcohol
Temper­

ature
°C

Alkene, Mole % Temper- Alkene, Mole %
1 - trans-2- cis-2-

ature
1 - trans-2- cis-2-

a-alumina transitional alumina

2-Pentanol 320 38 27 36 175 (41 10 49)a

340 39 25 37
365 38 26 36

3-Pentanol 335 2.4 45 52 175 (trace 25 75)a

4-M ethyl-2-Pentanol 315b 43 51 175 (47 53 )a
345 44 48
360 40 52

2-Octanol 316 40 28 32 200 (46 5.8 49)c
350 46 22 32 210 (43 8.4 49)d

215 (41 7.6 52)e

a Alon w ith hydrogen pretreatm ent.
b A t 315 °C there  was 4.4% of other isomers, a t  340 °C this was 7.2% and  a t  360 °C this 

was 6.8% .
c Alon w ith oxygen pretreatm ent. 
d Al-W w ith hydrogen pretreatm ent. 
e Al-W w ith oxygen pretreatm ent.

The alkene distribution from 3-pentanol differs w idely for th e  transitional 
and a-alum ina. W ith  both catalysts in sign ificant amounts o f p ositional iso­
m erization to th e  1-alkene occurred. W ith  transitional alum inas there is a 
high se lectiv ity  for the cis-2- isomer and th is isom er comprises ab ou t 7 5 —80%  
of the alkenes. W ith  a-alum ina nearly equal am ounts o f the cis- and trans-2- 
isom ers are form ed.

There does n o t appear to  be a sign ifican t difference in the alkene distri­
bution  from th e various 2-ols converted over a-alum ina : 2-butanol, 2-pentanol, 
2-hexanol and 2-octanol.

D iscussion

The dehydrogenation-dehydration se lec tiv ity  of m any transitional alu­
m inas depends on pretreatm ent [4]. H ydrogen  pretreated sam ples, in  addition  
to  being more se lective for dehydration, also produced less o f  the trans-2-
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alkene from  2-ols than  oxygen  pretreated sam ples. B oth  Alon-C and A1—W  
are rep orted  to be y-alum ina and based on R eference 4, the se lec tiv ity  is 
exp ected  to  depend on pretreatm ent. H ow ever, b o th  o f these y-alum inas w ere 
se lective  for dehydration even  when pretreated w ith  oxygen; both sam ples  
produced v ery  little  o f the trans-2-  isomer from 2-ols w hether the pretreatm ent 
was w ith  hydrogen or oxygen. Alon-C and A1—W  differ from m ost tran sition a l 
alum inas since th ey  are nonporous m aterials and have been used as standard  
nonporous m aterials [18]. These results are con sisten t w ith  the view  th a t th e  
oxygen  pretreatm en t creates dehydrogenation sites only in pores and/or at 
high ly  u n saturated  sites (in th e  sense o f Taylo r ’s active  points [19]) b u t not 
on th e  uniform  crystallographic surface planes o f  the transitional alum inas.

A lon-C  and A1 — W produced essentially  th e  sam e alkene d istribution  
as w e prev iou sly  reported for several porous transitional alum inas [17]. 
H ow ever, a-alum ina produces m uch different alkene distribution. W ith  the  
la tter a lum ina trans-2- isom er form s in nearly as large an am ount as th e  other  
tw o isom ers. The cis-2-/1- isom er ratio is also m uch lower for the «-alum ina  
than for th e  transitional alum inas. Thus, in going from transitional alum inas 
to a -a lu m in a  there is a shift in th e  alkene d istribution  to: (a) favor the 1-isom er  
rela tive  to  th e  cis-2- isom er and (b) a pronounced increase in the rela tive  
am ount o f  th e  trans-2-  isomer.

T h is stu d y  concentrates on selectiv ities rather than a com parison o f  
reaction  rates. Literature data for the conversion o f  ethanol over a series o f  
alum inas [14] suggest th at th e  absolute rate is n o t a linear function o f  th e  
surface area; rather, the rate per unit surface area reaches a m axim um  and  
then d eclin es as the surface area is increased further. Our hydrogen pretreated  
tran sition a l alum inas, w ith surface areas in  th e  1 0 0 —250 m2/g range, show  
no change in  alkene se lectiv ity  th a t follows th e  change o f  surface area. A high  
surface area oxygen  pretreated transitional alum ina sam ple, relative to  the  
same a lu m in a pretreated w ith  hydrogen, show : (a) an absolute decrease in  
dehydration  a c tiv ity , (b) an absolute increase in dehydrogenation a c tiv ity , 
and (c) an  increase in the am ount o f trans-2- alkene. Thus, oxygen pretreat­
m ent o f  porous transitional alum inas changes th e  dehydration se lectiv ity  in  
the d irection  to  resemble a-alum ina.

T he classical E2 elim ination theory predicts th e  form ation, by an anti  
elim ination  o f  water, o f predom inately 3-m ethylcyclohexene from trans-2-  
m ethylcycloh exan ol and the m ore stable 1-m ethylcyclohexene from cis-2- 
m eth ylcycloh exan ol. For alum ina, P ines  and co-workers [1] obtained an  
alkene d istr ib u tion  th at strongly supported th is E 2 m echanism. H ow ever, 
the resu lts from  the deuterium  labeled  alcohol, as w ell as the results o f H all 
and co-w orkers [16] w ith a hydroxyapatite  ca ta ly st, suggest that the m echan­
ism for th e  trans  alcohol m ay be more com plicated than  a simple E2 m ech an ­
ism. Our resu lts w ith  cis- or trans-2-m ethylcyclohexanol and transitional
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alum ina catalysts are in  excellen t agreem ent w ith those o f P in e s  [1] and show  
th a t transitional alum ina does not catalyze a cis-trans  alcohol isom erization  
at an appreciable rate in  com parison to  the dehydration rate. W ith  th e  a-alu- 
m ina, cis-trans isom erization o f the reactant alcohol is approxim ately  as rapid 
as th e  conversion o f the alcohol to  other products; furtherm ore, dehydrogena­
tion  to  m ethylcyclohexanone is as, or m ore, im portant than the dehydration  
to  m ethylcyclohexenes. The alcohol isom erization makes a com parison o f the 
alkene selectiv ity  to th a t o f  the transitional alum ina difficult. The 3-m ethyl- 
cyclohexene formed from the írans-2-m ethylcyclohexanol is present in  a much  
larger am ount than was obtained from the cis isomer and is larger than  the  
equilibrium  com position. This suggests th a t the trans alcohol gave a high 
se le c tiv ity  for the 3-m ethylcyclohexene isom er; however, we w ould  need to 
m ake a much more detailed  stu d y  to  verify  this.

Two properties o f  ca ta lysts th at have been used in correlations are the  
h eat o f  form ation and th e  ionic radius. F ahrenfort , van  R e y e n  and Sachtler 
[20] found a spread o f 250 — 290 k j/m o l related to one equivalent o f  th e  heat 
o f form ation of the form ates in going from the low  a ctiv ity  m eta ls at the left 
base o f  a volcano shaped curve to  the low  a ctiv ity  m etals on th e  right side 
o f th e  volcano. У и н  [21] also reported a volcano relationship for th e  decom ­
position  o f N 20  on m etal oxides and the spread o f the heat o f  form ation  
from  base to base was about 250 k j/m o l per equivalent. The d ifference in the 
heat o f  form ation o f oc-A120 3 and y-A l20 3 is only 24 k j/m o l (4 k j/m o l per 
eq u ivalen t [22]); consequently , both  alum inas w ill not f it  on a vo lcan o  type  
se lec tiv ity  curve for the dehydrogenation-dehydration se lec tiv ity . E ucken 
[23] found a linear correlation o f the function  rj =  [(cation radius)3/m olecular  
volum e/cation) (valence)] w ith  the dehydration-dehydrogenation se lectiv ity  
for isopropyl alcohol conversion. H ow ever the selectiv ity  d ifferences o f  y- 
and a-A l20 3 would appear to  elim inate functions based on ly  on charge 
and/or radius for correlations w ith  alcohol conversion se lectiv ity .

D ow den  related th e  relative dehydrogenation and dehydration  activ ity  
to  th e  number o f cation  vacanciens on the surface [24]. Our resu lts [4] for 
hydrogen and oxygen pretreatm ent effects on selectiv ity  are in  agreem ent 
w ith  th is view . H ow ever, uncertainty  about the crystal faces exposed , the 
degree o f  surface hydration , and the alcohol surface coverage, m ake a detailed  
m echanistic description o f th is view  d ifficult.
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Singlet-singlet transitions of C ryptocyanine (DCI) have been ca lcu la ted  by the 
P a r ise r  —P a rr  P o pl e  m ethod including th e  lowest-energy doubly and  tr ip ly  excited 
configurations in to  the configuration in terac tion  treatm ent. The red  an d  blue fluores­
cence has been a ttr ib u ted  to  the S, S 0 and  S2 — S 0 transition, respectively . According 
to  analyses of th e  w avefunctions, bo th  th e  electronic transitions S 0 -- S t and  S„ -*• S2 
and the electronic sta tes S, and  S2 are fu lly  delocalized. The low est-energy doubly 
excited configuration contributes m arkedly  to  the S2 state. M olecular re laxation  of 
the F ra n ck  —Co n d o n  excited sta te  is stronger for the planar S2 th a n  fo r th e  p lanar 
S 1 state. The form ation of a non-planar molecule in the S2 excited s ta te  cannot be 
excluded w ith  certa in ty . I t  should, how ever, affect the non-radiative ra th e r  th a n  the 
radiative deactivation  of the S2 state.

Various polym ethine dyes have unusual photophysical properties in  that 
th ey  display dual fluorescence [2 —10]. Besides the w ell-know n long wave 
fluorescence, short w avelength  fluorescence is elicited both b y  h igh  in ten sity , 
pulse-shaped laser ligh t [2] and stead y-sta te  excitation  b y  standard  light 
sources [6, 10]. The short w ave fluorescence is weaker than  th e  long w ave­
length  fluorescence [10] and the fluorescence life-tim e o f th e  h igher energy  
fluorescence sta te  is longer than  that o f  the lower energy fluorescence [8]. 
To date, the interpretation  o f the short w ave fluorescence o f  polym ethine  
dyes is controversial. W hereas in other series o f com pounds (nonalternant 
hydrocarbons, thiocarhonyl com pounds) short wave fluorescence results 
unequivocally  from  higher excited  sta tes , the corresponding upper state  
fluorescence has been questioned in the case o f polym ethine dyes. I t  has been 
argued, in particular, th at a S 2 —*- S 0 ty p e  transition  would be too  low  in energy 
to  be com pared w ith  the S 0 —*■ S 2 absorptive transition [4, 7].

In the m ain, three interpretations have been put forward to  explain  
th e  short-w ave fluorescence.

(i) Em ission o f certain im purities or photo-degradation products [11,12].

♦ F o r p a r t  X IY , see Ref. [1].
** To whom correspondence should be addressed.
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(ii) Em ission from  m olecular excited sta tes  th a t are merely localized at 
the heterocyclic  end groups [5 , 6, 13, 14].

(iii) Em ission from  an electronic state gen erated  through a two electron  
excited  sta te  [15, 16]. C onjugation in that e lectron ic state  is rem oved either  
by changing  the m olecular geom etry [4] or b y  adding solvent m olecules to  
certain sites o f the p o lym eth in e molecule [15].

T he id en tity  of th e  fluorescence excitation  spectra o f the long and short 
w ave fluorescence [6, 10] contradicts the first in terpretation . The second in ter­
p reta tion  appears doubtfu l in  the light o f the fo llow in g  experim ental results. 
Shorter w avelength  flu orescen ce also occurs in  th e  absence o f heterocyclic end  
groups and the fluorescence w avelengths differ b etw een  vinylogues having the  
sam e heterocyclic residues [4]. The third in terp retation  is rather hypothetica l, 
a lthough  doubly excited  s ta te s  have been proved  to  be o f  the greatest im por­
tance in  understanding th e  photophysics o f  various alternant [17] and n on ­
alternant hydrocarbons [18].

T he purpose o f th e  present paper is to  shed  ligh t on the nature o f  the  
low est-en ergy  polym ethine sin g let excited s ta te s  and the role o f the tw o-  
electron excitation . C ryptocyanine (l,l'-d ieth y l-4 ,4 '-carb ocyan in e iodide, D C I), 
w hich belongs to the b est stu d ied  polym ethine dyes [19—25], w ill serve as 
an exam p le. DCI displays a red fluorescence a t about 700 nm and a blue 
fluorescence at about 460 (430) nm [4, 15]. A lso , th e  polarization spectrum  of 
the red fluorescence has been  recorded depending on the excitation  w a v e ­
len gth  [10]. In contrast to  other polym ethine d yes, no evidence o f photo-
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isom erization o f D C I has been obtained [21], but an unusual tw o-com ponent 
fluorescence decay curve has been found recently  [25].

The results o f  standard type P P P  calculations o f  DCI w ill be discussed first. 
In contrast to form er P P P  calculations [10 ,26  — 28], all s in gly  excited  ля*  con­
figurations have been taken  into account. In  order to  assess the degree of delo­
calization of the я  —► ж* transitions, the results o f the P P P  calcu lation  have been 
subjected to the O h t a  — K u r o d a  — K u n i i  analysis [29]. The transitions are 
discussed in term s o f heterocyclic localization (fragm entation  m ode DCI/1) or 
in terms of polym ethin ic delocalization (fragm entation m odes DC I/2 and DCI/3).

Moreover, th e  excited  states are interpreted by th e  B a b a — S uzuki  — 
T a k e m u r a  configuration  analysis [30]. Projection o f th e  w avefunctions of 
DCI onto the w avefunctions o f the fragm ented m olecules DC I/2 and DCI/3 
w ill reveal correlations betw een fluorescence sta tes o f DCI and those o f the  
dye sub-structures involved .

Then, the configuration  interaction (S —C l) has been extended, taking  
in to  account the low est-energy two- and three-electron excita tion s (SD — Cl 
and SD T—C l, resp ectively). In order to  estim ate the ex ten t o f  molecular 
relaxation in the S l and S 2 excited  state and the photochem ical behaviour, 
я -molecular diagram s are exam ined.

Method

The standard  P P P  m ethod has been described in detail elsewhere [31]. The molecular 
geom etry assumed in th e  calculations of the cationic DCI and of th e  fragm ented molecules 
consisted of two regular hexagons and all bond lengths equal to  1.40 Á. The resonance integrals 
are all equal to 2.318 eV. The one-center integrals are the same as em ployed in former papers 
[32]: Uc =  11.42 eV; UNCНз =  -2 1 .9 5  eV; yCC =  Ю.84 eV and yNN =  12.98 eV. The two-
center electron repulsion integrals are evaluated by the Mataga  N is h im o t o  equation [33]. 
Because of the C2t) sym m etry  of p lanar traras-DCI, the electronic s ta tes  e ither belong to the 
A l or B 2 sym m etry. For analyzing electronic states and electronic transitions, lim ited configu­
ration  interaction calculations were used. The 36 configurations considered were generated 
from the six highest occupied and six lowest unoccupied MO’s. The analysis techniques are 
reviewed elsewhere [34].

P P P  calculations w ith inclusion of m ultiply excited sta tes were perform ed by a com puter 
program  kindly placed a t our disposal by Dr. Olbiu ch  (M ülheim /Ruhr). The m ultiply excited 
states considered are depicted in Fig. 1. The doubly excited singlet s ta te  is of A t sym m etry 
and the triply excited s ta te  of B 2 sym m etry.

l‘ig-1. Lowest-energy electronic configurations resulting from tw o-electron (left panel) 
and three-electron excitation (right panel)
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R esu lts and Discussion

T h e U Y —VIS absorption spectrum  o f DCI and the results o f the P P P  
ca lcu la tio n s are presented in  F ig . 2. The longest w avelength  part o f  th e  spec­
trum  d isp lays three d istinct ab sorp tion  bands A, В and C.

T h e  P P P  calculation reflects  th e  substantial feature o f  the experim ental 
ab sorp tion  spectrum. The th eoretica l results are illu strated  in F ig. 2. Vertical 
lines in d ica te  the theoretical w avenum bers and in ten sities ( lo g /) .  W eaker 
tra n sitio n s are marked by w a v y  lin es. According to  the calculation , the B- 
band is  an  inherent part o f  th e  U Y  spectrum of D C I. T hus, in  contrast to  
R ef. [15] th e  blue fluorescence m igh t correspond to  a w eak electronic transi­
tion  th a t  causes В -band absorption  in  its long w ave part. I f  the Sto k e s  shift 
is ca lcu la ted  from the blue em ission  maximum and th e  longest-w avelength

Fig. 2. A bso rp tion  spectrum of D CI in  e thano l and of the p a ren t dye streptopolym ethine 
cyanine in  dichlorom ethane [41] an d  m ax im a of fluorescence bands of their red  and blue 
fluorescence [2 ,4 ] (arrows). The v e rtic a l ( l g / i > —3) and w avy lines ( l g / < —3) indicate 
the ca lcu la ted  absorption w avenum bers of DCI either by including all 132 singly excited 
sta tes (1 2 x 1 1 )  or 36 singly excited s ta te s  (6 x 6 ) . For the la t te r  case, the correlations are 
illu s tra ted  betw een  excited states Sj an d  S2 of D CI and locally excited sta tes of the polym ethinic 

subunits in the frag m en ted  molecules DCI/2 and DCI/3
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absorption m axim um  of the В- Land [10], a sh ift of about 1900 c m -1  is obtained. 
H ence, the S t o k e s  shift o f the blue em ission  is three tim es as large as th at of 
th e  red em ission. Strong differences in  th e  S t o k e s  shift o f the tw o fluorescences  
seem  to  he a general characteristics o f  polym ethine dyes [6].

A lthough all 132 singly excited  л л *  configurations o f  D C I have been  
taken  into account, the transition energies in  the ultraviolet region are obviously  
overestim ated . H ypsochrom icity  o f  th e  calculated  absorptions re la tiv e  to  the 
experim ent is a well-know n shortcom ing o f standard P P P  calcu lations. In  
order to  overcom e th is d ifficu lty , a different kind of param eter adjustm ent 
has been proposed, such as drastic reduction  o f the ionization p o ten tia l o f the 
nitrogen atom  [35 ], o f the carbon nitrogen  resonance integral [36] or o f the 
electron repulsion integrals [10, 27]. H ow ever, as long as th e  deeper origin 
o f th e  deficiency is unknown, reparam etrization cannot be a proper rem edy  
and efforts along these lines should be considered w ith caution.

Since our m ain  interest is directed to  the nature o f the flu orescen t states 
S x and S 2 only, num erical agreem ent betw een  theoretical and experim ental 
S 0 —► Sj and S 0 —*■ S 2 transition energies is o f minor im portance. Fortunately , 
calculations on D C I in various param etrizations provide a co n sisten t picture 
about the tw o low est excited sta tes. T he S x excited sta te  is o f  A r sym m etry  
and th e  second excited  state o f B 2 sym m etry . Consequently, th e  transition  
betw een  the S 0 and Sj states is polarized perpendicular to  th e  tw ofold  m olec­
ular axis (polarized along the trim eth ine chain). The transition betw een  the S 0 
and S 2 states, in  contrast, is polarized along th e  twofold symmetry ax is. In contrast 
to  th e  S 0 —*■ transition , the S 0 —► S 2 transition is weak. Since th is feature 
already results from  lim ited configuration  interaction P P P  calcu lations in the 
standard param etrization, electronic transitions and electronic s ta te s  o f those 
calculations are analyzed and discussed in  the following.

A nalyses o f  the electronic tran sition s S 0 —► S x and S 0 —*• S 2 (cf. Fig. 3) 
evaluate the degree o f local excita tion  (LE) at the heterocyclic end groups to  
48%  in both cases (fragm entation m ode DCI/1). A dditional strong charge 
transfer (CT) contributions from th e chain to  the end groups indicate the 
delocalized nature o f the electronic excita tion s. This conclusion is supported  
b y  analyses w ith  regard to  fragm entation  m ode DCI/2 and D C I/3 . Local ex ­
c ita tion  in the polym ethinic sub-structures dom inates both th e  S 0 —*• Sj and 
S 0 —*- S 2 electronic transition (cf. F ig . 3). Therefore, no th eoretica l support 
is found for th e  former assum ption [5, 6] th at the S 0 —► S 2 ex c ita tio n , in con­
trast to  the S 0 —► <Sj excitation , is loca lized  on the end groups.

The sam e conclusion has been drawn from configuration analysis. This 
analysis provides definite correlations betw een the electronic sta tes o f DCI 
and the no-bond (N B ), local excited  (LE) and charge transfer (CT) configura­
tions that are defined by the fragm ented molecules. O nly som e correlations 
to  local excited  states o f the dye sub-structures w ithin th e  fragm entation
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Fig. 3. A nalyses of the electronic transitions S0 -*■ S ,  and S 0 S2 w ith respect to  th e  frag­
m en ta tio n  modes DCI/1 to  DCI/3 (L E  =  local excitation, CT =  charge transfer excitation)

m odes D C I/2 and DCI/3 are illustrated  in F ig. 2 . B o th  the S x and S 2 excited  
sta te  correlates defin itely  to  excited  states o f the sub-structures. Interestingly, 
the S 2 s ta te  o f DCI is not related  to the S 2 sta tes o f  th e  sub-structures but 
rather to  th e  S 3 states. In other words, the delocalized  S 2 states of the poly- 
m eth in e dyes are not necessarily  electronically related .

Table I

Calculated and experimental excitation energies V in  / 'i l l~ 1 o f DCI

s.H.) -  ЧВ.) s.Hi) -  s,(A)

S 1.62 2.82
This paper3 SD 1.69 2.22

SDT 1.69 2.22

L iteratureb S 1.45 2.52

Experim ent3
Absorption 1.41 2.36
Fluorescence 1.35 2.17

a 36 singly excited configurations (S), 36 singly excited configurations and the lowest- 
energy doub ly  excited configuration (SD), 36 singly excited configurations and both the lowest- 
energy doubly  and triply excited configurations (SDT).

b P P P  inpu t param eters ad justed  w ith the aid of the experim ental spectrum [10]. 
c in m ethanol [10].

Acta Chim. Acad. Sei. Hung. 109, 1982



FABIAN ct al.: MO-LCAO CALCULATIONS ON POLYMETHINES 3 9 5

The nature o f  electronic states and electronic transitions is not essen tia lly  
altered when m ultip ly excited  states are considered. The transition  energies, 
how ever, are m arkedly affected  (cf. Table I). This finding feeds th e  susp icion  
th a t th e  neglect o f m ultip ly  excited  states m ight be responsible for th e  above- 
m entioned shortcom ing o f the standard P P P  m ethod [37]. The low est-en ergy  
excited  configuration, which results from a tw ofold electron jum p from  the  
highest occupied MO to the low est unoccupied MO, contributes 40%  to  the  
S 2 sta te  and lowers considerably its energy relative to that o f th e  S 0 sta te . 
B ecause o f  som e ground sta te  energy depression, the S 0 —► transition  energy
is now sligh tly  increased. M ixing betw een th e  low est triply exc ited  con figu ­
ration and the state is too weak to  com pensate for this effect, b u t decrease  
in S 0 —► excitation  energy is to  be expected  w ith inclusion o f d ou b ly  excited
sta tes o f  B , sym m etry th a t are not considered in the present ca lcu la tion . In  
order to  judge the ex ten t o f the tw o-electron excitation , we have focussed  
atten tion  to  the low est-energy doubly excited  configuration only.

O bviously, the doubly excited  configuration can no longer be v iew ed  
as a d istin ct electronic sta te  accessible only by absorption of a secon d  photon  
from th e state  as form erly assum ed [15]. I t  represents rather an inherent 
part o f  the S 2 excited  state . This sta te  is reached by light absorption  from  
the ground state.

N ex t, the question w ill be raised as to  w hether new d ea ctiv a tio n  chan­
nels are opened by the contribution o f the m ultip ly  excited con figu ration s to 
electronic state  S 2. According to  the m olecular diagram (Fig. 4), th ere  is no 
ind ication  o f enhanced reactiv ity  tow ards nucleophilic solvent m olecu les in 
the S 2 sta te . In contrast, as to  the electron densities along the ch a in , any  
inclination  to  nuclephilic attack  should be higher in the th an  in  th e  S 2 
sta te . Consequently, form ation o f a localized heterocyclic structure b y  addition  
o f  the so lvent m olecule in the S 2 sta te  is less probable. The bond orders along  
the trim ethine chain, how ever, are more strongly alternating in th e  S 2 sta te  
than  in the Sj state. Thus, conjugation will counteract tw isting o f  th e  term inal 
groups out o f  the plane less in S 2 than in S l .

Calculations in the Q CFF/Pi m ethod (quantum  chem ical ex ten sio n  of 
the consistent force field  to  jr-electron system s) o f W arsh e l  and L e v i t t  [38] 
have been performed in addition, in order to  predict the equilibrium  geom etry  
by energy m inim ization w ith  respect to the com plete set o f 3iV cartesian  
coordinates. For com putational reasons, on ly  the dye sub-structures in  DCI/2  
and DC I/3 have been calculated so far [39]. In both cases the itera tiv e  calcu­
lations resulted in planar structures for S 2 states as found for th e  and S 0 
sta tes. Rotam ers are energetically  less favoured.

The calculation predicts, however, a considerable alteration  o f  bond 
lengths upon electronic transitions from S 0 to  S 2 and S 2 to S 0, resp ectively . 
This supports conclusions drawn from the тг-bond orders. Due to  th e  stronger
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1 043
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0.967

1 035
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Fig. 4. л -Molecular diagrams of DCI in the ground state ( S 0) and in the fluorescence states 
(S 15 S2) without taking into account the lowest-energy doubly and triply excited configurations 
on the left and taking into account of those on the right. For abbreviations cf. Table I

m olecular relaxation, th e  S t o k e s  shift o f th e  S 0  —► S 2  transition m ust consid­
erab ly  exceed that o f  th e  S 0 —*■ S x transition . In  other words, form ation o f  
a rotam er must not be in vok ed  in order to  ex p la in  the difference in St o k e s  
sh ift.
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There is, how ever, an additional point worth of consideration . The 
Q CFF/Pi calculations m entioned above refer to isolated m olecu les. Solvent 
effects are com pletely  neglected. F orm ation o f a rotamer b y  sym m etric  tor­
sion o f the heterocyclic groups out o f  the plane m ay create a m ore polar 
m olecule. A m olecule like th at should be more stabilized by so lv en t effects 
th an  a less polar planar m olecule, such as discussed for G r a b o w s k i’s TICT 
system s (“ tw isted  internal charge transfer” [40]).

P re l im in a r y  c a lc u la t io n s  o n  th e  tw is te d  second  e x c ite d  s in g le t  s ta te  
S% o f  DCI p r e d ic t  a  low  e n e rg y  g a p  b e tw e e n  th e  S'2 a n d  th e  r e s p e c t iv e  F r a n c k  
CoN D O N -state S'0. T h u s  r a d ia t iv e  d e a c t iv a t io n  from  S '2 sh o u ld  r e s u l t  in  a 
b a th o c h ro m ic  r a th e r  th a n  in  a h y p s o c h ro m ic  f lu o re sc en ce  in  a d d i t io n  to  th e  
r e d  f lu o re sc e n c e  o b se rv e d . F o r m a t io n  o f  a  r o ta m e r  m a y  b e  im p o r ta n t ,  h o w e v e r, 
fo r  th e  c o m p e ti t iv e  r a d ia t io n le s s  d e a c t iv a t io n  p rocess.

To sum up, there is no need to  invoke any additional photochem ical 
process in order to  explain the em ergence o f  the blue fluorescence o f  D C I and 
related com pounds. The blue fluorescence is an upper-state flu orescen ce from  
th e  relaxed planar S 2 state. P olym eth in e dyes constitute an a d d ition a l class 
o f com pounds w hich disobey K a s h a ’s rule.
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The properties of the hydroxylactam s 2a, 2Ь, 3a  and 3b, obtained  b y  reduction 
of the lactam oester 1 w ith  LiAlH4 or L iA lH (0-i-B u)3, have been investigated . I t  has 
been found th a t  acids, bases and o ther ca ta lysts effect m utual epim erization  of the 
hydroxylactam s. I t  has been established th a t  reactions of the hydroxylactam s 2 and 3, 
unsaturated  lactam s 5 and 6, as well as the dihydroxylactam  7, proceed in  acid medium 
via the  respective a-acylim m onium  ions.

In the course o f  our research on azasteroid synthesis, a red u ctive  N -cyc- 
lization  o f lactam oesters has been observed. A  number o f lactam oesters, under 
th e  conditions o f  L iA lH 4 reduction, undergo transform ation to  th e  correspond­
ing tertiary am ines in good yields. It has been previously estab lished  that the 
reaction proceeds via  hydroxylactam s as th e  interm ediates [1]. T he growing 
synthetic  potentia l o f  com pounds of th is ty p e  in the synthesis o f  polyhetero­
cycles has been recently  dem onstrated [2— 4 ]. It  should be added th a t cyclic  
hydroxylactam s have been found to con stitu te  a new class o f precursors of 
th e  highly reactive a-acylim m onium  ion, and therefore serve for a variety  of 
applications. One o f the m ost im portant is the biom im etic h eterocycliza lion  of 
olefins [5— 8] in w hich the cyclic acylim m onium  species has been shown to  
behave as a h igh ly  reactive in itiating centre for cationic olefin  cyclization .

A  com m on m ethod o f  hydroxylactam s synthesis is N a B H 4/H  + reduc­
tion  [9— 11] o f  cyclic im ides, i.e. su b stitu ted  succinim ide or glutarim ide, 
proceeding according to  a sim ple experim ental procedure [12]. H ow ever, 
in  our case the N a B H 4 reduction has not been useful for lack o f N -cyclization  
o f the lactam oester 1 under these conditions. N evertheless, i f  th e  reduction  
o f com pound 1 was carried out w ith L iA lII4 at ■— 70 °C, tw o pairs o f  epimeric 
hydroxylactam s (2a and 2b, as well as 3a and 3b) were iso la ted . In  further 
experim ents we have established that th ese hydroxylactam s are also formed 
as a result o f reduction  o f  the lactam oester 1 w ith  lithium  tri-t-butoxy-alum i- 
nium  hydride at room tem perature. On th e  other hand, we have also stated  
th a t the reduction o f im ide 4 w ith the la tter  hydride afforded alm ost th e  same 
m ixture o f h ydroxylactam s. This fact strongly  supported our suggestion  [1]
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th at th e  form ation o f im ide 4 from the startin g  lactam oester 1 tak es p lace as 
the first step o f the reaction, preceding th e  subsequent reduction o f  4  to  
hydroxylactam s 2a, 2b, 3a and 3b, which are th e  final products. The discussed  
process is not h ighly regioselective; the su scep tib ility  of both carbonyl groups 
in  im ide 4 to  reduction was found to  be approxim ately  the same.

The observed resistance o f hydroxylactam s to  further reduction  under  
th e  described conditions is probably connected  w ith  the form ation o f quasi- 
six-m em bered cyclic com plexes A  or В  [13]. I t  should be added th a t th e  ratio  
of the tw o  epimers (a : ß) in  both pairs o f hydroxylactam s corresponds closely  
to  their therm odynam ic equilibration. This w as evidenced by m utual isom er- 
izations o f the epimers (2a 'y~>~ 2b and 3a 3b) under the con d ition s of 
L iA lH (0-t-B u )3 reduction at room tem perature (in the equilibrium  sta te  
hydroxylactam s 2b and 3a, respectively , predom inated). Contrary to  th at  
reduction , th e  N aB H 4/H + m ethod did not cause any equilibration o f the  
hydroxylactam s [11] and therefore under th ese conditions the stereochem ical 
course o f  the reaction determ ined the product com position.

Sim ilar isom erizations o f the hydroxylactam s 2a, 2Ь, 3a and 3b were 
also observed under other conditions, using bifunctional cata lysts, as w ell as 
both acid and basic agents. For instance, each hydroxylactam  in  benzene  
solution  underw ent anom erization catalyzed  b y  2-hydroxypyridine as a b ifunc­
tional, tautom eric cata lyst. It has also been found experim entally th a t pyri­
dine, p -cresol, as well as 3-hydroxypyridine exhib it no catalytic a c t iv ity  for 
th is isom erization. It is very probable th at th e  m echanism  of the above epim er- 
ization  o f hydroxylactam s could he sim ilar to  th a t proposed for tetram eth y l-  
glucose m utarotation  [14] and other reactions [15] requiring b ifunctional 
ca ta lysts (see respective form ulas). This concerted exchange o f  tw o  protons  
gives th e  open-chain aldehyde form , w hich is im m ediately transform ed into  
the corresponding epimer o f hydroxylactam .

It seem s that strong bases, such as N aO H , caused epim erization  also 
via  seco-lactam oaldehyde [16].

Com pounds 2a and 2b in T H F  solu tion , treated  separately w ith  a drop 
of 60%  HC104 at room tem perature (0.5 h), afforded the same m ixtu re con­
sisting o f  the unsaturated lactam  5 (m .p. 133— 135 °C, [a]p +  154.6°; 65% ), 
as w ell as hydroxylactam s 2a (5% ) and 2b (15% ). The m ixture com position  
was not sign ificantly  altered upon prolonging th e  reaction tim e to  3 h . I t  should  
be added th at the obtained lactam  5, w hen treated  with a drop o f 60%  HC104 
in dry T H F , gave an identical equilibrium  m ixture of the substrate and hydro­
xy lactam s 2a and 2b.

In the case o f the reaction o f the hydroxylactam  3a or 3b w ith  perchloric 
acid, th e  corresponding dehydrated product 6 was not formed, b u t on ly  epi­
m erization o f the hydroxylactam s 3a 3b (70%  and 18%, resp ectively) was 
observed. It is likely, therefore, that dehydration  of these hyd roxy lactam s
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is not a favoured process due to  a com parative h igh  strain of the unsaturated  
five-m em bered  ring system . H owever, the unsaturated  lactam  6 (m .p. 126— 
128 °C, [oc]d +  97.6°) was prepared by dehydration  of hydroxylactam  3a 
or 3b upon long h eatin g  in boiling pyridine. U nder the same conditions h y ­
droxy lactam  2a or 2b also underwent alm ost q u an tita tive  dehydration to  give  
com pound 5. The unsaturated  lactam  6 in T H F  solution  under acid conditions  
(HC104) im m ediately  transform ed into a m ixture o f  hydroxylactam s 3a and 3b, 
the ratio  being 4 : 1 .

P revious studies [17] on a similar hyd roxy lactam  [18], 4 -aza-5f-hydroxy- 
cholestan-3-one, have show n that this com pound also readily undergoes 
dehydration  on h eatin g  above 100 °C or in  th e  presence of acid ca ta lysts at 
25 °C. W e suppose th a t all reactions of h yd roxylactam s with an acid agent 
occur v ia  stabilized a-acylim m onium  ion, w hich  m ay  lose a proton, or to  w hich  
a m olecule o f water m ay  be added. This has been  supported by m eth y la tion  
experim ents of hydroxylactam s w ith m ethanol in the presence o f  sm all 
am ounts o f  pyridine hydrochloride (as an acid) a t room tem perature. Under 
th ese conditions both  hydroxylactam s 3a and 3b gave the sam e product, 
the a -m eth y l ether 3c (m .p. 115— 117 °C, [a]o  +  67.0°). H ydroxylactam s 2a 
and 2b, rather u n expected ly , afforded the 6/S-m ethoxysteroid 2c ([a ]o  +  96.0°) 
as th e  m ain product*, in  return, also the transform ation  OMe —► OH proved  
to  be possib le. Upon treatm en t of 3c in T H F  w ith  HC104 at room tem perature  
a m ixtu re o f the hydroxylactam s 3a and 3b w as obtained  in almost q u an tita tive  
y ield . U nder the sam e conditions the m eth oxy lactam  2c afforded the u n sa tu ­
rated lactam  5 (65% ) and hydroxylactam s 2a and 2b. It seems th at th e  tran s­
form ations involve reactions occurring via  an acylim m onium  interm ediate. 
R eaction s o f the lactam odiol 7 provided further evidence for the oc-acylim- 
m onium  ion form ation in acid medium. Com pound 7 (m.p. 144— 145 °C, 
[a]o +  33.3°) was obtained  from the unsaturated  lactam  5 by oxidation  w ith  
osm ium  tetroxide. The configuration of h yd roxy l groups in the lactam odiol 7 
was estab lished  on th e  basis o f the 1H -NM R spectrum  and analysis o f  th e  
steric course o f the reaction . The m ost in d ica tive  in  the 1H-NM R spectrum  
was th e  chem ical sh ift o f  the 19-H protons (<5 1.49) w hich were strongly deshield- 
ed b y  th e  tw o /З-su b stitu en ts at C-6 and C-7. Inspection  of Dreiding stereo­
m odels o f  the unsaturated lactam  5 showed th a t in  the most privileged, f la t ­
tened  conform ation (the absorption band at 237 nm  confirms that the lactam  
group and double bond lie in the same plane) a steric hidrance for 0 s 0 4 attack  
from  th e  а-side o f the steroid molecule (particu larly  9a-H) is m uch higher

* Configurations of th e  m ethoxyl groups a t C-4 or C-6 in compounds 2c  or 3 c  were 
established on the basis of th e ir 1I4-NMR spectra. Com parison of the signal of th e  4-H  or 
6-H p ro ton  in  the spectra of th e  m ethyl ethers 2 c or 3 c w ith  an  analogous signal in th e  spectra  
of the hydroxylactam s (after shaking the samples w ith  D20 )  indicated /S-substitution for 2 c 
and а -substitu tion  for 3 c. In  com pound 2c, the 6/?-methoxyl group occupies a pseudo-equatorial 
position (6a-H  appeared as dd , J 1 =  9.5 Hz, J 2 =  7.5 H z a t  6 5.19).
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than  from the /З-side (C-19 m ethyl group). Treatm ent of 7 w ith  perchloric acid 
in  T H F  solution  afforded a single, crysta lline product, the epoxy lactam  8 
(m .p. 193— 195 °C, [oc]d +  75.7°). A  sim ilar reaction o f th e  lactam odiol 7 
effected  in acetone solution resulted in  form ation of com pound 9 (m .p. 89— 
90 °C, [<x ] d  +  45.1°) possessing an additional dioxolane ring. Compound 9 
w as also form ed from  the epoxy lactam  8 under acid conditions in  acetone  
solution . The configurations o f th e  o x y g en  substituents in  com pounds 8 and 
9 were the sam e as in the starting lactam odiol 7. During th e  reactions with  
perchloric acid th e  C(7)— 0  bond rem ained intact, and th is sim ultaneously  
determ ined th e  /З-position o f oxygen  at C-6. This assignm ent w as confirm ed  
b y  th e  strong chem ical shift o f the C-19 protons in the 1H -N M R  spectra of 
com pounds 7, 8 and 9. All these rather unusual reactions are prom oted by 
participation  o f the neighbouring lactam  group. The free electrons o f  nitrogen  
stab ilize the interm ediate a-acylim m onium  cation, which undergoes an 
oxirane ring closure in the intram olecular process or reacts w ith  the solvent 
(acetone) to g ive a dioxolane ring.

E xperim ental

M.p.’s were determ ined on a Boetius m icro melting point appara tu s and  are uncor­
rected. O ptical ro tations were m easured on a Perkin-E lm er 241 polarim éter in  CHC13. IR  
spectra were recorded on UR-20 and U nicam  SP 1100 spectrophotom eters in  CHC13 or in KBr. 
UV spectra were taken  on a Specord UV-YIS spectrophotom eter in e thanolic  solutions. 
1H-NM R spectra were obtained on a Jeol-100 appara tu s in CDC13 solutions w ith  TMS (<5 — 0 
ppm ) as in ternal standard . The m ethyl ester of 6-oxo-B-homo-A-nor-A-seco-5-azacholestan-
3-oic acid (1), m .p. 155.5—156.5 °C, [<x]b5 + 5 3 .6 ° , was synthesized according to  the known 
m ethod [19].

R e d u c tio n  o f  la c ta m o e s te r  1 w i th  L iA lH (0 - i -B u )3

The lactam oester 1 (1 g) was dissolved in  d ry  T H F  (100 mL) and L iA lH (0-(-B u)3 (4 g) 
was added in portions a t room tem perature . The m ixture was allowed to s ta n d  for 3 h. The 
excess of hydride was decomposed w ith m oist T H F . The solvent was evaporated  under reduced 
pressure. The residue was dissolved in benzene and  washed with a solution of sodium  ta rtra te . 
The organic layer was separated, washed w ith  w ater, dried (anhydrous M gS04) and  evaporated. 
The rem aining oily residue was chrom atographed on silica gel ( >  230 m esh). E lution  with 
benzene ether (7 : 3) m ixture yielded the  hydroxy lactam  3b (65 mg). W ith  benzene ether 
(6 : 4) the chrom atographically unseparable hydroxylactam s 2a  and 3 a  (325 mg) were eluted. 
F u rth e r elution w ith b e n z e n e -e th e r (1 : 1) m ix tu re  afforded the pure hydroxy lactam  2b 
(250 mg).

Crystallization of the m ixture of com pounds 2 a  and 3a  from n-heptane* yielded the 
pure hydroxylactam  3a  (170 mg). Pure hyd roxy lactam  2 a  was obtained by  chrom atographic 
separation  of the equilibrium  m ixture of com pounds 2a  and 2b which form ed on heating 
a solution of the hydroxylactam  2b  in n -hep tane for 15 min.

The spectral d a ta  and physical constan ts of all these hydroxylactam s were published 
in our prelim inary com m unication [1].

R eduction of the imide 4 w ith the sam e hydride was carried ou t analogously as in the 
case of lactam oester 1. The resulting m ix tu re  of products was alm ost iden tical w ith tha t 
described above.

* U nder these conditions com pound 2 a  partia lly  isomerized to 2 b.
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Dehydration of the hydroxylactams 2 and 3

(a )  H ydroxylactam  2 (a and /o r b; 500 mg) in  dry  pyrid ine (150 mL) was refluxed 
for 8 h. A fter evaporation of the pyrid ine, th e  crude product w as dissolved in a benzene—ether 
(1 : 1) m ix tu re  and filtered th rough  silica gel. The u n sa tu ra te d  lactam  5 crystallized from  
heptane in  th e  form of colorless needles (360 mg), m .p. 133— 135 °C, [a]o +154.6° (c =  0.5).

I R , t>K Br: 1706 (C = 0 ) ,  1677 cm - 1 (w, C=C).
I I

1H -N M R, Ő: 6.25 (bd, J  =  12 Hz, 1H, —CO—N — C H = C —), 5.03 (m, 1H,
I I

— CO—N — C = C H —), 1.21 (s, 3H , 19-CH3), 0.63 (s, 3H , 18-CH3).
UV, Я m ax. 237 nm  (e =  11600).
C2GH43NO (385.64). Calcd. C 80.98; H  11.24; N  3.63. F ound  C 80.79; H  11.19; N 3.59% .
(b )  D ehydration  of the hydroxylactam  3 (a and/or b) was carried out in the sam e 

m anner as described above. The u n sa tu ra ted  lactam  6 crystallized  from  acetone, m.p. 126— 
128 °C, [a]b4 + 97 .6° (c =  0.5). Y ield 70% .

IR , rKBr; 1639 cm - 1 (C = 0 ) .
I I  I I

1H -N M R, <5: 6.83 (m , Ш , — CO—N - C H = C —), 4.88 (m , 1H, —C O - N - C = C H —), 
1.27 (s, 3H , 19-CHg), 0.69 (s, 3H , 18-CH3).

UV, Я m ax. 251 nm  (e =  10780).
C2BH 43NO (385.64). Calcd. C 80.98; H  11.24; N 3.63. F o u n d  C 80.77; H  11.27; N 3.52%

Reactions of compounds 2, 3, 5 and 6 w ith perchloric acid

(a )  To a sample (300 mg) of th e  hydroxylactam  2 (a  or b), or the unsaturated  lac tam  5 
dissolved in  freshly distilled T H F  (20 mL), a drop of HC104 (60% ) was added and the m ix tu re  
was allowed to  stand  for 30 min. The resulting equilibrium  m ix tu re  was poured into w ater 
and ex trac ted  w ith carbon tetrach loride. The extract was dried (anhydrous MgS04), evaporated  
and th e  rem aining oily residue was chrom atographed on silica gel (70—270 mesh). E lu tion  
w ith a benzene—ether (85 ; 15) m ix tu re  afforded the  u n sa tu ra te d  lactam  5 (200 mg). W ith  
benzene —eth e r (65 : 35) th e  hydroxylactam  2a (17 mg) w as eluted. Further elution w ith  
benzene e ther (55 ; 45) yielded th e  m ost polar hydroxylactam  2b (45 mg).

( b)  The products of the reaction  of the hydroxylactam  3 (a  or b) or the unsatu ra ted  
lactam  6 (sam ple of 300 mg) w ith  perchloric acid were separa ted  chrom atographically on 
silica gel (70 — 270 mesh). A benzene e ther m ixture (75 : 25) e lu ted  the hydroxylactam  3b 
(55 mg). E lu tion  w ith benzene—ether (65 : 35) afforded th e  hydroxylactam  3a (205 mg).

Isom erizations of the  hydroxylactam s by means of hydrides, NaOH or 2-hydroxy- 
pyridine w ere carried ou t by  the s tan d ard  method. The p roducts were separated in an analogous 
m anner as described above.

Methylation of hydroxylactams 2 and 3 w ith  methanol

(a )  To a solution of the hydroxy lactam  2 (a and/or b ; 300 mg) in m ethanol (30 m L) 
pyridine hydrochloride (30 mg) was added, and the m ixture w as allowed to stand for 30 min. 
A fter th e  usual work-up the p roduct was filtered th rough  a  layer of silica gel (70—270 m esh) 
in a benzene —ether m ixture (8 : 2). Pure 6/?-methoxy-4-oxo-B-homo-A-nor-5-azacholestane 
(2c; 240 mg) crystallized in a m ass, b u t it  did not crystallize a fter having been dissolved in 
o rd inary  solvents; [a]ff + 9 6 .0 °  (c =  0.44).

ÍR , fCHCh; 1680 (C = 0 ) , 1089 cm - 1 ( C - O —C).
1H -N M R, <5: 5.19 (dd, J1  =  9.5 Hz, J 2  =  7.5 Hz, 1H , 6a-H ), 3.07 (s, 3H, —0 - C H 3), 

1.31 (s, 3H , 19-CH3), 0.69 (s, 3H, 18-CH3).
C27H47N 0 2 (417.68). Calcd. C 77.64; H  11.34; N  3.35. F ou n d  C 77.49; H  11.25; N 3.33% .
(b )  M ethylation of the hydroxylactam  3 (a and/or b) was carried out analogously. 

The crude product 3c (yield 75% ) crystallized from hexane, m .p . 115—117 °C, [a ]ff + 6 7 .0 °  
(c =  0.52).

ÍR , vCHCU. 1630 (C = 0 ) , 1072 cm - 1 ( C - O - C ) .
W

1H -N M R, <5: 5.35 (m, ~~ =  6 Hz, 1H, 4/?-H„ 3.17 (s, 3H , — 0 - C H 3), 1.28 (s, 3H , 

I 9 -CH3 ), 0.71 (s, 3H, I 8-CH3).
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C27H „N 0 2 (417.68). Calcd. C 77.64; H  11.34; N 3.35. Found C 77.43; H  11.33; N 3.32%. 
D em ethylation of compounds 2c and 3c was effected in the same m anner as th e  other 

reactions w ith perchloric acid. The products of dem ethylation  of com pounds 2c or 3c were 
also identical w ith those there described.

Oxidation of 4-oxo-B-liom o-A-nor-5-azacholest-6-cne (5) 
by osmium tetroxide

To a solution of the unsaturated  lactam  5 (2.05 g) in d ry  pyridine (35 mL) osmium 
tetrox ide (1.5 g) was added. The reaction m ixture was allowed to stand  for 1.5 h a t room 
tem perature , and the  resulting osmium ester was decomposed w ith a solution of Na2S20 5 (3 g) 
in w ater (30 mL) and  pyridine (20 mL). The m ixture was stirred  vigorously for 30 min, poured 
in to  w ater and ex trac ted  w ith carbon tetrachloride. The solvent was evaporated  from  the dried 
(anhydrous M gS04) ex trac t and the oily residue was crystallized from acetone to  give the 
lactam odiol 7 in the form  of colourless crystals (1.6 g), m .p. 144—145 °C, [а]У + 3 3 .3 °  (c =  1.0).

Ш , rCHCU; 1672 (C = 0 ) , 3445 and 3613 cm “ 1 ( O - H ) .
1H-NMR, <5: 5.57 (d, J  =  5 Hz, 1H, 6a-H), 4.21 (m, 1H, 7a-H), 3.65 (bs, 2H, О—H), 

1.49 (s, 3H, 19-CH3), 0.74 (s, 3H , 18-CH3).
C26H 45N 0 3 (419.65). Calcd. C 74.42; H  10.81; N  3.34. Found C 74.21; H  10.72; N  3.35%.

Reactions of lactainoester 7 in  acid medium

(a )  The reaction , carried out analogously to  th e  o ther reactions w ith  perchloric acid, 
resu lted  in form ation of an oily product which was purified chrom atographically  on silica gel 
(70 — 270 mesh). E lu tion  w ith a benzene — ether m ix ture  (8 : 2) afforded th e  epoxylactam  8 
(yield 70%), m.p. 193 -1 9 5  °C (from acetone), [а]Ь7 + 7 5 .7 °  (c =  0.975).

IR , rKBi; 1708 (C = 0 ) ,  1103 cm ’ 1 ( C - O - C ) .
1H-NMR, Ó: 5.71 (d, J  =  7.6 Hz, 1H, 6<x-H), 3.85 (m, 1H, 7a-H), 1.52 (s, 3H, 19-CH3), 

0.68 (s, 3H, 18-CH3).
C26H43N 02 (401.64). Calcd. C 77.75; H 10.79; N 3.49. Found C 77.51; H  10.85; N 3.61%.
(b) To a so lu tion  of the lactam odiol 7 or epoxylactam  8 (300 mg) in  acetone (20 mL) 

a drop of HC104 (60% ) was added and the m ixture was let to stand  for 30 min. A fter the usual 
w ork-up product 9  was isolated in a pure s ta te  by silica gel (70—270 mesh) colum n chrom ato­
graphy. Elution w ith  a benzene — ether m ixture (85 ; 15) afforded the acetonide 9  (205 mg), 
m .p. 89 — 90 °C (from  m oist acetone); [a]b7 + 4 5 .1 °  (c =  0.81).

ÍR , vKBj: 1689 c m " 1 (C = 0 ) .
1H-NMR, <5: 6.29 (d, J =  7 Hz, 1H, 6<x-H), 4.52 (m, 1H, 7a-H), 1.35, 1.44 and 1.55 

(3s, 9H , - 0 - C ( C H 3)2—O -  and 19-CH3), 0.72 (s, 3H , 18-CH3).
C29H49N 0 3 (459.72). Calcd. C 75.77; H 10.74; N 3.05. Found C 75.39; H  10.73; N 3.15% .
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DER EINFLUSS VON THERMOCHEMISCHEN 
REAGENZIEN AUF DIE ANREGUNG IN DER 

ATOMEMISSIONSSPEKTRALANALYSE

R . R a u t sc h k e*, A. U d e l n o w  und C. K ow alski

( M artin-Luther- Universität, Sektion Chemie, Halle/Saale, D D R )

Eingegangen am 16. F eb ru a r 1981 
Zur Veröffentlichung angenom m en am  6. Mai 1981

In  der A tomem issionsspektralanalyse m it dem Gleichstrombogen k an n  durch 
Zusätze von therm ochem ischen Reagenzien eine Veränderung des V erdam pfungs- und 
A nregungsverhaltens der A nalysenelem ente erzielt werden. Die B eeinflussung der 
verschiedenen P aram eter in den Matrizes C, C /S i0 2 und SiC wurde u n te rsu c h t m it den 
therm ochem ischen Reagenzien LiF, B aF 2, C dF2, P b F 2, CuF2, AgCl, G e 0 2 u n d  Ga20 3. 
W eitere vergleichende Untersuchungen d ien ten  dem  Studium der W irkung  von  Ga20 3, 
ln 20 3, T120 3, ZnO, CdO und HgO in einer C -M atrix auf das A nalysenelem ent T itan. 
Es gelang, sowohl die stattfindenden therm ochem ischen Reaktionen in  der E lektrode 
als auch den E influß der verdam pfenden Substanzen auf die P lasm aparam eter zu 
identifizieren.

Einleitung

D ie N achw eisbarkeit vieler E lem en te  wird bei der E m issionsspektral­
analyse m it G leichstrom bogenanregung erschw ert sowohl durch chem ische  
R eaktionen in  der E lektrode, die zu schw erflüchtigen V erbindungen der zu 
analysierenden E lem ente führen, als auch durch die Bildung re la tiv  stabiler 
M oleküle im Plasm a, die nur teilw eise d issoziieren, so daß die Zahl der ange­
regten Teilchen der E lem entkonzentration  in  der Probe nicht proportional ist. 
In vielen  Fällen hat sich deshalb der Z usatz therm ochem ischer R eagenzien  
bewährt, die durch H alogenierung, O xyd ation , Reduktion oder die Bildung  
binärer V erbindungen die vollständige V erdam pfung der zu untersuchenden  
E lem ente begünstigen  [1, 2, 3 ,4 ] .  V ergleichende U ntersuchungen m it den 
therm ochem ischen R eagenzien L iF, B aF 2, C dF2, PbF2, CuF2, AgCl, G e 0 2 und 
Ga20 3 sollten dem  Studium  des E in flusses dieser Reagenzien a u f das Ver­
dam pfungs- und Anregungsverhalten von  T itan  in den M atrizes C, C /S i02 
(5 : 1) und SiC im Gleichstrom bogen v o n  9 A dienen. In w eiteren  U n ter­
suchungen wurde die M öglichkeit geprüft, G a20 3, ln ?0 3, T120 3, ZnO, CdO und  
HgO als therm ochem ische R eagenzien einzusetzen , um die V erdam pfungs­
und A nregungsvorgänge in einer C-Matrix zu  beeinflussen.

* Korrespondenz b itte  an diesen A utor richten .
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Experimenteller Teil

E in fluß  therm ochem ischer Reagenzien in verschiedenen Matrizes

Probenzusammensetzung: TiÖ 2 p . 11 ■■ Spektralkohlenpulver E K  1 (YEB E lek trokohle  
L ichtenberg), S i0 2 p. a., SiC p . a.. Die Matrizes C, S i0 2/C  (1 : 5) und  SiC enthielten 1% T itan  
als T i0 2. Die K onzentration  der thermochem ischen R eagenzien L iF, B aF2, CdF2, P b F 2, C uF2, 
AgCl, G e 0 2 un d  G a ,0 3 betrug  jeweils 5% bezogen auf die Gesamteinwaage der Probe.

Anregungs- und Aufnahmebedingungen

m ittlerer Q uarzspektrograph Q 24 (V E B  Carl Zeiss Jena)
A B R  3 (YEB Carl Zeiss Jena)
G leichstrom bogen 9 A, 220 Y 
L uft 
3 mm
Anode (Trägerelektrode) VEB E lek trokoh le  Lichtenberg 
T 1/107
K atode (Gegenelektrode) VEB E lek trokoh le  Lichtenberg 
T 1/102 
5 mm 
1 : 11
30% D  bzw. 3% D 
0,03 mm
ORW O W U  3 blau, extra h a rt 
180 s
Ti I  260,5 nm  (4,78 eV)
Ti II  252,5 nm  (5,06 eV)

Die verd am p fte  Substanzm enge w urde bestim m t durch Einw w aage der zu untersuchenden  
Substanz u n d  Auswaáge des R ückstandes ohne E lek trode n ach  dem Abbrand.

Spektrograph: 
A nregungsgerät: 
A nregung: 
A rbeitsa tm osphäre : 
E lek tro d en ab stan d : 
E lek trode:

Zw ischenblende:
K am erablende:
F ilter:
S paltb reite :
P la tten :
B elich tungszeit: 
A nalysenlinien:

E in fluß  der therm ochem ischen Reagenzien Ga20 3, In .O :i. T120 3, ZnO, CdO und HgO in
der C-Matrix

Probenzusammensetzung: T i0 2 p . a., Spektralkohlepulver E K  1 (VEB E lektrokohle 
L ichtenberg).

Therm ochem ische Reagenzien: Ga20 3, ln 20 3, T120 3, ZnO, CdO, HgO. Jede P robe e n t­
hielt 0 ,1%  T itan  als A nalysenelem ent in  der C-Matrix. Die K onzentration  der therm ochem i­
schen R eagenzien variierte von 0,05 bis 10%.

Anregungs- und Aufnahmebedingungen

Spektrograph: 
A nregungsgerät: 
A nregung: 
A rbeitsa tm osphäre : 
E lek troden:

E lek trodenabstand : 
Zwischenblende: 
K am erab lende: 
F ilter:
S paltb reite :
P la tten :
B elichtungszeit:
A nalysenlinien:

m ittle rer Q uarzspektrograph Q 24 (V EB  Carl Zeiss Jena)
UB1 1 (VEB Carl Zeiss Jena)
G leichstrom bogen 9 A, 220 V 
L uft
Anode (Trägerelektrode) V EB E lek trokoh le  Lichtenberg, T  1/107 
K atode (Gegenelektrode) V EB  E lek trokohle  Lichtenberg, T  1/102 
3 mm 
5 mm 
1 : 1 1  
10% D 
0,02 mm
ORW O W U 3 blau, extra h a rt 
210 s
Ti I 319,2 nm  (3,91 eV)
Ti I I  319,1 nm  (4,97 eV)

Mit den genannten  Proben w urden u n te r den angegebenen Anregungs- und A ufnahm ebedin­
gungen die spektralanalytischen U ntersuchungen durchgeführt. Die Auswertung der erhaltenen  
E rgebnisse erfolgte m it statistischen  Prüfverfahren, um  signifikante In tensitätsunterschiede 
zu erkennen.
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D iskussion und Ergebnisse

Sowohl die B estim m ung der aus den jeweiligen Proben verdam pften  
Substanz als auch die M essung der L inienintensitäten  des T itans erlaubten  
R ückschlüsse au f den E in fluß  der verschiedenen therm ochem ischen Reagenzien  
in  den untersuchten M atrizes.

Aus dem V erhältnis der aus den E lektroden verdam pften  Substanz­
m engen m it und ohne Zusatz therm ochem ischer Reagenzien ist zu entnehm en, 
daß die Verdam pfung in der C-Matrix vor allem  durch CuF?, AgCl und G e0 2 
zunim m t, in der SiC-M atrix dagegen durch B a F 2, P b F 2 und AgCl verstärkt 
wird (Abb. 1).

D ie  untersuchten therm ochem ischen Reagenzien üben jed och  keinen 
E influß  aus auf die Verdam pfung der C /S i0 2-Matrix. D ieses unterschiedliche  
V erhalten  der M atrizes deutet au f E lektrodenreaktionen hin, die durch einige 
therm ochem ische R eagenzien  entscheidend beeinflußt w erden. In  der C-Matrix 
erfolgt eine verstärkte V erdam pfung der M atrix nur dann, w enn die E lektroden­
tem peratur nur wenig durch die therm ochem ischen R eagenzien  erniedrigt 
wird. In  der SiC-M atrix w irken vor allem  einige halogenierende R eagenzien  
au f die Verdam pfung der M atrix. D agegen ist in der S i0 2/C-M atrix zunächst 
die B ildung einer Schm elze zu beobachten, in der langsam eine R eaktion  zum  
SiC eintritt. D ieser V erdam pfungsvorgang in der E lektrode k an n , w ie die 
Ergebnisse zeigen, durch die eingesetzten  therm ochem ischen R eagenzien  nicht 
beein flußt werden.

In  den folgenden spektralanalytischen  Untersuchungen der In tensitäten  
vo n  A tom - und Ionenlin ien  sollte geprüft werden, welchen E in flu ß  die ange­
gebenen therm ochem ischen R eagenzien au f das A nregungsverhalten  des 
T itans nehm en. D azu wurden die T i-L inienintensitäten  in der verschiedenen

LiF BaFj CuF2 PbF2 CdF2 AgCl Ge02 Ĝ Og Zusatz 54.

Abb. 1. V erdam pfungsverhalten der C-, C /Si02- und  SiC-Matrix bei Z usatz verschiedener 
therm ochem ischer Reagenzien. A nregung: 9 A Gleichstrombogen, B elichtung: 60 s
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Abb. 2. a) Logarithm en des V erhältn isses der L inienintensitäten  von  Ti I 260,5 nm  in der C-, 
C /S i02- u n d  SiC-Matrix bei Z usatz  verschiedener therm ochem ischer Reagenzien zur T itan-

L in ien in ten s itä t in der gleichen M a trix  ohne Zusätze. A Y  — lg ■ Ti 1 mit Zu5atz . A nregung:
T i I ohne Zusatz

9 A  G leichstrom bogen, B elichtung: 180 s
b) L ogarithm en  des Verhältnisses d e r  L inienintensitäten von  Ti I I  252,5 nm  in der C-, C /S i02- 
und  SiC -M atrix bei Zusatz versch iedener therm ochem ischer Reagenzien zur T itan-L in ien­

in te n s i tä t in  der gleichen M atrix  ohne Zusätze. A Y  =  lg ^ Ti 11 mit Zusatz..  Anregung: 9 A
* T i II ohne Zusatz

G leichstrom bogen, Belichtung: 180 s

M atrizes m it den Zusätzen der therm ochem ischen R eagenzien  verglichen m it 
den T i-L in ien intensitäten  der Proben ohne Z usätze (A bb. 2).

L iF , PbF2, CdF>, AgCl, G e 0 2 und Ga20 3 bew irken in  einer C-Matrix als 
therm ochem ischen R eagenzien  eine wesentliche E rhöhung der Ti I-In ten sitä t, 
w ährend der Einfluß von  a llen  untersuchten therm ochem ischen R eagenzien in  
den M atrizes S i0 2/C und SiC gering  ist oder überhaupt n ich t auftritt. D ie Ti II-  
In te n s itä t  wird nur in  der C-Matrix von L iF -, P b F 2-, CdF2, G e 0 2 und  
G aa0 3-Zusätzen etwas erh öh t, nicht aber in den anderen Matrizes. D iese  
E rgebnisse lassen darauf sch ließ en , daß durch den Z usatz eines therm ochem i-
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sehen Reagenzes die Tem peratur des P lasm as gesenkt wird und dem zufolge 
die Zahl der A tom e gegenüber der Zahl der Ionen zunim m t.

E in  Vergleich der Ergebnisse der V erdam pfungsuntersuchungen m it den 
spektralanalytischen Ergebnissen läßt erkennen, daß zw ischen der Menge der 
aus der Elektrode verdam pfenden Substanz und der E rhöhung der Linien­
in ten sitä t kein unm ittelbarer Zusam m enhang besteht. E ine E rhöhung der 
L inien intensität kann nur m it jenen therm ochem ischen R eagenzien  erzielt 
w erden, die den V erdam pfungs- ebenso wie den Anregungsprozeß des unter­
suchten A nalysenelem ents begünstigen.

Zum Studium  dieser Prozesse d ienten die folgenden M essungen. D ie 
spektralanalytischen U ntersuchungen der therm ochem ischen R eagenzien  
Ga20 3, ln 20 3, T120 3, ZnO, CdO und HgO in einer C-Matrix ergaben, daß die

Abb. 3. A bhängigkeit der Ti I-In ten s itä t und Ti II-In ten s itä t von der K onzentration  der

therm ochem ischen Reagenzien Ga20 3, ln 20 3, T120 3. /1 Y  =  lg -j7' 11 mlt ?-ц?А1г. . Anregung:
. J T11, II ohne Zusatz

9 A Gleichstrombogen, Belichtung: 210 s
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L inien intensitätserhöhung des T itans sowohl abhängig ist von der K onzentra­
tio n  des Zusatzes als auch vom  Ionisierungspotential der entsprechenden  
M etalle  (Tab. I).

Schon bei niedrigen K onzentrationen von  G a20 3-, ln 20 3- und T120 3- 
Z u sä tzen  kann eine sign ifik an te  Intensitätserhöhung beobachtet werden, die 
bis 10%  Zusatz eine m on oton e Zunahme erfährt (A bh. 3). D ie W irkung dieser 
therm ochem ischen R eagen zien  erstreckt sich vor allem  au f die A tom linien. 
D ie  In ten sitä t der Ion en lin ien  wird kaum verändert.

N u r einen geringen E in flu ß  au f die L in ien in ten sität üben die Zusätze 
v o n  ZnO , CdO und HgO aus (A bb. 4).

D iese  Unterschiede zw ischen  den beiden Gruppen der therm ochem ischen  
R eagen zien  sind zu deuten  m it den hohen Ionisierungspotentia len  von  Zn, 
Cd u n d  H g.

Tabelle I

Element
Ionisierungs­

potential
(eV)

Atomgewicht
Schmelzpunkt 

des Metalls
(K)

Schmelzpunkt 
des Oxids

(K)

Ga 6,00 69,7 303,2 2068
In 5,78 114,8 430,2 988,2
TI 6,11 204,4 575,7 990,2

Zn 9,39 65,4 692,7 2248
Cd 8,99 112,4 594,0 —

Hg 10,43 200,6 234,3 -

Abb. 4. A bhängigkeit der Ti I - In te n s itä t und Ti II -In te n s itä t von der K onzentration  der

therm ochem ischen Reagenzien ZnO , CdO und HgO. A Y  =  lg ■ Ti *’ 11 mit ZuSatz- . Anregung:
. -‘ Ti I, II ohne Zusatz

9 A Gleichstrom bogen, Belichtung: 210 s
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Therm ochem ische Reagenzien m it n iedrigem  Ionisierungspotential ver­
längern nicht nur die Verweilzeit der verdam pften  Substanzen im  P lasm a, 
sondern verändern auch die E lektronendichte im Plasm a, die F eldstärke, 
Tem peratur und die Tem peraturverteilung. N ach  B oumans [5, 6, 7] besteht 
zw ischen dem Transportparam eter гр im  B ogen  und der m ittleren V erw eilzeit 
г die B eziehung

V

w obei m it V  das Bogenvolum en bezeichnet w ird. Sowohl der T ransportpara­
m eter als auch die m ittlere V erweilzeit der Teilchen sind eine F u n k tio n  des 
Ionisierungsgrades des untersuchten E lem en ts, w obei der Transportparam eter  
m it w achsendem  Ionisationsgrad zunim m t. D ie  Teilchendichte im  Plasm a  
und die Spektrallin ienintensität sind einander proportional. D ie  T eilchen­
dichte n hängt ab von  der Verdam pfungsrate Q und dem Transportparam eter  
der jew eiligen  Bogenanordnung

D ie A nw esenheit von  Substanzen m it n iedrigem  Ionisierungspotential bew irkt 
eine Tem peraturerniedrigung und dam it auch eine Erniedrigung des Ion i­
sierungsgrades der E lem ente im Plasm a. E ntsprechend verändert sich  auch 
der Transportparam eter und führt zu einer größeren T eilchendichte, die w ie­
derum eine Erhöhung der Spektrallin ien intensität zur Folge hat.

D er E ffekt der therm ochem ischen R eagenzien  beruht nach N ic k el  und 
Schaeps [8, 9] hauptsächlich auf folgenden Zusam m enhängen. D ie  leicht 
ionisierbaren Substanzen erhöhen die Zahl der geladenen Teilchen im  Plasm a  
und entsprechend die elektrische L eitfäh igkeit. Da die Ionisierungsgleich­
gew ichte aller T eilchenarten von der E lektronendichte abhängen, führt eine 
Erhöhung der E lektronenkonzentration zu einer wesentlichen B eein flussung  
der Ionisierungsgleichgew ichte aller beteilig ten  Reaktionspartner. D iese  durch 
Zusatz leicht ionisierbarer Substanzen erzeugten  Elektronen bew irken höhere 
A tom konzentrationen im  Plasma und dem zufolge eine Erhöhung der A tom ­
lin ien in tensitäten .

D ie W irkung der therm ochem ischen R eagenzien wird außerdem  dann  
verstärkt, wenn in der Elektrode durch Zusatz dieser Substanzen keine B ildung  
schw erflüchtiger R eaktionsprodukte w ie z. B . Carbide erfolgt. R ön tgen o­
graphische U ntersuchungen zeigten, daß hei geringem  K ohlenstoffgehalt der 
Titanprobe zunächst die Bildung von G alliu m titan at stattfin d et, w ährend bei 
höheren K ohlenstoffgehalten  bevorzugt T iG a2 entsteht.

E ine L inienintensitätserhöhung kann dem zufolge nur dann erw artet 
w erden, w enn die zugesetzten  therm ochem ischen Reagenzien sow ohl die Bil-

6* Acta Chim. Acad. Sei. Hung. 109, 1982
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dung schw erflüchtiger R eaktionsprodukte in  der Elektrode verhindern als 
auch durch ihr niedriges Ionisierungspotential einen günstigen E in flu ß  au f  
die A nregungsparam eter im  P lasm a ausüben.
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A ccurate m echanical and equilibrium  deswelling m easurem ents were carried out 
on chemically cross-linked poly(vinyl alcohol) (PVA) hydrogels. The overall chemical 
po ten tia l change vs. composition function  accom panied by swelling, and  its  elastic 
and m ixing com ponents were determ ined th ro u g h  independent experim ental methods.

I t  has been found th a t the character o f th e  overall chemical po ten tia l change vs. 
composition functions is independent of th e  conditions of gel p reparation  (in itial con­
centration  of th e  polym er solution, degree of cross-linking, chemical n a tu re  of the cross- 
linking agent, m edium  of cross-linking).

M oreover, i t  has been established th a t  for PV A —w ater system s th e  cross- 
linking com ponent of the overall chemical p o ten tia l change has a d ifferent character 
from th a t  p red icted  theoretically.

Introduction

In recent years, interest in a deeper know ledge of the m echanical and 
other physico-chem ical properties o f sw ollen  gels considerably increased, as 
indicated b y  th e  increased number o f papers published on th is subject.

F l o r y  and T a t a r a  have shown by high-precision m echanical and vapour  
pressure m easurem ents carried out on poly(d im ethylsiloxane) netw orks, cross- 
linked b y  electron irradiation, that the change in free energy accom panied  
by sw elling, is w ith in  the experim ental error equal to the sum o f free energy  
changes, produced b y  the deform ation o f  th e  network, and b y  th e  m ixing  
and interaction  o f  th e  chains w ith the so lven t m olecules [I]. H ow ever, a gener­
alization o f th is  find ing is lim ited by th e  fact that swelling in vestigations  
were carried out at relatively  low diluent a c tiv ity  values, where th e  m ixing  
com ponent o f  the overall free energy change plays already a decisive role, 
so th a t an unequivocal decision on the question  of add itiv ity  becom es dif­
ficu lt.

* To whom correspondence should be addressed.
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Several publications o f  French scientists deal w ith  the m echanical prop­
erties o f  gels, prepared b y  the anionic b lock polym erization o f v irtu a lly  
m onodisperse polystyrene and poly(d im ethylsiloxane) chains, which, according  
to  our present knowledge, approxim ate best the ideal model system  [2, 3, 4 , 5]. 
T h ese  authors investigated  th e  effects o f  som e im portant structural param ­
eters (functionality  o f th e  ju n ction  points, relative molecular m ass o f  the  
n etw o rk  chains) on m echanical properties. H ow ever, no swelling in vestigation s  
w ere carried out, which m igh t have given th e  m ost inform ation on th e  gel 
stru ctu re  and on the v a lid ity  o f  theoretical relationships in that so lven t a c tiv ­
i t y  reg ion , where the m ix in g  and elastic com ponents o f the tota l free energy  
ch an ge  (or chemical p o ten tia l change) are com m ensurable.

So far, complex in vestigation s were carried out only rarely, on a few  
sy ste m  [1, 6, 7, 8], but th ese  investigations did not make possible a sa tis ­
fa c to r y  elucidation of th eoretica l problems, thus e.g. the effect o f gel structure  
on ch em ica l potential fu nctions playing a role during swelling, or th e  effect 
o f cross-link ing on the in teraction  o f polym er and solvent. This is due p artly  
to  th e  lim ited  solvent a c tiv ity  range studied and the uncertainty o f the exp eri­
m en ta l d ata  arising from th e  measuring techn iques used, and partly to  the  
lack  o f  system atic  in vestigation s relevant to  various types of system s.

N eith er  were in vestigation s carried out in system s, where specific in ter­
a ctio n s are to be expected , th u s e.g. the dipole interaction in polar polym er- 
so lv e n t system s, or electrosta tic  interactions in  gels containing ionizable  
groups.

T h e  equilibrium sw elling  degree decreasing m ethod developed b y  us 
and described  in detail earlier, perm its in a w ide polym er concentration range 
th e  accu rate  measurement o f  the chem ical p o ten tia l change occurring during  
th e  sw ellin g  process [9]. W e attem p ted  the determ ination  of the overall ch em ­
ica l p o ten tia l change accom panying the change in  degree of sw elling, and  
in d ep en d en tly  from one another its com ponents w ith  the fewest arbitrary  
a ssu m p tion s according to our present know ledge. The effect o f the steric  
stru ctu re  o f  the gel on the course o f the functions was studied, and for un ­
ch an ged  steric structure o f  th e  gel the in fluence o f  the change in in teraction  
co n d itio n s o f the p olym er-solvent system  was investigated .

Theoretical

F rom  therm odynam ic p o in t o f  view  a netw ork in swelling equilibrium  
w ith  a d ilu en t can be considered as a sem i-open system : the change in  the  
sta te  characteristics (e.g. changes in tem perature, deformation sta te) are 
accom p an ied  by a change in  com position (degree o f  swelling), in w hich on ly  
th e  q u a n tity  of the so-called d iffusible com ponents (not bound to the netw ork)
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do change w ith in  the gel. In  the case o f  equilibrium  the activ ity  o f  th e  so lvent 
is determ ined only  b y  the interaction conditions o f the polym er-solvent system  
and b y  the accessory elastic com ponent arising from the deform ation o f the  
gel, caused b y  sw elling. The elastic com ponent has to  be in close relationship  
w ith  th e  structure o f  the network.

Thus, the relationship representing th e  change in H elm h oltz  energy  
during sw elling m ust as a minim um  contain  a term  depending on th e  structural 
characteristics and on the deform ation sta te  o f  the network (zL4net), and another 
term , tak ing  in to  account the therm odynam ics o f the interaction o f  polym er- 
so lven t system  (A A mix).

The change in  H elm holtz energy depending on the network can  be given  
on th e  basis o f the statistica l therm odynam ic theory of rubber e la stic ity  
[10, 11] in  the follow ing form

^ ^ n e t  —  +  A A cr  —  ------- - 1 Cl (^ x  +  ~  3 )  —
Z

— k T K 2 Pel In ( K  Ay Аг),
f 1(1)

where and K 2 are constants being in connection  with the structure o f  the  
gel, vei is the num ber o f the elastica lly  active  network chains, Ax, Ay and  
Az are th e  principal deform ation ratios, к  is B oltzm ann’s con stan t and T  is 
the tem perature.T he principal deform ation ratios Ax, Ay and Аг relate  to  the  
deform ation referred to  volum e V 0, belonging to  the unperturbed (theta) 
sta te  o f  the chains forming the netw ork. The first term o f E q . (1), (A A e\), 
takes in to  consideration the change in conform ation possibilities o f  the n et­
work chains, due to  deform ation. The second term , (A A cr), reflects the effect 
o f the cross-linking o f the chains on the change in entropy accom panied by  
the deform ation o f the network.

For the com ponent in conjunction w ith  m ixing (AAm|X), app ly ing  the  
theoretical relationship pertinent to  irregular solutions to  p olym er-solvent 
m ixtures, the follow ing equation is obtained:

A A mjX =  kT (n y In v l +  xn1 v2), (2)

where п х is the number o f the so lvent m olecules, v l and v2 are th e  volum e  
fractions o f the com ponents, and /  is H uggins’ interaction param eter.

E q u ation s (1) and (2) give for the to ta l H elm holtz energy change

UTK v
^ A  tot =  ^^net +  ^^mlx = ----- - 1 g‘ W  +  — 3) —

Zi
(3)

— k T K 2ve, In (Ax Ay Аг) - f  k T (n i In vY +  x n 1v2) .

On the basis o f  general therm odynam ic considerations, for tw o-phase system s 
in w hich each phase (or part o f space being in connection w ith  each other)
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sep arate ly  is hom ogeneous [superscript (1) so lu tion  phase, superscript (2) gel 
phase]:

Л А tot =  A f £ \ T ,  V) n ?  +  A $ \ T ,  V) n(? \  (4)

w here А ц г =  — [ii and /х? is the chem ical p o ten tia l o f the pure so lv en t.
S ince th e  num ber o f particles in th e  system  does not change during  

sw elling , it  follows from th e condition o f  equilibrium  (dAAt0t =  0) th a t:

f £ \ T ,  V)  =  V )  (5)

i.e. th e  chem ical potentia l o f  the solvent is th e  sam e in the gel phase and in  
th e  so lu tion  (or vapour) phase.

F or a gel in sw elling equilibrium  w ith  the so lv en t o f activ ity  a.

d A A ntx I

Э zq ) T v

I d A A ^

I д щ T ,V

=  R T  In ax ( 6)

T ak in g  into consideration th at in the case o f  isotropic swelling Ax =  
=  Ay =  Аг, and Ax Ay Az =  V / V 0 ( V  is the vo lu m e o f the swollen gel), the  
equation

( M ) n e t  =  \ Ц г ^ \  =  ( M ) ' l  +  ( M ) c r  =
' S t . v

=  R T K xr*!qö2'39Г1/3 V I. -  R T K ^ q r i V x

is ob ta in ed , where p*i is the concentration o f th e  elastically  active chains in  
the dry n tw ork  v*i =  ve\l(NA Vd), (Ji is the sw elling degree o f the gel (q, =  V /V d ,  

Vd is th e  volum e o f the dry gel), q0 is the so-called  reference swelling degree 

(q0 =  V J V d), V x is the partial m olar volum e o f th e  swelling agent, and R  is 
the gas con stan t.

F or th e  m ixing part o f  the overall chem ical potentia l change th e  fo l­
low ing relationship  can be w ritten:

mix
дЛА m i x

071,
R T  In [ ( l - q ^  +  q A  +  Xqr2] ( 8)

T ,V

Taking in to  account Eqs (7) and (8), for a gel in  sw elling equilibrium w ith  
a d ilu en t o f  a ctiv ity  ox we get:

R T  In ax =  (4 «i)ei +  (Л/h)  cr +  (Aftjmix =  R T K 1 vtiqo 2/3 qt 1/3 Vx —

-  R T K 2 V?, qT1 v ,  - f  R T  [ln (1 — q~l) +  qTl +  t qT2] (9)

Acta Chim. Acad. Sei. Hung. 109, 1982



HORKAY, NAGY: CROSS-LINKED POLYMER GELS, I 4 1 9

E xperim ental

Materials

For gel p repara tion  poly(vinyl alcohol) (PY A) (K uraray Poval 420 Ja p a n ) was used. 
The commercial p ro d u c t containing 18 — 20 m ol%  of acetate groups was sub jected  to alkaline 
hydrolysis in m ethanol-w ater m ixture, th en  frac tionated  w ith n-propanol (R eanal, a.g.). 
Characteristics of the fractionated  sample: dPVA =  1.27 g cm -3, jMw =  110 000, M n =  100 000, 
ace tate  content 1 — 2 m ol% .

For cross-linking, glutaric aldehyde (G DA , Merck, GFR) or succinic a ldehyde (SDA) 
was used. SDA was prepared from 2,5-dim ethoxytetrahydrofurane by hydrolysis w ith hydro­
chloric acid. The hydro lysate  was neutralized w ith  N aH C 0 3, SDA was ex trac ted  w ith diethyl 
e ther and purified by  vacuum  distillation repea ted  twice.

Investigations were carried out on gels p repared  a t four different po lym er concentrations 
( c p v a : 3, 6, 9 and 12 w t.% ). The degree of cross-linking of the gels was 50, 100, 200 and 400, 
respectively (dc: ra tio  o f the quan tity  in mol of th e  m onom er of the polym er and  of the cross- 
linking agent).

The gels were prepared  in distilled w ate r or in  a m ixture of 90 w t.%  d im ethyl sulfoxide 
and 10 w t.%  w ater (DMSO, a.g. Reanal).

A gel pouring fram e suitable for the p rep ara tio n  of cylindrical specimens of 1 cm height 
and  1 cm diam eter was used. Cross-links were in toduced a t 298 ±  0.1 К  [12]. A fter the pro­
ceeding of the chemical reaction the m edium of th e  gels was exchanged in each case for distilled 
w ater.

Methods

For the m echanical m easurem ents, th e  ap p ara tu s  described in an earlier com m unication 
[12] was used, which m akes possible a t unid irectional compression the accurate  determ ination 
of the  force vs. deform ation relationship (± 0 .0 0 0 1  N and ± 6  fim) in a wide range of force 
and deform ation (from  0.0001 N to 2.0 N and  from  6 fim  to  3.333 mm).

The equilibrium  deswelling investigations were carried out by the m ethod  developed 
by  us [9]. This m ethod perm its the determ ination  of the activ ity  of w ater in  th e  gel or in the 
liquid phase in equilibrium  w ith the gel in  such a wide polymer concentration  range which 
could be achieved so fa r only by swelling pressure m easurem ents. For the a d ju s tm en t of w ater 
ac tiv ity  poly(vinylpyrrolidone) (РУ Р K. 30, F lu k a , Switzerland) was used. To rem ove the 
fraction of low relative molecular mass, PV P solutions were diaiized before use against distilled 
w ater. Dialysis was continued until PV P could n o t be detected w ith an in terfe rom eter in  the 
equilibrium  liquid phase. Characteristics o f th e  PV P  sample prepared in th is  w ay: c/PVp =  
1.275 g cm -3, [r/]298 =  26 end/g, M n =  33 000.

All the investigations were carried o u t a t  298 ±  0.1 K .T he reproducibility  of gel prep­
ara tion  and m echanical m esurem ents was found  w ith in  2 3% , th a t of equilibrium  deswelling
investigations w ithin 1 2% . In  each case, th e  arithm etic  mean of a t least 3 parallel m easure­
m ents was used for evaluation.

Results and D iscussion

D eterm ination of the -— vs. q, 1 functions
RT

For the determ ination o f the change o f overall chem ical p oten tia l vs. 
com position functions, the gels were brought into swelling equilibrium  with  
P V P  solutions o f  various concentrations through a dialyzing m em brane. The 
polym er concentration-w ater a ctiv ity  functions of the PV P so lu tions were 
calculated  from accurate ( +  0.1% ) osm otic  pressure data [13] relevant to
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o( l)  М3)
□ (2) X (4)

c d

SD A/water; dc: (1) 50, (2) 100, (3) 200, (4) 400

a sam ple o f  identical trade m ark and prepared in  th e  sam e way, as the P V P  
used b y  us. D ata in the literature were checked in  a lim ited concentration  
range also b y  osm otic pressure measurem ents (K nauer membrane osm om eter,

G FR ), and  a good agreem ent w ithin  1—2%  was found. The  ̂ vs. q ~ l
R T

functions for various system s are shown in Figs 1 and 2. It can be seen th a t  
the character of the curves is the same, in d ependently  o f the initial polym er  
concentration , the degree o f  cross-linking, the chem ical nature o f the cross- 
link ing  agen t and the m edium  o f cross-linking.
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a b

■0-, -Ю0

-200

Fig. 2. (/1^ tot vs. q-1 functions, a) 12/GDA/DMSO, b) 9/GDA/DMSO, c) 6/GDA/DMSO, 

d) 9/SDA/DMSO; de: (1) 50, (2) 100, (3) 200, (4) 400

D eterm ination of the v s . q , 1 functions
R T

The product К гг*1 q0 “ 3 can be determ ined from unidirectional compres­
sion m easurem ents at constant volum e [14]:

-K > e ig 0
*0-2 /3 f L V x

V á R T q n Лх - Л ? )
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□  ( 2 )  x  ( A )

Fig. 3. vs. qT1 functions, a) 12/GDA/water, b) 9 /G D A /w ater, c) 6/GDA/water. d) 9/
i x l  1

SD A /w ater; d c : (1) 50, (2) 100, (3) 200, (4) 400

w here У is the force, L Vx th e  le n g th  o f the undeform ed sam ple, A x the m acro­
scop ic deform ation ratio (Л х =  L xILVx, L x is th e  len g th  o f  the deformed sam ple  
m easu red  in the direction o f  th e  x  axis).

I t  wras found in earlier investigations th a t, contrary to  the theory, for 
PV A  gels the product K xvt\qo 3 is not constant, b u t increases w ith decreasing  
degree o f  swelling [14]. T he fu n ction s K^v^qZ2^ vs. q~l were obtained for the  
variou s system s from th e force vs. deformation relationships determ ined for

th e sa m e gel samples as a fu n c tio n  of the degree o f  sw elling. Functions  ̂ д у

vs. q Z 1 are shown for a few  sy stem s in Figs 3 and 4.

Acta Chim. Acad. Sei. Hung. 109, 1982



HORKAY, NAGY: CROSS-LINKED POLYMER GELS, I 423

□  ( 2 )  X  ( A )

d) /SDA/DM SO; de: (1) 50, (2) 100, (3) 200, (4) 400

D eterm ination of the ^
R T

vs. qt 1 functions

The crucial point in the determ ination o f the vs. qTl function 
R T  4

is the exact know ledge o f  the param eter  ̂ in Eq. (8).
E xperim ental data (vapour pressure, osm otic pressure, freezing point 

depression m easurem ents) have been reported in the literature for PVA-water 
system s, from w hich ^ can be calculated  [15, 16, 17, 18]. H ow ever, these 
investigations were generally  carried ou t in  a considerably narrower concentra­
tion  range as stu d ied  b y  us, m oreover,  ̂ values given in th e  literature differ
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also from  one another. A ll th is  in d ica tes  that % m ay depend to  a substantial 
ex ten t on  th e  individual properties (e.g. tacticity) o f  th e  polym er sample used, 
so th a t  x  and its dependence on  th e  concentration had  to  be determ ined for 
the p o ly m er  used in our exp erim en ts by an independent m ethod.

( M ) t o tF o r th is  purpose gel sam p les, for which the
R T

vs. qi 1 functions

were a lrea d y  known from equilibrium  deswelling experim ents w ith PV P solu-

Table I

Value o f the param eter X for  PVA — water system

Volume fraction of 
the polymer 

va
X

(th is work)

W

[17] [16]

0 .0 4 0 . 4 9 5 ± 0 . 0 0 5 0 .5 2 0 .4 9 4

0 .0 8 0 . 5 0 8 ± 0 . 0 0 5 0 .5 4 0 .4 9 4

0 .1 2 0 . 5 2 0 ± 0 . 0 0 5 0 .5 6 0 .4 9 4

0 .1 6 0 . 5 2 6 ± 0 . 0 0 5 0 .5 8 —

0 .2 0 0 . 5 3 2 ± 0 . 0 0 5 0 .6 0 —

tio n s, w ere  equilibrated w ith  uncross-linked РУА solu tions o f  different con­
cen tra tion s. The change o f  th e  degree of swelling o f  th e  gels was m easured  
as a fu n c tio n  of the concentration  o f PVA solu tion . Since in the case o f  
equilibrium  A g ^  =  A g f \  from  th e  polymer concentration  vs. water a c tiv ity  
fu n ction  pertinent to the gel th e  activ ity  of w ater in  th e  equilibrium liquid  
phase can  be determined. In F ig . 5 the values obta ined  experim entally for 
w ater a c tiv it ie s  are p lotted  as a function of the concentration  of the РУА  
so lu tion . U sin g  the F l o r y — H u g g i n s  equation, th e  v a lu e  o f x was calculated  
from th e  curve in knowledge o f  th e  degree of polym erization  o f the uncross- 
lin k ed  po lym er, x values found  b y  us and those reported in the literature are 
con ta in ed  in  Table I.

K n ow in g  parameter / ,  th e  function
( d iM1)mix

R T
vs. qi 1 w as calculated using

E q. (8) (F ig . 5).

Determination o f  the ( M ) .

R T
cr vs. qt 1 functions

T h e vs. qi 1 rela tion sh ip  cannot be d irectly  measured. For its
R T

d eterm in ation , the sum o f th e  function  values vs. q f 1 and  ̂  ̂ 1̂ mlx
R T R T
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Fig. 5 . ---- --— vs. v2 function  determ ined experim entally  and calculated w ith  ЕЧ- (8) for
PVA solutions

(1) experim ental points, (2) calculated  function

о  (1) Л  (3 )

□ (2) X (41

SD A /w ater; dc: (1) 50, (2) 100, (3) 200, (4) 400
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d) 9/SDA/DMSO; de: (1) 50, (2) 100, (3) 200, (4) 400

vs. qi 1 belonging to  the actu al 3, 1 was substracted  from the ( ^ l ) t o t
R T

vs. qi

to ta l ch em ica l potential change vs. com position functions (Figs 6 and 7). 
It can  b e seen from the figures th at the course o f the functions is sim ilar for 
all th e  system : they pass in th e  range з г 1 -  0 .10 — 0.14 through a m inim um . 
The v a lu e  o f  this minimum is th e  low est for th e  least cross-linked gels, increases 
w ith  in creasin g  cross-linking d en sity , and fin a lly  disappears.

T h e  character o f the curves differs fundam entally  from th a t o f  the
( M ) c r  _th eo retica l curve. According to  theory,

R T
- K 2vtiV1qi \  th a t is, the
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Fig. 8. Chemical poten tia l functions calculated theoretically  and determ ined experim entally 
(sym bol of the system: 9/200/GDA/water)

function is a straight line o f  negative slope, starting from the origin. According 

to  our experim ental results, -  K 2v*l V1 considerably increases w ith  increasing 
polym er concentration.

Comparison o f  experimental results with theory

Figure 8 shows for the 9/200/G D A /w ater system  the th eoretica lly  cal­
culated and the experim entally  determ ined functions. For the calcu lation  we 
used the follow ing theoretica l values: K x =  1, K 2 — 0.5, q0 — qc and r*i =

2d2
1 -------- = -  , where v* is the concentration o f the chains in th e  dry gel,

v* M„) _
d 2 is the density o f the polym er and M n is the number average m olecular mass
o f the prim ary chains [19]. I t  is remarkable th at though the com ponents of
the to ta l chem ical p oten tia l change vs. com position function  determ ined
experim entally  considerably differ from the theoretical ones, th e  difference
is scarcely reflected in the overall function.

The deviation o f th e  com ponents from  the theoretical functions m ay have 
several reasons. I t  is uncertain how closely real system s are approxim ated by  
the use o f  Eq. (1), valid  for ideal networks. The clearing of the p h ysica l meaning 
of the second term , (A A cr), is particularly problem atic. N either is it  unam ­
biguously clarified, w hether the value o f % determ ined for the so lu tion  o f the 
uncross-linked polym er can be substituted  for the network polym er.
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In  our following w ork a great number o f  experim ental results referring 
to  sy ste m s of various ty p es  w ill be evaluated according to uniform  poin ts of 
v ie w , to  obtain thereby fu rth er  information on th e  m ain poperties o f  chem ical 
p o te n tia l functions, p lay in g  a role during sw elling.

*

W e wish to thank D r. J á n o s  K abai for his advices and  for reading of the m anuscrip t.
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The coordination chemical approach to  catalysis s ta rts  from  th e  assumption 
(postulate) th a t  all bonds between the ca ta lyst and the re a c ta n t are  E PD  —EPA 
bonds and a t least tw o such bonds are needed which m ay be called complementary. 
An essential po in t of catalysis is the weakening of bonds ad jacent to  th e  (E PD  EPÄ) 
bonds between th e  ca ta ly st and the reac tan t. This bond weakening increases with the 
interaction streng th , which, for a given reac tan t, in tu rn , depends upon  th e  site strength 
of the catalyst. F o r reactions of the ty p e  of elimination, there is a good correlation 
between the E P A  site streng th  and activ ity , whereas reactions in w hicb only hydrogen 
is involved as leaving species, like H /D  exchange or (de)hydrogenation, as well as 
oxidations are favoured  by high basicity  (high É PD  site strength). The mechanistic 
results in elim ination reactions are best accounted for by tak ing  in to  consideration 
the cooperation of bo th  E PA  and E P D  sites. H igh EPA  stren g th  favours E l ,  high 
E P D  strength E1CB m echanism , whereas a balanced strength  favours E2 mechanism. 
An im portant question for discussing m ixed catalysts is the varia tion  o f site strength 
as a function of the composition. In  addition  to  the strength, the nu m b er of sites should 
be taken  into accoun t (bu t was no t considered in this paper).

I t  is ray opinion th at our world is becom ing more and m ore com plicated  
and, furthermore, th a t th is increase o f  com plexity  is rapidly becom ing faster 
and faster so th at th e  exten t o f com plexity  w ill soon be too  great for being 
m astered by men. In  science, also in the science o f  catalysis, w e are accumu­
lating  data much m ore rapidly than review ing them  and find ing  relationships 
betw een  them . The danger o f going down in th is ocean of data  is great.

Som e may th ink  th a t it  is the task  o f theory to  act against th is  tendency  
(trend), however, th eory  itse lf  has so high a degree o f co m p lex ity  th at it is 
difficu lt to  m anage. For all these reasons I consider it  con ven ien t to try to  
find  a description o f cata lysis relatively  easy to handle, w hich o f course must 
he a qualitative description and, first o f  all, a chem ical description . I do not 
try  to  fin d  what is usu a lly  called the truth  or a correct theory , b u t I do try  
to  find a model w hich enables me to describe experim ental resu lts as congruent 
and consistent as possible.

Everybody agrees that catalysis can be considered a k in etic  phenom­
enon. I would like to  stress the coordination chem ical aspect o f  catalysis [1] 
rather than  the k inetic, hoping th at th is m ay bring a rem arkable sim plification  
o f the description o f cata lysis and m ay at the sam e tim e be a usefu l approach, 
especially  for chem ists.
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C atalysis is brought a b o u t b y  intermolecular interactions, i.e. the in ter­
action  betw een  the cata lyst and  the reactant. Interm olecular interactions, 
h ow ever, are part of the huge fie ld  o f  coordination chem istry. This approach  
im m ed ia te ly  leads to asking th e  question about the bonds betw een the cata lyst  
and th e  reactant [2].

F or brevity, things w ill b e presented in the form  o f postulates or s ta te ­
m en ts w ith o u t reasoning.

Starting  postulate: A ll b on d s between the reactan t and the cata lyst are 
o f th e  coordinate type, i.e. b on d s between an electron pair donor (E P D ) and  
an e lectron  pair acceptor (E P A ) (th is o f course is n o t assum ed to  be so w ithout 
any excep tio n , but say in  95 or even  99% of the cases to  be considered).

P ro to typ e  of a coordinate (E P D  — EPA) bond: H 3N i—>- B F 3. The bond  
is sym b olized  with an arrow. T his however does n o t m ean th at it  is a special 
ty p e  o f  bond, it may be considered  to he a normal cova len t bond. Instead  o f  
E P D  an d  E PA , the term s (L ew is) base and acid resp ectively  are also used.

Our next question is w h a t are the EPD  and E P A  sites on the ca ta lyst  
and on  th e  reactant? N ote th a t  w e speak of sites rather than  active sites. It is 
our purpose to find relationsh ips between chem ical properties and cata lytic  
b eh aviou r rather than localize th ese  sites on planes, edges, corners, etc. On polar 
c a ta ly sts  — the paper w ill o n ly  deal with polar ca ta ly sts  — E PA  sites are 
o b v io u sly  cations, E PD  sites an ions. Anions probably are always present on 
polar ca ta ly sts , because th e y  u su a lly  are larger th an  cations. On the side of 
th e  reactan ts, (electronegative) groups with free electron pairs are E P D , 
w hereas the EPA function can  be assumed by C — H -groups, m ainly those  
neighbouring  to electronegative groups. (When referring to  the cata lyst, we 
use th e  term  site, whereas w h en  referring to the reactan t, we  prefer the term  
fu n ction .)

O f course, in the in teraction  between the reactan t and the cata lyst, 
we a lw a y s have to do w ith  in teractions between an E P A  and an E P D . For 
a rea cta n t with an electron egative group, e.g. an alcohol, the following in ter­
action  structure is likely.

I t  is  our opinion that at lea st th ese  two interactions are necessary for bringing  
ab ou t th e  catalytic effect.

EPA H X EPD

A T

EPA

F ig. 1. Interaction structure
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Effect of coordinate interaction

A crucial point for the cata lytic effect is the weakening o f  adjacent 
bonds brought about b y  coordinate bonding. I t  is Gutmann [3] w ho has 
drawn atten tion  to  this im portant effect.

In the form ation o f the adducts in d icated  in Table I the В — F  bonds 
are lengthened (and weakened). The N —В distance is taken as a m easure 
o f the E PD  strength  o f the molecule w ith th e  free electron pair. The lengthening

Tabic I

Bond distances in B F 3 and  B F 3 adducts

BF. CH ,CN| — B F , H ,N |^  B F , M c,N | — B F ,

N |-» В distance (Á) — 1.63 1.60 1.58
Bj-*- F  distances (A) 1.30 1.33 1.38 1.39

(and weakening) o f  the B —F bonds increases w ith  the EPD  strength  o f the 
other m olecule.

A necessary condition for the lengthening and weakening o f th e  adjacent 
bonds is th at their polarity is increased w hen the coordinate bond is formed. 
On the other hand, when the polarity is decreased, the bond is strengthened. 
This m ay be seen from the variation o f  bond lengths in the adduct betw een  
SbCl5 and tetrachloroethylene carbonate (F ig . 2) [3].

It m ay how ever be m entioned th at in m ost cases (in catalysis) th e  pola­
rity  is increased and hence the bond w eakened.

Increase in 
S b -C l  bond 
d i s la n c e s

( I n c r e a s e  in C - 0  
I bond d is tan c e  from 
L 1.15 to 1 22 Ä

(Decrease in 0 - C 
bond d istances írom 
1 33 to  125 Á 
I n c r e a s e  in C-0 
bond d i s t a n c e s  írom 
1.40 to 1.47 Ä
D ecrease  in C-CI 
bond  d is tan c es  írom 
1.76 to 1.74 Ä

Fig. 2. V ariation of bond leng th  in adduct formation
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Since for a given substrate, interaction strength  and bond w eakening  
depend upon the strength o f th e  surface sites, it  w ould he of utm ost im portance  
to  h a v e  criteria of site strength . For cations, th e  m agnitude e/r (formal charge 
over radius) m ay give an orientation . We further propose the electronegativ ity , 
either in  th e  form put forward b y  P auling  [4] or according to the suggestion  
o f Sa n d e r so n  [5]. The usefulness o f Sa n d e r so n ’s concept consists m ain ly  
in th a t  he proposed an equation  to estim ate the electronegativity o f the  
com pound  itse lf  (not only the atom s) — w hich he called interm ediate e lectro­
n e g a tiv ity  Sjnt-

S int =  { S pP S ‘f) S'R) ^ rr

is th e  electron egativ ity  o f  th e  com pound Pp Q9 R r.
W e w ould suggest to  further use the average E jon of the ion ization  

energies o f  the valence electrons.
E xam p le: the energies o f  the successive ion ization  of the three va lence  

electrons o f  alumina are [6]:

5.98 +  18.82 +  28.44 =  53.24 eV 

Ёюп =  53.24 : 3 = 17.75 eV.

A t p resen t, we would propose to  make use o f  all these criteria for estim ating  
site s tren g th . As far as we can see, th ey  tell us the sam e thing in m any, perhaps 
in m o st cases.

A ctivity of catalysts

T he following results can be interpreted considering the effect o f  the  
E P A  site  on ly  (although the participation o f th e  E P D  site should not be for­
go tten ). T he activation  energy was used as a m easure of catalytic a c tiv ity  
in th e  resu lts represented in T able II  [1].

T h e sam e fundam ental a c tiv ity  pattern has frequently been found in  
zeolite  ca ta lysis . In the dehydration  of b u ta n -l-o l [7], the following order o f  
a c t iv ity  w as observed: L iN aX  >  N aX  )> K N a X  ]> R bN aX . W ith pentan- 
l -o l  S h a r f  et. al. [8] found a sim ilar sequence: H N aY  >  ZnNaY >- M gNaY >  
>• Z n N a X  >  M gNaX >  N aY  )> N aX . For th e  cracking o f hexane [9], a cor­
responding order o f a ctiv ity  w as found N aX  N aY  <[ BaY <  MgX <7 SrY <7
<  CaY <7 MgY, and sim ilarly for the cracking o f  cum ene [9]: NaY <( B aY  <7
<  SrY  <  CaY ~  MgY ~  B eY .
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Table II

Activation energies o f dehydrochlorination on alkali metal and alkaline earth metal chlorides and
sulfates

Reactant Catalyst E.
(kcal/mol)

Temperature
(°C)

2-Chloropropane LiCl 20 242-271
NaCl 25 36 2 -3 9 3
KC1 46 295-315

CaClj 18 116-189
SrClj 20 128-171
BaCl2 28 8 2 -1 4 2
CaS04 17 7 2 -1 3 2

2-ChIorobutane M gS04 13 150-300
CaS04 16 1 8 0 -320
B aS 04 22 2 50 -400

The cations o f  the first groups o f the periodic table exhib it the general 
a ctiv ity  pattern show n in Fig. 3, in agreem ent w ith our criteria o f  EPA  
strength discussed above.

The num erical values are indicated in  Table III  for com parison, e/r is 
the charge in  elem entary units divided b y  th e  radius (in Á) o f th e  cation  in 
its usual valence sta te . The electronegativ ity  S  is the Sanderson value o f  the 
m etal atom . O f course, in a series o f com pounds (polar cata lysts) w ith  the 
sam e anion the sequence o f  the interm ediate electronegativ ity  Sjnt should be 
the same as th at o f  the atom s. The average o f  the ionization energy (E ion, 
in eV) is the energy required for transform ing th e  atom  into a cation , divided  
by the num ber o f valence electrons.

The a c tiv ity  (interaction) pattern (F ig . 3) is not lim ited to  catalysis, 
it is general in chem istry  and found for exam ple in hydration enthalpies, 
which are also ind icated  in Table III . The values are those per “ m ol” o f  the

Li Be
V V

Rb Sr

V  V
Cs Ba

Fig. 3. Regular ac tiv ity  pattern
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Table Ш

Properties for characterizing E P A  strength (r, e/r, S, -Eion) anti  hydration enthalpy

( — JiÍHydr) ° f  the ion

Г
A e/r

s
(eV)

E l o n
(eV)

-  j H Hydr 
(kcal/mol)

L i  + 0 .6 8 1 .4 7 0 .7 4 5 .3 9 1 3 2

Na + 0 .9 7 1 .0 3 0 .7 0 5 .1 1 0 6

K + 1 .3 3 0 .7 5 0 .4 2 4 .3 8 6

Rb + 1 .4 7 0 .6 3 0 .3 6 4 .2 8 0

Cs + 1 .6 7 0 .6 0 0 .2 8 3 .9 7 2

Be2 + 0 .3 5 5 .7 1 2 .3 9 1 3 .8 6 1 2

Mg2+ 0 .6 6 3 .0 3 1 .5 6 1 1 .3 4 7 7

Ca2 + 0 .9 9 2 .0 2 1 .2 2 9 .0 3 9 9

Sr2* 1 .1 2 1 .7 8 1 .0 6 8 .3 3 6 3

Ba2 + 1 .3 4 1 .4 9 0 .7 8 7 .6 3 2 9

Al3+ 0 .5 1 5 .8 8 2 .2 2 1 7 .7 5 1 1 4 1

Si*+ 0 .4 2 9 .5 2 2 .8 4 2 5 .8 ~

ion , n o t per mol o f w ater. The hydration enthalpies were calculated  from  
a com p ila tion  [11] of con ventional enthalpies o f  hydration using a va lu e of 
— 2 6 9 .7  kcal/gram ion for th e  hydration en th alp y  o f the proton.

T h e generality o f  th is interaction  pattern can further be seen from  the  
freq u en cy  o f a determ ined b an d  o f pyridine adsorbed on zeolites w ith  different 
group 1A and 2A cations [13] (F ig. 4). (I t  is n o t im portant to d iscuss the  
assign ation  of that band, provided  it  is alw ays the sam e band.)

According to these criteria, Si4+ is exp ected  to  be an extrem ely  strong  
E P A . T he catalytic a c t iv ity  o f  silica, how ever, is very poor. This riddle of 
silica  (therefore the question  mark in Fig. 3) w ill not be discussed here. I am 
sure th a t  the EPA strength  o f  a Si surface site is really extrem ely high [10].

T able IV gives further values of hydration  enthalpies, in particular of 
higher va len t cations [12]. For divalent ions, e.g. Ca2 + ,th e  values resulting  
per w a ter  molecule are o f  th e  order of m agnitude o f  100 kcal, w ith  triva lent 
ion s, va lu es of more th an  150 kcal. Note th a t th e  bond energy o f H 2 is 104 
k ca l/m ol. This means th a t th e  bond betw een a d ivalent cation and one w ater 
m o lecu le  o f the first hyd ration  shell is as strong as the strongest chem ical 
sin g le  bonds, with triva len t ion s, these (ca tion —w ater) bonds ar m uch stronger. 
A s far as I can see, m ost chem ists have not realized the strength o f these  
(coord inate) bonds, and therefore doubt the cata ly tic  effect o f  (surface) 
ca tio n s . I  personally b e liev e  th at the in teraction  betw een a surface cation  
an d  a donor molecule, e.g. an  alcohol, is o f  sim ilar strength (as the interaction  
in  h yd ration  bonds) and hence cations are ca ta ly tica lly  im portant E P A  sites.
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Fig. 4. Correlation betw een frequency of an absorption band  of coordinatively bound pyridine
and ionic radius (E PA  strength)

T ab le  IV

Hydration enthalpies o f cations o f different valency

C a tio n •̂Hhydr.
(kcal/mol of ion) N * A H ^ J N

(bcl)

K + - 8 4 4 - 2 1
Cu + - 1 4 5 4 - 3 6

C a+2 - 3 8 9 4 - 9 7

Cr+2 - 4 4 9 4  ( 6 ) - 1 1 2  ( - 7 5 )

Fe+ 2 - 4 6 7 4  ( 6 ) - 1 1 7  ( - 7 8 )

Cu+2 - 5 0 8 4 - 1 2 7

Cr+S - 9 6 0 6 - 1 7 6

F e +a - 1 0 5 5 6 - 1 7 6

* N  =  Probable num ber of ligands in the first coordination sphere.

As a last exam ple, the retention  o f water in zeolites, treated  at 500 °C 
in  air [9], is m entioned. In  Table У, the w eight loss is ind icated  which is ob­
served when those sam ples are heated  to 1000 °C.

M echanisms

In the above discussion (about activ ity ), it is on ly  the E P A  sites which  
are taken into account to interpret the results. N ow , for discussing the m echan­
ism s, the E P D  sites m ust also be included in order to achieve a consistent 
description. O nly the tim ing o f the bond rupture is m eant b y  m echanism  here. 
Three possibilities o f tim ing can be predicted, even  w ithout know ing details.
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Table V

Retention o f water in zeolites

Catalyst
W t % loss on heating 
from 500 to 1000° C

N aX 0.27
M gX 1.04
N aY 0.14
MgY 0 .8 8

CaY 0 .8 8

SrY 0.45
BaY 0.25

1. T h e C—X  bond is broken in  the first step and the carbonium  ion in ter­
m ed ia te  formed, which loses a proton in the second step.

2. T he C — H bond is broken in the first step and the carbanion interm ediate  
lo ses  th e  group X “ in the second step.

3. B o th  bonds are broken in  one step , which would be a concerted reaction  
w ith o u t interm ediate.

T h ese three possibilities are depicted in the follow ing schem e (F ig. 5) and 
th e  n o ta tion s E l ,  E2, E lc B , usual in liquid phase chem istry, are indicated.

W e have not used k in etics for determ ining the m echanism s. One o f our 
m eth od s is to study the product distribution. Fig. 6 represents in an idealized  
m anner how  this can be done w ith  h u ta n -l-o l and -2-ol.

T hree patterns o f butene distribution  are observed, w hich are reasonably  
assign ed  to  the three m echanism s according to the follow ing considerations.

A n  E l  mechanism is exp ected  over cata lysts o f h igh E P A  strength  
(v ery  acid ic catalysts). As th e  carbonium ion, w hich is the interm ediate of 
th e  E l  mechanism isom erizes readily, the primary carbonium  ion formed 
from  b u ta n -l-o l in the first step  is rapidly converted to  the secondary car­
b on iu m  ion, which is more stab le . From butan-2-ol the secondary carbonium  
io n  is form ed directly. So from  b oth  reactants, the sam e interm ediate, i.e. 
th e  2 -b u ty l cation, is ob ta in ed  and consequently the sam e distribution of 
b u ten es . For formation o f isob u ten e, very acidic ca ta lysts, like silica-alum ina  
are required.

Fig. 5. E lim ination  mechanisms (tim ing)
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Fig. 6. D eterm ination of dehydration  m echanism  from product d is tribu tion

An E lc B  m echanism  is expected  over cata lysts w ith high E P D  strength , 
as in  th is case the C — H  bond is m ost affected (see Fig. 1) and therefore sepa­
rated  first. Thus, the m ost acidic hydrogen is abstracted preferably and this 
is w h y  form ation o f term inal olefins from alkan-2-ol is so m uch favoured. 
W ith  b u tan -l-o l, of course, there is no other possibility than th e  form ation  
o f b u t-l-en e . W ith ca ta lysts o f  medium  acid ity  (balanced E P A  and E P D  
stren gth ), both bonds are roughly equally affected and hence separated  in 
one step .

Table VI gives representative product distributions over ca ta ly sts  of 
v ery  different acid ity. These results are characteristic for a rather broad tem ­
perature range around 300 °C. Indeed, w ith B P 0 4 [14], w hich is th e  m ost 
acid ic cata lyst, i.e. th a t o f  h ighest E PA  and (consequently) low est E P D  
stren gth , the product distribution  obtained w ith  butan -l-o l is equal to  that 
obtained  w ith hutan-2-ol and th is is ind icative o f an E l m echanism .

Over A120 3, a ca ta lyst o f  m edium  (m oderate) acid ity and (consequently) 
also m edium  basicity, th e  tw o essential interactions (Fig. 1) are o f  com parable  
strength  (balanced interaction  strength). Thus the weakening o f  th e  C — О 
and th e  С— H bond takes place to  a sim ilar ex ten t. The two bonds are broken  
in a concerted process (approxim ately  sim ultaneously) w ithout in term ediate. 
This m echanism  is term ed E2 [15].

Over T h 0 2 [16], the m ost basic ca ta lyst, i.e. that o f highest E P D  and  
(consequently) low est E P A  strength , it is th e  interaction w ith  th e  С —H  
group, which is m ost pronounced. C — H bond breaking precedes C — О bond
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Table VI

Representative butene distributions over catalysts o f  very different acidity

Cat.
mech. React. C = C - C - C C-C=C c

B P 0 4 C O H - C - C - C 30 70
E l C - C O H - C - C 30 70

a i2o 3 C O H - C - C - C 85 15
E2 C - C O H - C - C 20 80

T h 0 2 C O H - C - C - C 95 5
ElcB C - C O H - C - C 90 10

breaking. С—H bond b reak ing  however is ea siest w ith  the m ost acid ic H, 
w h ich  is the term inal and  th is  is why b u t-l-en e  is the predom inant product, 
n o t on ly  from b u ta n -l-o l, b u t also from b utan-2-o l.

Secondary isom erization  of the olefins form ed in dehydration can be 
ru led  out for A120 3 and T h 0 2, as the olefin d istribution  is far from equilibrium  
(on  A120 3 with b u ta n - l-o l) . Furthermore, double bond shift is low on these  
ca ta ly sts  under the con d ition s used.

Ether form ation w as also low under th e  conditions of these studies. 
M oreover, the butene d istribution  does not v a r y  appreciably even at higher 
tem peratures, where p ra ctica lly  no ether is form ed. H ence, butene d istribution, 
w h ich  is considered to  b e  indicative o f m echan ism , is not affected b y  ether 
form ation .

Over B P 0 4, on th e  other hand, double bond shift is rapid. H ow ever, 
th ere  is evidence w hich  lea d s  us to assume, th a t , sim ilarly to other E l  system s, 
m ost part of the fin a l b u ten e  distribution com es out from the carbonium  ion  
form ed in the first step  o f  dehydration [1, 17]. For exam ple, in several cases, 
th e  butene d istribution  obtained in the e lim ination  reaction is closer to  
equilibrium  than th a t observed in a direct isom erization  of butenes.

Table V II g ives experim ental results for system s which cover m ainly  
th e  range of E l  and E 2  m echanisms (for S 0 4 cata lysts see [17]; for P 0 4 
ca ta lysts see [14]). A lw a y s, the more acidic c a ta ly st has a higher tendency  
tow ard  E l ,  i.e. g ives less b u t-l-ene from butan -2-o l because isom erization to  
but-2-ene takes p lace (b u t-l-en e  -|- b u t-2 -e n e =  100% ). Of course, the m echan­
ism  does not on ly  d ep en d  on the cata lysts b u t also on the reactant. The 
C — Cl bond is easier to  break  than the C O b on d  and this is w hy the tendency  
tow ard  E l is greater w ith  chloroalkanes th an  alcohols or esters.
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Table УП

Product distributions ( mechanisms)  as a function  o f  leaving group and catalyst

Catal. Temp.
(°C)

X
X - C

/
C = C - C - C

c - c - c
\

C - C = C - C

M gS04 240 Cl 1 0 90
B aS 0 4 245 a 2 1 79
Li2S 0 4 390 Cl 1 0 0 -

M gS04 CH3COO 4 5 55
B aS 0 4 CH3c o o 1 0 0 -

Mg3(P 0 4)2 280 OH 50 50
Ca3(P 0 4)2 340 OH 92 8

B P 0 4 260 OH 26 74
A1P04 320 OH 89 11

W ith 2,3-dichlorobutane, an E l  m echanism  is observed over CaCl2, 
but an E2 m echanism  over K 3P 0 4 [18] (F ig. 7). Clearly, CaCl2 is the stronger 
E P A  (and weaker E P D ) o f these tw o ca ta lysts.

The tendency outlined here, E l  m echanism  over (very) acidic, E lc B  
over (very) basic ca ta lysts, is generally observed. The three m echanistic p a t­
terns, E l ,  E 2, and E lc B  are not only obtained when the olefin  distribution  
in dehydration o f alcohols is determ ined, but also when the H /D  exchange in 
dehydration o f alcohols is studied [19].

Table V III gives o lefin  distributions obtained in dehydration o f alcohols 
over a series o f ca ta lysts o f different acid ity. A ll th e  basic catalysts are selective  
for the form ation o f term inal olefins from alkan-2-ols [10a]. N ote th at (low) 
values, around 530 eV, o f  the X P S  0  Is b inding energy are ind icative o f  high  
basicity . For a broader discussion o f the use o f  X P S  in catalysis see V i n e k  
et al. [10a].

Fig. 7. Mechanism and site strength
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Table VIII

Selectivity to terminal olefin from  4rmethyl-pentan-2-ol

Oxide Temp. (°C)
Olefin products (%)

Alk-l-ene Alk-2-ene 0 П  (eV)

ThO, 399 97.5 2.5 530.2

y 20 3 412 96 4 529.5

La„03 414 96 4 529.0

CeO, 350 86 14 529.4

Sm20 3 415 94 6 529.2

Dy20 3 404 97 3 529.4

a i2o 3* 270 25 75 531.8

S i02* 400 28 72 533.1

* R eactant: Butan-2-ol.

Dehydrogenation

W henever the E lc B  m echanism  is observed, dehydrogenation occurs 
b esid es dehydration [15]. T his means th a t dehydrogenation obviously  needs 
b asic  sites. The reason probab ly  is that in  dehydrogenation an a-H  m ust be 
ab stra cted  in the form o f a hydride. A bstraction o f a hydride from  a carbon 
a to m , to  which an oxygen  atom  is attached , is d ifficult. The electron population  
o f  th a t  H  must be high in th e  transition state . This in turn is fac ilita ted  by  
a h igh  input of negative charge into the m olecule. The structure depicted  in 
F ig . 8, which describes in teraction  rather than  steric arrangem ent in the tran­
s it io n  sta te , is to give an idea o f how th is input o f  negative charge m ay be 
a ch iev ed  by coordinative in teraction .

Fig. 8. D ehydrogenation  of alcohols — structu re  of in teraction
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Table IX
Selectivity fo r the dehydrogenation correlated with intermediate electronegativity, Sjnt and mean

ionization energy, E ion o f the cation

Selectivity for
dehydrogenation S int («V)

CaO 2 .5 9

V
MgO 2 .8 11

V
ZnO 3 .9 14

V
F e 0 .F e 20 3 ♦ * 12l

16
V 18 j

Cr20 3 * * 18

V
T i0 2 3 .4 2 3 *

V
A120 3 3 .7 18

V
S i0 2 4 .3 2 6

V
wo3 * * * *

* T i3+ : E ,on = 1 6  eV; p a rt of Ti may be triva len t.
** data  no t available.

S z a b ó  et ál. [20] have reported the variation of se lectiv ity  in  a series of 
oxides shown in Table IX . As far as data are available these agree approxi­
m ately  w ith  our criteria o f  E P A  strength.

M etals are hydrogenation (and dehydrogenation) catalysts par excellence. 
In our opinion, m etals m ust have high E P D  strength (high b a sic ity ) and we 
w ould like to  draw atten tion  to  th is im portant aspect, w hich has probably  
not been  given sufficient atten tion . This does not mean, of course, th a t m etals 
do not need EPA  capacities for having dehydrogenation a c t iv ity , as both  
functions are always needed. The fact th at on ly  transition m etals w ith  unfilled  
d-orbitals are good hydrogenation cata lysts has probably to  do w ith  the 
n ecessity  o f E PA  capacity.

Oxidation
A  further conclusion m ay be drawn concerning oxidation. In  elem entary  

chem istry  we are taught th a t a hydrogenation m ay be considered to  be a 
reduction , whereas a dehydrogenation is equivalent to an oxidation . H ydrogen­
ations and dehydrogenations thus are part o f the great field  o f  redox reac­
tions. As basic catalysts are useful for hydrogenation and dehydrogenation, 
we m ay ask the question if  b asicity  is not a necessary conditions for all redox 
reactions and hence also for oxidations, i.e. introduction o f oxygen .
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L et us consider th e  ox id ation  of CO. P rovid ed  oxygen  is transferred in  
th e  form  o f 0 2~, a high e lectron  population w ould  increase the donor strength  
o f  o x y g en  and so fac ilita te  th e  transfer. In order to  m aintain  electroneutrality  
o f  th e  product, two e lectron s should he transferred from CO (or C 0 2) to  the  
c a ta ly s t , as depicted in th e  follow ing scheme (F ig . 9). Interestingly, according  
to  E ktl [21], in CO o x id a tio n  over Pd, the surface is not com pletely covered  
w ith  oxygen  (it is sim p ly  n o t  possible to h ave a com plete monolayer form ed  
w ith  oxygen) so th at CO can  come into co n ta ct w ith  the surface. On the  
o th er  hand, when CO is preadsorbed, it covers th e  surface com pletely, inh i­
b it in g  th e  access of oxygen  to  the surface. In  th is  case no oxidation is observed  
w h en  oxygen  is adm itted .

0

ir
c

У //Ш /Щ Ш ' ...........

Fig. 9. In te rac tio n  an d  electron transfer for ox idation  of CO

I t  is m y im pression th a t  there is much ev id en ce in the literature th a t it  
is  n o t th e  catalyst o f h ig h est oxygen coverage (h igh est oxidation state) th a t  
has th e  highest a ctiv ity  b u t th e  catalyst o f som e interm ediate oxidation sta te .

Provided this d escrip tion  of oxidation ca ta ly sis  is useful (correct), th is  
w o u ld  m ean that the fea tu res of redox reactions (redox catalysis) are more 
sim ilar to  those o f ac id -b ase  reactions (acid-base catalysis) than usually  
assu m ed . The coordination chem ical approach w ould  also be useful for describ­
in g  red ox  catalysis. An e ssen tia l difference w ould  b e th a t in oxidation reactions 
w ith  oxygen  (for exam ple), electrons must be transferred from the reactant 
to  th e  catalyst in order to  com pensate the electron ic charge transferred w ith  
o x y g en  to  the reactant.

Direct evidence o f interaction (ca ta ly st) E P D — H

IR  studies of acetone adsorbed on oxides show  th a t the C — H frequency  
is sh ifted  downward [22]. T h is is attributed to  th e  in teraction  structure dep ict­
ed  in  F ig. 10. Note th a t th e  downward shift w ith  MgO is 50 cm “ 1, i.e. greater 
th a n  w ith  A120 3, where o n ly  30 cm -1 is observed . Since MgO is more basic, 
i.e. a stronger E P D , th e  sh ift  is reasonably assigned  to  (short range) in ter­
a c tio n  w ith  the E PD  site  (o f  th e  catalyst). I f  it  w ere due to  (long range) in ter­
a c tio n  between the CO group and the E P A  site , th e  sh ift should be greater 
w ith  th e  stronger E P A , i.e. A120 3. We consider th is  to  be evidence of the steep
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( c m '1)
MgO Al20 3 

C-H '  -SO -30

Fig. 10. In terac tion  betw een С—H  groups and E PD  sites of oxides
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Fig. 11. С—H stretching frequency shift of surface alcoholates as a function  of basicity
(electronegativity)

decay w ith  the distance o f  the effect o f  interaction  betw een the m olecule and 
th e  cata lyst. I would suppose th a t m uch more than  half o f  the effect is localized  
upon the bond adjacent to  the interaction.

A  similar trend can he clearly seen in  the studies [23] o f  th e  C — H 
frequency o f m ethoxide and ethoxide groups upon a series o f  oxides, which  
is represented in Fig. 11. O bviously, the sh ift increases w ith  the b asic ity  of 
th e  oxide.

The interaction betw een the E P D  site  o f the cata lyst and th e  C — H 
group leads to  a H /D  exchange (indicated in  Fig. 10), w hich increases w ith  
th e  b asicity  o f the oxide. This correlation is so good th a t we use th e  rate of 
th e  H /D  exchange w ith  acetone-d6 for determ ining the b asic ity  o f  a cata l­
y s t  [24].
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U tiyama et al. [25] have found th at th e  C H 4—D 2 exchange sim ilarly  
increases w ith the b a sic ity  o f  the catalyst, as show n in  F ig. 12.

1 0 5  ПО 1.15 ( a )

Fig. 12. Rate of CH4— D2 exchange as a function  of ionic radius, i.e. basicity

Additives, mixed catalysts

The field of m ixed  ca ta ly sts , the effect o f  add itives, som etim es called  
prom oters, is one o f the m ost fascinating problem s in  catalysis. The essential 
q u estion  within our m od el is: H ow do the num ber and the strength o f the  
surface sites vary as a fu n ctio n  of com position ? H ere on ly  the variation o f the  
stren gth  w ill be discussed.

One of the governing principles is w hat we call our m ixing rule [10], 
w h ich  states that site s tren g th  in a m ixture m ust be betw een that of the com ­
p on en ts. In other words, m ix in g  can never create E P A  sites o f higher strength  
th an  th ose of the more (m ost) acidic com ponent, nor E P D  sites stronger than  
th o se  o f  the more (m ost) basic com ponent. This rule w ould be in agreem ent 
w ith  th e  concept o f e lectron egativ ity  and Sa n d e r so n ’s equation [5].

As a first exam ple, m ixtures of alum ina w ith  oxides of divalent cations 
are considered. M ixtures w ith  spinel structure are obtained. The d ivalent 
ox id es added are more basic than  alumina. As exam ple, our numerical criteria 
o f b a sic ity  are given for m agnesia as an ad d itive in Table X . Consequently, 
th e  E P A  sites of the sp in el M gAl20 4 should be w eaker, and the E P D  sites 
stronger than those o f  a lum ina.

In  our opinion, A l3 + should be considered to  be the main E P A  site  
rather than Mg2 + . O f course, the charges ind icated  are not effective charges. 
I t  is an unsolved problem  o f  term inology, if  the elem ents o f a polar com pound  
shou ld  be called ions or atom s.
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Table X

Criteria o f basicity

MgO AI.O,

/  *e / r cation 3.03 5.88

•Sint 2.85 3.70

Fion 11.3 17.75
X PS 0  Is (eV)** 530 532

* r in Á.
** round values.

Table X I  show s som e cata lytic  results obtained in  th e  dehydration of 
b u tan -l-o l [26]. Indeed the spinel is less active , the reaction begins at a higher 
tem perature than  on alum ina. Furtherm ore, the percentage o f  but-2-ene is 
lower over the spinel and this m eans th a t the m echanism  is m ore E2 and less 
E l than  over alum ina.

W hen the percentage o f m agnesia added is con tinuously  varied, the 
E PA  strength decreases continuously and this is w hy the y ie ld  o f  iso-butene 
obtained from 1- and 2-chlorobutane decreases [10a, 27] con tin u ou sly  as shown 
in F ig. 13. The curve has the shape o f  a poisoning curve. There is no principal 
difference betw een MgO and other oxides like NiO, CoO and ZnO. A ll diminish 
the E PA  strength o f  alum ina. The on ly  difference is probably due to the dif-

50 AO 30 20 10 Q
AI in let r a h e d r a  I s i t e s

Fig. 13. V ariation of the yield of isobutene w ith the am ount of d ivalen t oxide. Composition 
of the cata lyst (x  means x.Me/100 Al):

NiO.AIjO, ZnO.Al,Os MgO.AljO,

Ni 1 Ni 2 Ni 3 Zn 1 Zn 2 Mg 1 Mg 2

X 6 30 53 4 28 6 15
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ferent preference of d ivalent cations for the tetrahedral and octahedral sites  
in  th e  crysta l lattice and probab ly  also in the surface.

A t  th e  Amsterdam C atalysis Congress, Schwab and K ral [28] presented  
resu lts concerning the cracking activ ity  o f alum ina w ith  several additives. 
T he resu lts  indicated in T able X I I  were ju st opposite to  w hat was expected  
accord ing  to  the so-called electron ic theory of catalysis. N ow  w ith  our approach, 
it  is ob v iou s that Li20  d im inishes the E PA  strength  o f alum ina and hence 
th e  cracking activ ity , w hereas oxides of higher v a len cy  increase the E PA  
stren gth  and hence the cracking activ ity .

Table XI

Activity and selectivity over alumina and spinel

React. Cat. T (°C) % C = C -C -C *

C - C - C - C CoA120 4 280 begin of the
1

OH reaction
390 70

y-A l20 3 240 begin of the
reaction

350 42

C C C
\  /  \

• г с = с - с - с +  c=c + c=c =100%.
\

c
Table XII

Cumene cracking over alumina with additives

Character Dope at- %
Activation

energy
(keal/mol)

_ _ 0 54

p LizO 2 57

p Li.O 6 62

n G e 0 2 3 48
n v 2o 5 1 42
n W 0 3 0.25 41

n w o 3 0.5 31
n w o 3 1 26

n w o 3 2 17.5
n w o 3 2.5 17
n w o 3 3 17.5

n w o 3 4 22
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Schwab and B lock [29] found th a t  sm all aditives of Li20  increase the  
cata lytic  a c tiv ity  o f NiO for the o x id ation  o f  CO and explained th is  result 
w ith  the increase o f  p -sem iconductivity. I t  can also he explained w ith  our 
idea of oxidation  catalysts needing b a sic ity . L i20 ,  o f course, increases the  
basicity  (E P D  strength) o f NiO.

The regularity o f  this criterion o f  E P D  strength is really  surprising. 
A i [30] (Tokyo Congress) has found a d irect correlation of ox id ation  a c tiv ity  
and basicity for the oxidation o f hexane (F ig . 14) as well as CO. P ätow  and

Fig. 14. Increase of activity  in ox idation  of n-hexane to C02 w ith  basic ity

R iekert  [31] found the activ ity  for o x id ation  to  decrease in th e  follow ing  
order: CuO ]> CuA120 4 >  CuY. This should  correlate with the order o f  acid ity . 
A i [32] found th a t the activ ity  o f Co30 4 for CO oxidation was increased by  
the addition o f  K 20 ,  but decreased b y  th e  addition of P 20 5.

F inally  Masson  et al. [33] studied  th e  effect of addition o f  alkali oxides 
to  a chrom ia/alum ina catalyst for CO oxid ation . Here the inverse order was 
found relative to  th a t for the a ctiv ity  o f  th ese  cations in elim ination reactions, 
nam ely Cs >  Rb >  К  >  Na >  Li.
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