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EVALUATION OF ANTIOXIDATIVE, ANTIMICROBIAL AND
CYTOTOXIC ACTIVITY OF THE SYNTHETIZED
ARYLMETHYLENBIS(3-HYDROXY-5,5-DIMETHYL-2-
CYCLOHEXEN-1-ONE) DERIVATIVES
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Arylmethylenebis(3-hydroxy-5,5-dimethyl-2-cyclohexen-1-one) derivatives (aryl=2-hydroxynaphthyl (1) and 3,4-dihydroxyphenyl (2)
have been synthesized and their structures have been elucidated. Both compounds were examined for their antioxidant, antimicrobial and
cytotoxic activity. Antioxidative activities of synthesized compounds were evaluated by 2,2-diphenyl-1-picryl-hydrazyl (DPPH) and ferric
reducing antioxidant power (FRAP) methods. The microbial screening was performed by diffusion method on bacterial strains
Staphylococcus aureus, Enterococcus faecalis, Bacillus subtilis and Candida albicans. Cytotoxic activity was tested on liver hepatocellular
carcinoma cell line (Hep G2) by Neutral red assay. Compared to compound 2, compound 1 showed better antimicrobial and antifungal
activity, while compound 2 showed better antioxidant activity with 1Cso of 0.0156 mM and FRAP value 50469.44 umol/l Fe?*. Both
compounds showed cytotoxic activity. Obtained results implicate the importance of arylmethylenebis(3-hydroxy-5,5-dimethyl-2-

cyclohexen-1-on) derivatives as a potential antioxidant, antimicrobial and cytotoxic agents.
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INTRODUCTION

Arylmethylenebis(3-hydroxy-5,5-dimethyl-2-cyclohexen-
1-one) derivates, generally known as tetraketones, are used
as important precursors for organic synthesis of heterocyclic
compounds,! such as acridindiones, thioxanthenes,? and
xanthenes.® These compounds have a wide range of
biological activities.* They have strong antioxidative
potential® and significant inhibitory effects on enzyme
activities such as lipooxygenase,® tyrosinase’® and protein
kinase activity,® Lately, derivates of tetraketones, due to
their strong antioxidative activity,'® have received great
attention as therapeutically efficient agents against disorders
in which oxidative stress plays a significant role, such as
inflammation, ! asthma!? and cancer.*3

Antioxidants compounds act to stop or inhibit the
oxidation process, in low concentrations, by getting
themselves oxidized.'* Therefore, there has been an
increased interest for the use of antioxidants in medical
treatments due to their capacity to prevent oxidative stress-
induced damage.® Synthetic antioxidants such as, butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT),
most commonly used in the food industry, show significant
side effects. Consequently, development of new, safe and
more effective antioxidants is of major interest for the
pharmaceutical and food industry.

Antibiotics, as products of secondary metabolites of
microorganisms and fungi'’, are compounds used to kill or
inhibit the growth of bacteria.'® Frequent and uncontrolled
use of antibiotics results in resistance in bacterial strains, so
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there is a real need for the development of new effective and
antibacterial agents. Recent studies of tetraketones show that
different such derivatives show antibacterial as well as
antiviral activity.*®

Previous studies of some xanthenes indicate that
xanthenes have shown cytotoxic activity against human
Colo-205.2% Another study confirmed the antiproliferative
activity of xanten-3-one derivates against different human
cell lines including SW620, HepG2, HeLa and A549 tumor
cells.2 Thioxantenes and xanthendiones are formed as
products of cyclization of tetraketone by nucleophilic
addition of hydroxyl group -OH to the C=C bond,?%
therefore, their biological activity may be related to the
formation of these compounds.?*

The aim of this study was to synthesize two new
biologically active tetraketones via  Knoevenagel
condensation and Michael addition of benzaldehydes with
dimedone and catalyst, and to evaluate their antioxidative
and antimicrobial activities, as well as to assess their
cytotoxic effect on human liver hepatocellular carcinoma
cell line (HepG2).

EXPERIMENTAL

The chemicals used in the synthesis of arylmethylenebis
(3-hydroxy-5,5-dimethyl-2-cyclohexen-1-one)  derivatives
were obtained from the Merck (Darmstadt, Germany) and
Sigma Aldrich (Missouri, SAD). All analyses were
performed using analytical grade chemicals, reagents and
standards. Neutral red assay kit was obtained from Sigma
Aldrich (Missouri, SAD). For all dilutions, only double-
distilled deionized water was used.[]

Melting points of compounds were determined by
capillary method on Kruss Melting point KSP I. IR spectra
of synthesized compounds were recorded by Thermo
Scientific Nicolet iS10 FTIR Spectrophotometer. The H
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and °C nuclear magnetic resonance (NMR) spectra were
recorded at 500 and 150 MHz in deuterated acetone at 25 °C
using NMR spectrophotometer Bruker Avance I11 500 (500
MHz for *H, 125 MHz for 13C). Elemental microanalyses of
synthesized compounds were performed by ELEMENTAR
(C, H, N, S, O) VARIO EL Ill. Antioxidant activities were
recorded by Spectrophotometer UVmini-1240, Shimadzu
Corporation.

General procedure for the synthesis

A mixture of 5,5-dimethylcyclohexyne-1,3-dione (2 mM),
substituted benzaldehyde (1 mM) and DABCO (10 mM) in
water (20 mL) was refluxed for 30 min. After completion of
the reaction, the mixture was cooled to the room
temperature. The solid was filtered off, washed with
distilled water and recrystallized from 96 % ethanol.

Determination of antioxidant activity

2,2-Diphenyl-1-picryl-hydrazyl (DPPH) method was
performed as described earlier by Lee et al. .?> The radical
scavenging effect (%) or percent inhibition of DPPH radical
was calculated according to the equation:

% |nh|b|t|0n = (Acomrol'Asample)/Acomrol xloo

where Aqne 1S the absorbance of the solution containing the
sample at 517 nm and A.wa is the absorbance of the DPPH
solution. The results are expressed as the ICso value (mM) or
the concentration of the sample that caused 50 %
neutralization of DPPH radicals.

The determination of ferric reducing antioxidant power or
ferric reducing ability (FRAP assay) was performed by the
method of Jiménez-Aspee et al. 2® To prepare the calibration
curve, solutions of FeS04.7H,O were prepared in the
concentration range from 200 to 1000 pmol L™ (y= 0.001x +
0.0615; R2 = 0.9907). In each tube, 0.1 mL of sample and 3
mL of FRAP reagent were added. The samples were
incubated in an aqueous bath for 30 min at 37 °C, and the
absorbance was measured at 593 nm.

Determination of antimicrobial activity

Antimicrobial activity was determined using the diffusion
the method described by Pirvu et al.,?” on reference bacterial
strains from Gram-positive microorganisms (Staphylococcus
aureus ATCC 25923, Enterococcus faecalis ATCC 51299,
Bacillus subtilis ATCC 23857). Antifungal activity was
examined on Candida albicans (ATCC 90028). From the
bacterial strains of overnight cultures, suspensions of 0.5
McFarland turbidity were prepared (density 107-10%8 CFU
mL, depending on soy). The strains were placed then on
the surface of the nutrient substrate-Mueller-Hinton agar
(MH), dispersed in sterile Petri dishes. The substrate
thickness was 4 mm. In the agar, sterile drill-shaped holes
were made ("wells"), into which 50 pL of synthesized
compounds (1-2) in concentration of 2 mg mL™ were added.
After the plates were left at room temperature for 15 min to
the substance was diffused into agar, they were incubated at
37 °C for 24 h. After the incubation period, the size of the
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inhibitory zone was measured and the sensitivity of the
microorganisms was expressed as follows. if the zone for
inhibition of microorganism growth was greater than 20 mm,
it was labeled with three pluses (+++), representing the
highest sensitivity of the microorganisms. If the inhibitory
zone ranged from 16 to 20 mm, it was marked with two
pluses (++). If the inhibitory zone was 10-15 mm in
diameter, it was marked with a plus (+). For the inhibitory
zone, less than 10 mm or if absent, a minus (-) sign has been
used.

In vitro determination of cytotoxic activity

The liver hepatocellular carcinoma cell line was cultured
in Minimum Essential Medium Eagle medium (Sigma
Aldrich) containing 2 mM glutamine (Sigma Aldrich), 1 %
nonessential Amino Acids (Sigma Aldrich), 10 % heat-
inactivated (HI) FBS (Sigma Aldrich) and 1 %
penicillin/streptomycin antibiotics (Sigma Aldrich), in a
humidified atmosphere containing 5 % CO; at 37 °C. For
each experiment, cells were grown at 80 % confluence in 75
cm? culture flasks.

Cytotoxic activity (cell viability) was evaluated by Neutral
red assay using the method previously described by Repetto
et al. - For each experiment, HepG2 cells were seeded (2 x
10 cells well) in 96 well plates and grown for 24 h. Test
agents (2.5 pM-100 pM) were then added and cells were
incubated for an additional 24 h. Working dilutions were
freshly prepared on the day of testing in the growth medium.
The solvent (DMSOQ) concentration never exceeded 0.1 % in
the final medium containing cells. Untreated cells were used
as negative control and positive control were cells treated
with 5-fluorouracil (5-FU). Cells were treated with 10 %
compound solutions and 90 % culture medium. Compound
stock solutions were prepared in double-distilled deionized
water and solutions were sterilized by filtration through 0.2
um sterile syringe filters.

The Neutral red assay was carried out according to the
manufacturer's instructions (Sigma Aldrich). After 24 h
treatment cells were incubated with medium containing
neutral red dye for 3 h. The cells were subsequently washed,
the dye was extracted from cells and absorbance was
measured using a microplate reader at a wavelength of 540
nm. The measured absorbance values were converted to
percent of cell viability with respect to negative control.(]

RESULTS AND DISCUSSION

Synthesis of arylmethylenebis(3-hydroxy-5,5-dimethyl-2-
cyclohexen-1-one) derivates

As shown in Figure 1, the synthesis of arlymethylenebis
3-hydroxy-5,5-dimethyl-2-cyclohexen-1-ones was assumed
to proceed via forming a product of Knoevenagel
condensation and Michael addition. In the first step of the
synthesis, there is a condensation of 5,5-
dimethylcyclohexane-1,3-dione and the 2-naphthylaldehyde
and 3,4-dihydroxyphenylaldehyde. After dehydration and
Michael's addition, synthetized tetraketone converts to aryl
methylenebis(3-hydroxy-5,5-dimethyl-2-cyclohexen-1-one)
derivative via keto-enol tautomery.®??
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Figure 1. Mechanism of synthesis of 2,2'-arlymethylen-bis(3-hydroxy-5,5-dimethly-2-cyclohexen-1-one) derivatives.

2,2'-(2-Hydroxynaphtyl)methylenebis(3-hydroxy-5,5-dimethyl-
2-cyclohexen-1-one) (1)

Yield 98.80 %, m.p. 236-240 °C. IR: 3200 (O-H), 3000
(Ar-H), 2934 (Aliph. -CH), 1641 (C=0), 1590 and 1465
(C=C), 1369 (C-0), 1230(-OH) cm’. *H NMR (500 MHz):
8 = 0.52-0.80 (4s 12H, C(CHa),); 1.70-2.10 (dd, 4H,CHy);
2.02-2.26 (dd, 4H CH,); 5.46 (s1H CH); 7.19-8.02 (6 d, 6H,
Ar-H); 11.09 (s,1H, -OH).2C NMR & = 26.5-30.0 (CHs on
Csand Cs'); 30.07 (Cs and Cs'); 32.2 (C7); 41.6, 43.7 (C4 and

C4'); 50.3,51.3 (Ce and Ce'); 111.9 (Cz and Cz'); 117.4, 132.2,

149.9 (Ar-C); 117.5, 123.9, 125.2, 127.4, 129.2, 120.4 (Ar-
CH); 195.5, 200.9 (Cy and C1); Anal. Calcd for Ca7H300s: C
74.63, H 6.96. Found C 74.98, H 6.59.

2,2'-(3,4-dihydroxyphenyl)methylenebis(3-hydroxy-5,5-
dimethyl-2-cyclohexen-1-one) (2)

Yield 53.50 %, m.p. 196.5-198.5 °C. IR: 3236 (O-H),
3000 (Ar-H), 2966 (Aliph CH), 1652 (C=0), 1558 and 1467
(C=0), 1369 (C-0), 1249 (OH) cm . *H NMR: § = 1.14 (s,
12H, C(CHa)); 2.12 (s, 4H, CHy); 2.38 (s, 4H CHy); 5.41
(s, 1H, CH); 6.64; 6.69 (dd, 3H Ar-H); 7.67; 7.69 (s, 2H,
OH); 12.01 (s, 1H, OH).*3C NMR: & = 28.6 (CH3 on Csand
Cs'); 32.2 (Cs and Cs'); 33.0 (C7); 47.3 (C4, Ce and C4', Ce');
115.5, 115.9, 119.2, 131.0 (Ar-CH) 144.0, 145.8 (Ar-C);
116.5 (Cz and C2); 190,4 (C1,Cs and Cy, C3). Anal. Calcd
for Ca3H2s06: C 68.98, H 7.05. found C 68.77, H 6.82.

OH
OH
0] 0]

OH OH OH OH
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Figure 2. Structure of synthesized compounds, 1 and 2
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Structural characterization of compounds

The IR spectrum indicated that both samples show
absorption bands for tetraketone structure, stretching
vibrations between 3000-2900 cm came from aliphatic CH
group, absorption bands at 1700-1600 cm™ belong to C=0
groups. Further, all IR spectrum show bands at 1600 and
1446 cm™ which are characteristic for the aromatic ring
(C=C), there are bands at 1300 cm™, characteristic for C-O
stretching and deformation vibrations of the OH group at
1200 cm™. The aromatic hydroxy groups as substituents in
the spectrum of compound 1 with 2-hydroxynaphtyl group
show a characteristic band at 3200 cm™, while the spectrum
of compound 2 with two hydroxy groups on phenyl ring on
the positions of 3 and 4, has a characteristic band at 3236
cm,

The *H NMR spectra of synthesized compounds contain
broad singlets in the range of 1.14-1.18 ppm derived from
CHj3 protons belong to positions Cs and Cs. Both spectra
have 2-2 singlets in the range of 2.03-2.12 ppm and 2.38-
2.41 ppm due to CH; protons on positions of C4, Cs and Cg,
Cg. One singlet was observed at 5.41-5.46 ppm from CH
proton, which connects cyclohexene rings (C).

A singlet at 4.29 ppm (proton of the hydroxy group) and
three doublets in the range of 7.19-7.36 ppm and doublets in
the range of 7.26-8.02 derived from the protons of the
naphthyl group could be observed in the spectrum of
compound 1. Two doublets were found at 6.64-7.52 ppm
due to phenyl ring protons of compound 2, while the
hydroxy group signals had a singlet at 6.97-7.67 ppm

The BC NMR spectra of synthesized compounds showed
signals at 26.5-29.0 ppm belong to carbon atoms of the
methyl groups. The signals from carbons on positions Csand
Csare at 30.07-32.8 ppm, while the signal from the methine
group connects the two cyclohexene rings that appeared at
32.2-33.6 ppm. Signals characteristic for cyclohexene ring
appeared at 47.6-51.3 (C4, Cs and Cs, Cg), 111.9-116.6 (C;
and Cz) and 190.4-200.9 ppm (C1, Cs and Cy, C3). In the 3C
NMR spectra, signals for aromatic carbons appeared at
117.4-125.2 and 127.4-132.2 ppm or 112.2-129.0 and 131.0-
150 ppm for compound 1 and compound 2, respectively.
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Figure 3. A. Viability of HepG2 cells after 24 hours exposure to increasing concentrations (2.5 uM, 25 uM, 50 uM and 100 uM) of
compound 1 and compound 2. B. Effects of compound 1 on cell viability in the treated, negative control, and positive control HepG2 cells.
Mean + SD of triplicates in a representative experiment. C. Effects of compound 1 on cell viability in the treated, negative control, and
positive control HepG2 cells. Mean + SD of triplicates in a representative experiment.

Antioxidant activity

The results of antioxidant activity expressed as 1Csp and
FRAP value, are shown in Table 1. Results indicated 2 has
the strongest free radical scavenging effect with 1Cso of
0.0156 mM and a FRAP value 50469.44 umol L1 Fe?*,
which may be due to the formation radical on the hydroxy
group (substituted on phenyl ring in positions 3 and 4).
Compound 1, substituted with two hydroxynaphtyl groups,
has a free radical scavenging effect and 1Csp of 1.79 mM and
FRAP value of 290.95 pmol L Fe?*.

Table 1. Summarized results of antioxidant capacity.

Sample 1Cso value, FRAP value, pmol L' Fe?*
1 1.790 290.95

2 0.015 50469.44

Vitamin C_ 0.035 14250

In comparison with Vitamin C, compound 2 exhibited
higher antioxidant capacity. These results suggest that
hydroxy groups have a significant effect on the antioxidant
activities of synthetic antioxidant substances. It has been
previously reported that reducing power is associated with
antioxidant activity, which is in accordance with our
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findings.®® Further, significant effects of hydroxy group
position on antioxidative activity have been previously
reported.> Also, a good antioxidant activity of other
tetraketones in the literature has been reported, which
correlates with our results.®

Antimicrobial activity

Results of the in vitro antimicrobial activity of the
synthesized compounds against selected test
microorganisms are shown in Table 2. Results indicate that
compound 1 has antibacterial activity against all tested
Gram-positive bacteria, and has antifungal activity against
Candida albicans. The largest inhibition zone, for
compound 1, was recorded with Staphylococcus aureus (20
mm) and the smallest with Enterococcus faecalis (10 mm).
Compound 2 has antimicrobial activity only against
Staphylococcus aureus (11 mm). In comparison to
compound 2, compound 1 showed more potent
antimicrobial and antifungal activity. This probably occurs
due to the presence of 2-naphthol group in the structure of
compound 1. According to the literature the naphthalene
ring, as a potent lipophilic part of the structure,® better
passes through biomembranes and therefore acts as a potent
antimicrobial agent.33
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Table 2. Antimicrobial activity of compounds in diameters, in mm,
of inhibition zone.

Sample SA EF BS CA
Compound1 20 (++) 10 (+) 13(+) 14 (%)
Compound2 11 (+) - - -

. . >25 >25
Ciprofloxacin ~ >25 (+++) (+44) (+44)

Nystatin - S - 20 (++)
| egend: SA - S. aureus, EF - E. faecalis, BS - B. subtilis, CA -
Candida albicans.

Cytotoxic activity

Assessment of the cytotoxic potential of tetraketones on
human-derived carcinoma cell line is the subject of many
scientific studies.®* Our findings suggest that both of our
samples are potent cytotoxic agents (Figure 3). As expected,
compound 1 exhibited higher cytotoxic potential, causing a
higher percent of cytotoxicity at the same concentration
compared to compound 2. It was interesting that the most
pronounced cytotoxic effect was observed at the highest
concentrations of compound 2 (100 pumol L), It is
noticeable that the increase in concentrations necessarily
leads to a proportional decline in cell viability in both cases,
respectively. These results are in agreement with previously
reported data which suggest that concentrations of cytotoxic
substance are in direct relationship with cell viability.?

CONCLUSION

Two arylmethylenebis(3-hydroxy-5,5-dimethyl-2-
cyclohexen-1-one) (aryl = 2-hydroxynaphthyl (1) and 3,4-
dihydroxy-phenyl (2) derivates were synthesised and tested
for antioxidant, antimicrobial and cytotoxic activities. From
the results, we can conclude that better antioxidant activity
with ICsp of 0.0156 mM and FRAP value 50 469.44 umol L
! Fe* has been found for compound 2, while better
antimicrobial and antifungal activity could be found for
compound 1. Although both compounds showed cytotoxic
activity, compound 1 exhibited higher cytotoxic potential in
comparison to compound 2. The results obtained showed
significant antioxidative, antimicrobial, and cytotoxic
activities which support the importance of these compounds
as candidates for therapeutically efficient agents against
oxidative stress, microorganisms, and tumor cells.
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INTRODUCTION

The atmospheric aerosol consists of solid and liquid
particles suspended in the atmosphere, studies of its physical
characteristics and chemical composition allow anticipating
possible climate changes, with ecological and long-term
consequences.?> Atmospheric aerosols resulting from the
burning of biomass, dust minerals, volcanic ashes, smoke, sea
salt, and particulate matters, stand out amongst the various
natural and anthropogenic influences. Aerosols are important
components of the Earth system® and decisively influence
global and regional climate change,*® air quality,® human
health,”*! the fauna, flora and the environment!? through
direct action and indirect radiation forcing, in addition to
directly impacting the cloud processes'® and visibility
variation.'* Aerosols have a significant impact on gas
concentration, distribution, and the hydrologic cycle of the
greenhouse effect, affecting the physical and chemical
processes occurring in the atmosphere.

Aerosol optical thickness (AOT) is the most comprehensive

variable for remote assessment of aerosol loading in the
atmosphere and is used to reflect its column loading. Recently,
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satellite remote sensing and terrestrial observations have
become widely used to monitor spatial and temporal
distributions of aerosols at both global and local scale.’>%
Satellite instruments such as Moderate Resolution Imaging
Spectroradiometer (MODIS) are used to monitor regional and
global scale aerosols and provide continuous and long-term
coverage of the territory under study.

Aerosols are closely related to a set of meteorological
variables: pressure (PRS), average temperature (TEM),
relative humidity (RHU), precipitation (PREC), evaporation
(EVP), wind speed (WSP), wind direction (WDI), sunshine
duration (SSD), and the individual effects of various weather
factors on particulate matter (PM) concentrations. The PM
concentrations are also very sensitive to temperature,
humidity, wind speed, and precipitation.20.18-23

There are few studies on how aerosol distribution depends
on the complex effects of these weather factors. In this paper,
AOT and all major meteorological factors were investigated
together with aerosol meteorology. Aerosol data of MODIS
Tier 2 products has been applied to Principal Component
Analysis (PCA) to evaluate statistical relationships between
seasonal distributions of average AOTs and meteorological
factors. PCA is a statistical technique used to reduce the total
number of parameters to a more manageable number by
grouping linearly correlated observations into a smaller
number of variables in PC space.?* In addition, this technique
combines highly correlated observation information into new
principal components (PC) variables, which are often
uncorrelated with each other. Initially, the spatial distribution
and temporal variation of AOT are evaluated for the central
part of Brazil for the period from 2002 to 2011. The objective
is to link the properties of aerosol distributions to regional
weather conditions.

EXPERIMENTAL

The aerosol concentrations were inferred monthly from the
AOT data at 550 nm of the MODIS/Terra sensor, whose
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spatial resolution is 100 km. These data come from the NASA
Giovanni database. AOT is a non-dimensional physical
parameter and indicates how much a beam of radiation is
attenuated by aerosols as it propagates in a certain layer of the
atmosphere containing aerosols.

The daily records of the Oz and CO concentration present
in the atmosphere and the meteorological data during the
study period were provided by the Federal University of
South Mato Grosso, where the monitoring station is located.
The clarity index (Ky), given by Eqn. (1), determines the sky
coverage, defined as the ratio of incident solar radiation (Ry)
(MJ m2 day?) by the top of the atmosphere radiation (Ro).

R
K. = R_i (1)

The lightness index (K;) was determined by the sky cover
according to Souza et al,*® according to which the global and
diffuse radiations are practically the same in the interval 0 <
K, < 0.3, and the radiation of direct approach is close to zero,
classifying the sky under these conditions as cloudy. For the
interval 0.3 < K, < 0.65, the diffuse and direct radiations
remain close, denominating the sky as partly cloudy. When
the interval is comprised of between 0.65 < K, < 1, the
direct approaches the global radiation, while the diffuse
radiation tends to have minimum value. In these conditions
the sky is called clean.

For numerical purposes, aerosols dependent variables are
called Y, and the independent variables are X, for the
considered period of study The transformation of the year
variable into the year-centered variable — year minus the
midpoint of the studied period — becomes necessary, since in
polynomial regression models, the terms of the equation are
often highly correlated and express the independent variable.
Deviation from their mean value is substantially reduced to
the self-correlation among them. A trend analysis of the
historical series was performed using a multiple linear
regression model that best described the relationship between
the independent variable X, i.e., the ozone concentration, the
number of heat sources, precipitation, minimum and
maximum temperatures, relative humidity, velocity of winds,
and the dependent variable Y, aerosol concentration,
according to Eqn. (2).

Y = ﬁo + BlX]. + 32X2+. ot ﬁka + ¢ (2)

Here the index k represents the number of variables, X; —
regressors, fj — estimators and ¢ - standard error. As a measure
of precision, the coefficient of determination R? was used.
The analysis of the residues confirmed the homoscedasticity
assumption of the model.?2

Statistical analysis

In this study, a descriptive analysis of the variables was
performed and, later, the hypotheses were tested using the
Multiple Regression Models (Eqgn. 3).

The mean square error (MSE) was calculated to check the
dexterity of the model.
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MSE = J%[Z{Ll(Pi - 0;)?] ©))

Here P;i and O; are the estimated and the observed values
respectively. The significance level of 5 % was considered in
all analyses. For consideration of variables, the data
standardization was used to apply the statistical technique,
considering the principal component analysis (PCA) and
cluster method.

Principal Component Analysis

PCA allows the reduction of multiple, highly correlated
variables from multiple data sources into a small number of
independent variables, each one having a unique physical
interaction.?’ It has been used® to combine MODIS clouds
and aerosols products, National Centers for Environmental
Prediction (NCEP) Reanalysis and TRMM-PR pluviometry
data to assess aerosol impacts in South America precipitation.
PCA simulation was performed using Matlab 7.1 with the
algorithm described in depth by Jones and Christopher.?* The
initial step in PCA is the calculation of a linear correlation
matrix (R) from the normalized data set (Z). Z represents an
m x n matrix, where m is the number of input variables and n
is the sample size of the seasonal data sets.

In this study, m = 13 represents the combination of
thirteen variables and n = 365 represents the corresponding
sample size for each variable. The correlation matrix was
calculated from the combined dataset of aerosols and
meteorological factors, where each data represents the value
corresponding to a search unit during a single station. Once
the correlation matrix is calculated, the eigen values (A) and
eigen vectors are calculated using Eqn. (4).

ET'XRXE=2 4)

The correlation matrix and the eigen vectors are m x n
matrices, and the eigen values are one-dimensional matrices
of size m. The weighting coefficients (A) are calculated from
the eigen values and vectors through Eqn. (5), where An is a
m x m matrix in which the diagonal values are set to 1 and all
other values are set to 0. The values of weighting range in
magnitude from -1.0 to 1.0, where 0 indicates that there is no
contribution of an input variable to the new PC variable.

A=EVA Xm (5)

Once the weights have been determined, the PC (F)
variables can be derived from the raw data (Z) using egn. (6).
The solution for F produces the final solution of PC variable,
given by eqn. (7).

Z=FxAT (6)

F=ZXAXx(ATxA)™? (7

The magnitude of an eigen value relative to the total
variance of the data set can be considered the degree of
variance explained by the new variable.

292



Aerosol optical depth climatology

A greater eigen value indicates that its information is more
important in relation to the complete dataset. The PC
variables were ordered in such a way that the first variable
(PC1) accounts for the greater variance in the raw data, the
second variable (PC2) accounts for the second largest amount
of variance, and so on.?”?8

RESULTS

The following graphics show the results of the measured
variables as a function of the time along a year for the city of
Campo Grande, capital city of South Mato Grosso state,
Brazil. The period considered in this paper goes from 2002 to
2011, therefore, all the values exhibited have been averaged
on this time interval. A second and sometimes even a third
independent variable is plotted together with the optical depth
for sake of graphic comparison and visual idea of correlation
among them. The variable time is shown in months, the
optical depth is always represented in the right y-axes, and
the other independent variable scale is exhibited in the left y-
axes.

The first characteristic shows the Oz and CO concentration
concomitantly with the optical depth as a function of the time
along the year. All these values are obviously positively
correlated as all their characteristics follow similar shapes.
The second graphic shows the temperatures — minimum,
maximum and average values — also with the optical depth.
The third graphic shows the humidity factor, also minimum,
maximum and average values as a function of the time along
the year to be compared with the optical depth. Graphic
number four shows the drew point while graphic number 5
represents the atmospheric pressure, minimum, maximum
and average values of both variables. Graphics number 6 and
number 7 show the wind direction and wind speed
respectively. Graphic number 8 exhibits the solar radiation
and graphic number 9 shows the clarity index. The last two
graphics, numbers 10 and 11 shows the number of wildfires
spots and the precipitation level, respectively, always
compared, in the same figure, with the optical depth as a
function of the time along the year.
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Figure 1. Measurement of ozone (Os) — empty square — and carbon

monoxide (CO) — empty circles — concentrations at left and optical
depth —filled circle — at right as a function of the time along the year.

The average temperatures measured in the region are high
in spring-summer, with September and October being the
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hottest months (averages above 23 °C) and mild in autumn-
winter, but rarely lower than 18 °C. June and July are the
months with the lowest thermal averages, between 18 °C and
21 °C. The average rainfall reached by precipitation during
the year present a distribution of 1330 mm.
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Figure 2. Measurement of the temperature — minimum, average and
maximum values —at left and optical depth — filled circle — at right
as a function of the time along the year.

—&— Optical depth ; —-F—= HUMp | ===%= == HUMpay ) —=&-= HuMge
20

o
L
w

o
w

80

o
T
w

70

Humidities (%)

o
un

50

o

L L N LA o
o
Optical depth

PR T ST A T T T N N A Y
v

o
=}
o

-
3
w
3
w
n
o
=1
a

Months

Figure 3. Measurement of the humidity — minimum, average and
maximum values —at left and optical depth — filled circle — at right
as a function of the time along the year.
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The values of monthly and annual average recorded
temperatures lead to the understanding that the spatial and
seasonal variation of this climatic variable follows the
characteristics of the region.

—e— Optcal depth ; === AtMmin | ===%=== AtMma ==& == AlMaa
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The highest thermal averages are observed from October to
March, which correspond to the summer in the tropical
climates in the Southern Hemisphere. October is the month
having the highest averages, and it is the period characterized
by the transition between the dry period and rainy.
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average and maximum values —at left and optical depth — filled circle
— at right as a function of the time along the year.
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Figure 10. Measurement of the number of wildfires spots — empty
square — at left and optical depth —filled circle — at right as a function
of the time along the year.
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Changes in atmospheric circulation patterns such as high
evapotranspiration rates, low average wind speeds, incipient
precipitation, and low air humidity favour the elevation of
temperatures, indicating the beginning of summer. Another
analysis that can be done from the average temperatures is
that the thermal amplitudes observed between the months
with higher and lower temperatures are very low, varying
4.0 ° C in average, between June (lower thermal averages)
and October (warmer month).
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Figure 11. Measurement of the precipitation index — empty square
— at left and optical depth — filled circle — at right as a function of the
time along the year.

The rainy season goes from October to March/April and
accounts for more than 85 % of annual rainfall, with the rains
in December and January corresponding for more than 35%
of the whole total. The dry season, which starts in April and
lasts until the beginning of October, has a significant
reduction in rainfall indices. The driest quarter of the year,
from June to August, the rainfall represents, on average, less
than 2 % of the annual total.

The dry season is characterized by long periods without
rainfall or insignificant precipitations, well below the daily
evapotranspiration (ETP), implying that the condition of
environment dryness is not improved. These periods often
exceed 100 days. For sake of analysis, periods of drought are
defined as those which over 75 days remain without
precipitation. During the period of study, there were many
longer periods of drought above the minimum limit set.
Considering the years for which longer periods of drought
have been observed, the average number without rain is 105
days, the average number of days without significant
precipitation (below than 2.5 mm) is 110 days. Practically
half of the total number of years present long periods without
rain exceeding 75 uninterrupted days. These periods coincide
with the dry season of the year, being more common during
June, July and August.

The wvariation of the aerosol concentrations in the
atmosphere of Campo Grande - MS is strongly influenced by
the biomass burning. The practice of biomass burning is
related to the meteorological conditions observed during the
second winter half and the first spring half. The long period
without precipitation and relatively low relative humidity are
meteorological factors that contribute to the seasonality of
biomass burning (figure 1 on burning outbreaks).
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The seasonality of the atmosphere contamination by
aerosols for Campo Grande — MS has been verified. Critical
periods occur typically between August and October,
coinciding with the dry season. The values of the monthly
averages of the optical thickness in the channel of 500 nm
(tsoonm) began rising on August (tsoonm ~ 0.1). Maximum
values usually occur in September (tsponm ~ 0.5 to 1.0) and
decrease from October onwards with the onset of the rainy
season. The decrease of the aerosol concentrations in the
atmosphere due to the beginning of the rainy season varies
from year to year.

The principal events associated with the most intense
attenuation of aerosol radiation due to the decreasing number
of heat sources have also been detected by the
AVHRR/NOAA sensor and the movement analysis by the
MODIS/TERRA sensor. The effect of aerosol reduction in
the atmosphere due to the beginning of the rain season differs
from year to year. The observed and analysed results indicate
that some regions are can be considered the main contributors
to the presence of aerosols in the atmosphere of Campo
Grande - MS (Figure 9 - optical depth and clarity index).

DISCUSSION

To understand the temporal variation of aerosols in the
studied area, the time series profile of the mean AOT values
are presented in Figures 1 to 11. During the period of study,
every maximum AOT value appeared during the spring, i.e.
between October and December. The seasonal mean value of
Tsoonm Measures how the cyclical variations are different. In
2007 and 2010, seasonal mean values of Tsponm Showed a
downward trend from spring to winter (July ~ September of
the following year). Conversely, in 2008 and 2009, these
measured values decreased from spring to autumn (April ~
June) and then increased slightly during the winter.

The annual cycle of seasonal averages shows a trend, which
decreases first from May to October and then increases from
November to April of the following year, and all maximums
appear during the spring. Thus, in order to better understand
these dissimilar cyclical variations, it is necessary to analyse
the spatial and temporal variations of AOT. In all figures from
1 to 12, mean values of tsponm reach the highest during the
spring, compared to the rest of the year.

Studies suggest that spring dust and local biomass firing
activities in the north of the country may have caused an
increase in the aerosol load in this area.l0128-31 |n addition,
vast areas of agricultural lands are located in the vicinity of
Campo Grande. After the spring harvest, local agricultural
wastes (e.g. cane straw, corn, wheat straw and residual wood)
are commonly burned to remove unwanted biomass and to
control invasive pests.

Thus, biomass burning in late spring and early summer are
expected to significantly increase PREC, TEM and RHU
values which are all at the highest levels during the summer.
High TEM and RHU can cause the gas-to-particle conversion
process resulting in a larger volume of fine particles, and
PREC can easily remove coarse particles,32-3
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Understandably, the increased deposition of coarse
particles by precipitation elimination plays a dominant role.
For the city of Campo Grande — MS, the population density
may be considered medium. The agricultural productivity is
pre-eminent and the winter is not very rigorous. The
consumption of fossil fuels and biofuels are naturally large,
contributing to SO, emissions with a mean of 1.76 ppb,
varying from a minimum of zero and a maximum of 46.6 ppb
during the year.?® The heavily emitted SO, can be largely
converted to sulfate aerosols in the atmosphere, making it the
dominant component of aerosols in Campo Grande.

Sulfates are hygroscopic aerosols, while the size of their
particle can grow with increasing humidity. The climate in
Campo Grande, characterized by high humidity throughout
the rainfall season, may be favourable for the growing single-
spreading albedo (SSA) of sulfate aerosols. The SSA aerosol
of sulfate doubles when RHU increases.®® Thus, in Campo
Grande, the meteorological conditions could contribute
approximately equally with heavy emissions of SO, to
increase the concentrations of particulate material, thus
increasing the optical thickness. In addition, Campo Grande
is located in a surrounding depression that prevents the
horizontal dispersion of concentrated aerosols. Thus, the
combined effects of heavy emissions, special weather
conditions and negative relief forms can result in high AOT
values.

Also, the fuel consumption of human activities in the city
of Campo Grande, such as industrial production, heating,
depletion of vehicles and daily life, releases waste gases with
a large amount of AOT. In addition to the high RHU
contributions, it can clearly increase the hygroscopicity of
aerosol particles and reduce the dispersion of secondary
pollutants, which can result in a larger increase in AOT.

Aerosols and meteorological factors

The temporal variations of AOT are affected mainly by the
seasonal variations of the meteorological conditions and
emissions of particulate material. Meteorological conditions
affect AOTs in different ways, TEM and RHU affect the
production of secondary particles,®3% PREC affects
deposition®** and velocity affects dispersion.? In addition,
changes in emissions of natural and anthropogenic particles
are also closely related to weather conditions. Aerosols also
have a considerable impact on atmospheric energy balance
and weather conditions. Thus, to better understand the
aerosol-meteorological interactions, the statistical properties
of AOTs and meteorological factors shall be presented and
discussed below.

AOT and meteorological variables

Using the Principal Component Analysis (ACP) extraction
method with Varimax rotation and Kaiser normalization, and
Cluster analysis obtained by the WARD method, two groups
were obtained that explained 87.8 % of the total variance.
This total is composed by the factor 1/group 1, which explains
51 % of the variance, and the factor 2/group 2, which explains
36.8 % of the variance.

Cluster analysis was performed, and the results show two
separate groups, and within each group there are two
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subgroups. They are, for group 1: subgroup 1.1 — ozone and
carbon monoxide; subgroup 1.2 — outbreaks of burning. For
group 2: subgroup 2.1 — average, maximum and minimum
atmospheric pressure, maximum, minimum and average
temperatures, and solar radiation; and subgroup 2.2 — mean
dew point, maximum and minimum precipitation, maximum
and minimum air humidity, clarity index, wind speed, and
wind direction.

Coefficient Pearson
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Figure 12. Pearson coefficients relating the studied variables and
aerosols for Campo Grande — MS, Brazil.

No obvious relationship was found between AOT and
meteorological variables. This may occur because the low-
pressure climate is conducive to controlling the dilution and
diffusion of air pollution, which plays a significant role in
reducing pollution levels. In contrast, under high pressure
conditions, higher concentrations of soil-level pollution have
been observed in some scientific communications.®¢37

The TEM is similar to the AOT pattern, which correlated
positively. The next factor, RHU, shows a negative
correlation. The PREC indicates a positive correlation. Thus,
these results make it clear that high TEM and RHU may result
in the increase of fine particles, and PREC can easily remove
coarse particles, which are quite similar to the results of some
recent published studies.32-33

During the summer and fall, TEM, RHU and PREC are all
larger, resulting in relatively low AOT values. Conversely,
during the spring and winter, TEM, RHU and PREC are all
smaller, resulting in relatively higher AOT values. Continuing
with EVP and SSD, the evaporation capacity is positively
correlated with the duration of sunlight. In this study, the
seasonal variations of EVP are also consistent with those of
SSD and show approximately negative correlations with AOT.
This indicates that reductions in evaporation and duration of
sunlight seem to be related to rises in aerosol load, which is
quite similar to earlier results.?33

The seasonal mean of AOT is correlated to PRS, TEM,
RHU and PREC, as fine particle aerosols are easier to
accumulate when all four meteorological factors are at
maximum.323338 This is due to the fact that aerosols of coarse
particles can be easily removed by wet deposition and can
result in the reduction of solar radiation that reaches the
surface and reduces evaporation.?®3438

The weighting coefficients are produced using the Principal
Component Analysis (PCA) that is used to generate the new
PC variables. The first line of values is the amount of
variation (%) explained by the corresponding PC variable.
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Table 1. Weight coefficients of the new PC variables.
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The Oz and CO-concentrations are expressed in ppb. The

statigtical parameters are S = 0.0217283, R - Sq = 96.1 %, R
=Sq|(adj) = 92.8 % and error = 0.02.

Far the group number 2 the regression analysis resulted in
the following equation.

AOT| = —3.9 + 0.0033 PRS — 0.000011 R, —
0.00088 PREC + 0.0047 TEM,,,, + 0.00279 RHU, .y +
0.0987 WSP + 0.000413 WDI + 0.383 K, 9)

In|this equation, the pressure (PRS) is measured in hPa,
radiation (Rg) in MJ m?2, precipitation (PREC) in mm,
temperature (TEM) in °C, humidity (RHU) in %, wind speed
(WSP) in m s, wind direction (WDI) in angular degrees and
the clarity index as the number defined by Eqgn. (1). The
resulting statistical parameters are S = 0.0735384, R — Sq =
70.2|%, R — Sq (adj) = 17.9 % and error = 0.37.

The incidence of solar radiation causes the heating of the
surface and initiates convective processes that cause the
variation in  aerosol concentration through turbulent

Variables PC1 PC2

AOT -0.029 -0.607
Dew point 0.375 0.059
Atmospheric pressure (hPa) -0.311 -0.242
Solar radiation (MJ m?) 0.531 0.319
Os ppb -0.260 0.356
CO ppb -0.216 0.390
Mm 0.340 0.126
Tmax C° 0.433 0.159
Humiditymax% 0.341 -0.123
Wind speed (m s%) -0.334 0.197
Direction of winds (degrees) -0.362 0.063
Clarity index 0.329 0.230
Wildfire spots -0.212 0.321
Proportion 0.510 0.368
Cumulative 0.510 0.878

PCA Results

New variables with unique physical interpretations were
found from PCA data that can be inferred from the weighting
coefficients used to create each variable (Table 1). The first
PC variable (PC1) accounts for 51 % of the total variance and
is derived mainly from the predominant meteorological
factors. Positive values of PC1 were obtained for vapour
pressure, precipitation, temperature, and humidity. In
addition, PC1 also receives negative weights of atmospheric
pressure and wind speed. Thus, it can be inferred that the
positive values of PC1 are clearly indicative of atmospheric
conditions in which the low pressure, the air dryness and the
longer duration of the insolation are more likely to occur.
Such atmospheric conditions are conducive to controlling the
dilution and diffusion of fine particles, which results in
relatively low AOT — negative values.

The PC2, which represents 36.8 % of the total variance,
reveals a more interesting interaction between the pollutant
and aerosol variables. In particular, the positive sign of the
ozone coefficient is consistent with carbon monoxide because
the weighting coefficients obtained for them are almost equal.
Thus, the positive values of PC2 correspond to high values of
ozone and CO, which play an important role in increasing
AOT.

If the data are correlated, the model should be adjusted
taking into account these auto correlations. This correction is
done by inserting the residue into the model. All
considerations on temporal trends should be observed when
conducting a study, for example, on the impact of a particular
variable. Other factors that are generally considered in these
studies are the effects of temperature, precipitation and
humidity. After considering the mentioned factors, the values
of the coefficients, B, are determined. For the group 1, the
values of regression analysis yielded the following results.

AOT = 0.0643 — 0.00133 05 + 0.000446 CO —
0.000006 wildfires (8)
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movements. These variations are responsible for the raise or
reduction in aerosol concentration within a certain volume
from both horizontal and vertical motion.

Environmental degradation is one of the main problems of
modern society. Technological development, population
growth and its concentration in the urban environment,
industrialization and the use of new methods and techniques
in agriculture are some of the contributing factors for the
introduction of different chemical, synthetic and even natural
substances into the environment, which generate adverse
effects on the environment and living things.

CONCLUSION

The local averages of seasonality, considering the crests
and depressions of the curve, indicating the increased
concentration of aerosols observed during the analysis can be
attributed: (i) to the dust aerosols produced locally from
desert zones and catalyzed by intense solar heating also as
transported aerosols; (ii) to the increase in anthropogenic
activities, as the land preparation and biomass burning that
release a significant amount of dust and smoke particles into
the atmosphere; (iii) to the smoke particles transported from
neighbouring countries and neighbouring states — the
southern part of Campo Grande is called the arc of fire, region
where there is a higher incidence of wildfires; and (iv) to the
atmospheric inversion condition prevalent in the region,
which does not withstand upward movement of air resulting
in high aerosol loading at the lower levels of the atmosphere.
The low AOT observed during the local moist months can be
attributed to the reduction of anthropogenic activities and the
increase of wet deposition processes.

It is known that precipitation directly influences the aerosol
load. The reverse modal patterns between precipitation and
AOT (see Figure 11) indicate the role played by precipitation
in modulating the AOT concentration. The stations with high
(low) precipitation correspond to AOT valleys (peaks). This
is further evidenced by significant negative correlation (with
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95 % confidence level) between AOT and precipitation
(Figure 12). Generally, precipitation can affect aerosol
loading, especially dust particles in different ways: (i) it
washes aerosols by reducing their concentration in the
atmosphere, a process known as elimination; (ii) increases
soil moisture by suppressing induced dust emissions as
winding the ground. In addition, it increases the growth of the
vegetation, which could also prevent the emission of dust.
However, during periods of drought, the residue varies freely
due to the aerosol emissions from burnings and biomass
events.

In this study, the aerosol and meteorological data were
analysed to assess the relationships between aerosols and
meteorological conditions. The aerosol distribution
properties have first been examined in the research area and
found that the temporal variations of the AOT show different
characteristics and are mainly affected by variations in
meteorological conditions and particulate emissions. A main
result of this work is that the seasonal annual cycle of AOT
shows a decreasing trend followed by a rise, and all highs
appear in the spring.

The variability of AOT in the 500 nm channel verified in
the atmosphere of Campo Grande — MS presents a strong
monthly  seasonality related to the predominant
meteorological conditions and to the numerous fires of
burnings verified in regions that are source of aerosols. In the
months with the greatest influence of the wildfires, monthly
averages of tsoonm from 0.6 to 1.0 were observed, while in the
months with cleaner atmosphere values of tsponm Were
observed around 0.1. The mathematical correlation between
the climatic indicators indicated that the main source in order
of significance formed two groups, with two subgroups each.

The analysis of the temporal variability of AOT showed that
Campo Grande has a characteristic annual cycle with increase
of AOT in the periods of August to October, with maximums
recorded in the month of September, coinciding with the
period of increase of burnings in the southern Amazon and in
the areas of the Brazil Central-West “cerrado”, while in the
other months of the year AOT has low values, around 0.1.

It was observed that the years presenting the highest AOT
load in the region were those in which there were a greater
number of outbreaks of burning in the Brazilian territory. The
atmospheric circulation and frontal systems that operate in
South America during the dry season period interfere in the
amount of foci and, consequently, in the AOT values for
several regions, including Campo Grande, which is one of the
places, affected by the air masses that aerosol from the
northern region.
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DATABASE STATEMENT/DATA
AVAILABILITY

The climate database is public domain and available at:
INMET: http://www.inmet.gov.br/portal/index.php?r=_esta-
coes/estacoesAutomaticas;https://giovanni.gsfc.nasa.qov/gio
vanni; http://climan alise.cptec.inpe.br/~rclimanl/boletim/

REFERENCES

IChen, S., Zhao, C., Qian, Y., Leung, L. R., Huang, J.-P., Huang, Z.-
W., Bi, J.-R., Zhang, W., Shi, J.-S., Yang, L., Li, Deshuai, Li,
J. X., Regional modeling of dust mass balance and radiative
forcing over East Asia using WRF-Chem, Aeolian Res., 2014,
15, 15-30. https://doi.org/10.1016/j.ae0lia.2014.02.001

2Gui, Ke; Che, Huizheng; Chen, Quanliang; Zeng, Zhaoliang; Zheng,
Yu; Long, Qichao; Sun, Tianze; Liu, Xinyu; Wang, Yagiang;
Liao, Tingting; Yu, Jie; Wang, Hong; Zhang, Xiaoye. Water
vapor variation and the effect of aerosols in China, Atm.
Environ., 2017, 165, 322-335. DOI:
10.1016/j.atmosenv.2017.07.005

3Brock, C. A., Cozic, J., Bahreini, R., Froyd, K. D., Middlebrook, A.
M., McComiskey, A., Brioude, J., Cooper, O. R., Stohl, A,,
Aikin, K. C., de Gouw, J. A., Fahey, D. W., Ferrare, R. A,
Gao, R.-S., Gore, W., Holloway, J. S., Hiibler, G., Jefferson,
A., Lack, D. A, Lance, S., Moore, R. H., Murphy, D. M.,
Nenes, A., Novelli, P. C., Nowak, J. B., Ogren, J. A., Peischl,
J., Pierce, R. B., Pilewskie, P., Quinn, P. K., Ryerson, T. B.,
Schmidt, K. S., Schwarz, J. P., Sodemann, H., Spackman, J.
R., Stark, H., Thomson, D. S., Thornberry, T., Veres, P., Watts,
L. A., Warneke, C., and Wollny, A. G.: Characteristics,
sources, and transport of aerosols measured in spring 2008
during the aerosol, radiation, and cloud processes affecting
Arctic Climate (ARCPAC) Project, Atm. Chem. Phys., 2011,
11, 2423-2453, https://doi.org/10.5194/acp-11-2423-2011.

4Qian, Y. U. N,, Leung, L. R., Ghan, S. J., Giorgi, F., Regional
climate effects of aerosols over China: Modeling and
observation, Tellus B Chem. Phys. Meteorol., 2011, 55(4),
914-934. doi.org/10.3402/tellusb.v55i4.16379

5 Levy H, Horowitz L, Schwarzkopf M, Ming Y, Golaz J, Naik V,
Ramaswamy V. The roles of aerosol direct and indirect effects
in past and future climate change, J. Geophys. Res. Atmos.,
2013, 118(10), 4521-4532. doi.org/10.1002/jgrd.50192

6Gao, VY., Liu, X., Zhao, C., Zhang, M., Emission controls versus
meteorological ~ conditions in  determining  aerosol
concentrations in Beijing during the 2008 Olympic Games,
Atm. Chem. Phys, 2011, 11, 16655-16691. DOI:
10.5194/acpd-11-16655-2011

"Zhang, Z., J. Wang, L. Chen, X. Chen, G. Sun, N. Zhong, H. Kan,
and W. Lu. Impact of haze and air pollution-related hazards on
hospital admissions in Guangzhou, China. Environ. Sci. Pollut.
Res., 2014, 21, 4236-4244. doi: 10.1007/s11356-013-2374-6

8Lu F, Xu D, Cheng Y, Dong S, Guo C, lJiang X, Zheng X,
Systematic review and meta-analysis of the adverse health
effects of ambient PM2.5 and PM10 pollution in the Chinese
population, Environ. Res. 2015, 136, 196-204. doi:
10.1016/j.envres.2014.06.029.

SMukherjee, A., Agrawal, M., World air particulate matter: sources,
distribution and health effects, Environ. Chem. Lett., 2017,
15(2), 283-309).

0Souza, A. Santos, D. A. S., Lariane, P. G. C., Poluicdo Atmosférica
Urbana A Partir De Dados De Aerossois Modis: Efeito Dos
Parametros Meteorol6gicos, Boletim Goiano de Geografia,
2017, 37, 466. doi.org/10.5216/bgg.v37i3.50766

1Souza, A., Ihaddadene, R., Ihaddadene, N., Oguntunde, P. E.,
Clarity Index Analysis and Modeling Using Probabili
Distribution Functions in Campo Grande-MS, Brazil, J. Sol.
Energ)/ ] Eng., 2019, 141(6), 061001.

https://doi.org/10.1115/1.4043615

298


http://www.inmet.gov.br/portal/index.php?r=%20esta-coes
http://www.inmet.gov.br/portal/index.php?r=%20esta-coes
https://giovanni.gsfc.nasa.gov/giovanni;%20http:/climan
https://giovanni.gsfc.nasa.gov/giovanni;%20http:/climan
https://doi.org/10.1016/j.aeolia.2014.02.001
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Gui%2C+Ke%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Che%2C+Huizheng%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Chen%2C+Quanliang%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Zeng%2C+Zhaoliang%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Zheng%2C+Yu%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Zheng%2C+Yu%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Long%2C+Qichao%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Sun%2C+Tianze%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Liu%2C+Xinyu%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Wang%2C+Yaqiang%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Liao%2C+Tingting%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Yu%2C+Jie%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Wang%2C+Hong%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/abs/2017AtmEn.165..322G/abstract#search/q=author:%22Zhang%2C+Xiaoye%22&sort=date%20desc,%20bibcode%20desc
https://doi.org/10.3402/tellusb.v55i4.16379
https://doi.org/10.1002/jgrd.50192
https://doi.org/10.5216/bgg.v37i3.50766
https://doi.org/10.1115/1.4043615

Aerosol optical depth climatology

12Steiner, W. A., The influence of air pollution on moss-dwelling
animals, I, Methodology and composition of flora and fauna,
Rev. Suisse Zool., 1994, 101(2), 533-556.
https://doi.org/10.5962/bhl.part.79917

18Shang, H., Chen, L., Tao, J., Lin, S., Jia, S., Synergetic use of
MODIS cloud parameters for distinguishing high aerosol
loadings from clouds over the North China Plain. IEEE. J. Sel.
Top. Appl. Earth Obs. Remote Sens., 2014, 7(12), 4879
4886. DOI: 10.1109/JSTARS.2014.2332427

14Zhang Z., Wu W., Wei J., Song Y., Yan X., Zhu L., Wang Q.,
Aerosol optical depth retrieval from visibility in China during
1973-2014, Atm.  Environ., 2017, 171, 38-48.
DOI: 10.1016/j.atmosenv.2017.09.004

5Che, H., Zhang, X.-Y., Xia, X., Goloub, P., Holben, B., Zhao, H.,
Wang, Y., Zhang, X.-C., Wang, H., Blarel, L., Damiri, B.,
Zhang, R., Deng, X., Ma, Y., Wang, T., Geng, F., Qi, B., Zhu,
J., Yu, J., Chen, Q., and Shi, G.. Ground-based aerosol
climatology of China: aerosol optical depths from the China
Aerosol Remote Sensing Network (CARSNET) 2002-2013,
Atm.  Chem. Phys, 2015, 15(13), 7619-7652.
https://doi.ora/10.5194/acp-15-7619-2015

BFilonchyk, M., Yan, H., Zhang, Z., Analysis of spatial and
temporal variability of aerosol optical depth over China using
MODIS combined Dark Target and Deep Blue product, Theor.
Appl. Climatol, 2018, 1-18,
https://doi.org/10.1007/s00704-018-2737-5.

7Sarkar, T., Mishra, M., Soil Erosion Susceptibility Mapping with
the Application of Logistic Regression and Artificial Neural,
Network. J. Geovis. Spat. Anal., 2018, 2(1), 8.
https://doi.org/10.1007/s41651-018-0015-9.

8Dawson, J. P., Adams, P. J., Pandis, S. N., Sensitivity of PM2.5 to
climate in the Eastern US: A modeling case study, Atmos.
Chem. Phys., 2007, 7(16), 4295-4309, doi:10.5194/acp-7-
4295-2007.

Dawson, J. P., Racherla, P. N., Lynn, B. H., Adams, P. J., Pandis,
S. N., Impacts of climate change on regional and urban air
quality in theeastern United States: Role of meteorology, J.
Geophys. Res., 2009, 114, D05308,
d0i:10.1029/2008JD009849.

2peng, X., Shi, C., Wu, B., Chen, Z., Nie, S., He, D., Zhang, H.,
Analysis of aerosol characteristics and their relationships with

meteorological parameters over Anhui province in China, Atm.

Res., 2012, 109-110(0), 52-63,
doi:10.1016/j.atmosres.2012.02.011.

21Jiménez-Guerrero, P., Montavez, J. P., GoOmez-Navarro, J. J.,
Jerez, S., Lorente-Plazas, R., Impacts of climate change on
ground levelgas-phase pollutants and aerosols in the Iberian
Peninsula for the late XXI century, Atm. Environ., 2012, 55(0),
483-495, doi:10.1016/j.atmosenv.2012.02.048.

22Yang, X., Ferrat, M., Li, Z. Q., New evidence of orographic
precipitation suppression by aerosols in central China,
Meteorol.  Atm..  Phys., 2013, 119(1-2), 17-29,
doi:10.1007/s00703-012-0221-9

ZWang, Y. W., Yang, Y. H., China’s dimming and brightening:
Evidence, causes and hydrological implications, Ann.

Geophys., 2014, 32(1), 41-55, doi:10.5194/angeo-32-41-2014.

2 atorre, M., Cardoso, M., Andlise De Séries Temporais Em
Epidemiologiaz  Uma  Introdugdo  Sobre  Aspectos
Metodoldgicos, Rev. Bras. Epidemiol., 2014, 4(3), 145-152.

%Montgomery, D. C., Peak, E. A., Introduction to linear regression
analysis. 2" Ed., Wiley, New York, 1992, 68-79.

Eur. Chem. Bull., 2020, 9(9), 291-299

http://dx.doi.org/10.17628/ecb.2020.9.291-299

Section B-Research paper

%Abdi, H., Williams, L. J., Principal component analysis, WIREs
Comp. Stat., 2010, 2(4), 433-459. doi:10.1002/wics.101.

2Jones, T. A., Christopher, S. A., Statistical properties of aerosol-
cloud-precipitation interactions in South America, Atm. Chem.
Phys., 2010, 10(5), 2287-2305, doi:10.5194/acp-10-2287-2
010.

30uza, A., Santos, D. A. S., Analise das componentes principais
no processo de monitoramento ambiental, Nativa, 2018, 6, 639.
http://dx.doi.org/10.31413/nativa.v6i6.6453

2Souza,A., Santos,D.A.S.,  Aristone,F., Kovacé-Andrié,F.,
Markovié¢,B., Matasovié,B., Pavao,H.G., Pires,J.C.M., Ikefuti,
P.V.,Impacto De Fatores Meteorolégicos Sobre As
Concentragdes De Ozonio Modelados Por Analise De Séries
Temporais E Métodos Estatisticos Multivariados, Holos
(Natal. Online), 2017, 5, 2.
DOI: https://doi.org/10.15628/hol0s.2017.5033

30Souza, A., Ikefuti, P. V, Garcia, A. P., Santos, D. A. S, Oliveira,
S., Analise da relagdo entre O3, NO e NO2 usando técnicas de
regressao linear multipla, Geographia (UFF), 2018, 20,
124. DOI: 10.22409/geographia.v20i43.1065

31Spuza, A., Jan, B., Nawaz, F., Zai, M.A.K.Y ., Oliveira, S.S., Pavao,
H.G.,Fernandes, W.A., lhaddadene, R., lhaddadene, N.,
Oguntunde, P.E., Santos, D.A.S.., Temporal variations of SO,
in an urban environment, Discovery, 2019, 55(283), 328-339.

%] ee, K. H., Kim, Y. J., von Hoyningen-Huene, W., Burrow, J. P.,
Spatio-temporal variability of satellite-derived aerosol optical
thickness over Northeast Asia in 2004, Atm. Environ., 2007,
41(19), 3959-3973, d0i:10.1016/j.atmosenv.2007.01.048

3Che, H. Z., Zhang, X. Y., Alfraro, S., Chatenet, B., Gomes, L.,
Zhao, J. Q., Aerosol optical properties and its radiative forcing
over Yulin, China in 2001 and 2002, Adv. Atm. Sci., 2009,
26(3), 564-576, doi:10.1007/s00376-009-0564-4

%Tao, J., Zhang, L., Engling, G., Zhang, R., Yang, Y., Cao, J., Zhu,
C., Wang, Q., Luo, L., Chemical composition of PM2.5 in an
urban environment in Chengdu, China: Importance of
springtime dust storms and biomass burning, Atm. Res., 2013,
122(0), 270-283, doi:10.1016/j.atmosres.2 012.11.004.

%Thornhill, G. D., Ryder, C. L., Highwood, E. J., Shaffrey, L. C.,
Johnson, B. T., The effect of South American biomass burning
aerosol emissions on the regional climate, Atm. Chem. Phys.,
2018, 18, 5321-5342. https://doi.org/10.5194/acp-18-5321.

%Chen, Z. H., Cheng, S. Y., Li, J. B, Guo, X. R., Wang, W. H.,
Chen, D. S., Relationship between atmospheric pollution
processes and synoptic pressure patterns in northern China,
Atm. Environ., 2008, 42(24), 6078-6087.
doi:10.1016/j.atmosenv.2008.03.043.

$7Im, U., Tayanc, M., Yenigun, O., Analysis of major photochemical
pollutants with meteorological factors for high ozone days in
Istanbul, Turkey, Water Air Soil Pollut., 2006, 175(1-4), 335-
359. d0i:10.1007/s11270-006-9142-x.

38Sanchez-Lorenzo, A., Calbd, J., Wild, M., Azorin-Molina, C., and
Sanchez-Romero, A.: New insights into the history of the
Campbell-Stokes sunshine recorder, Weather, 2013, 68, 327-
331, doi:10.1002/wea.2156.

Received: 17.05.2020.
Accepted: 18.06.2020.

299


https://doi.org/10.5962/bhl.part.79917
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1109%2FJSTARS.2014.2332427
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.atmosenv.2017.09.004
https://doi.org/10.5194/acp-15-7619-2015
https://doi.org/10.1007/s00704-018-2737-5
https://doi.org/10.1007/s41651-018-0015-9
http://lattes.cnpq.br/6113404589622533
https://doi.org/10.15628/holos.2017.5033

Synthesis of pyrazole-conjugated tetrahydroquinolines

GLYCEROL MEDIATED ONE-POT SYNTHESIS OF PYRAZOLE
E B CONJUGATED TETRAHYDROQUINOLINE DERIVATIVES
AND EVALUATION OF THEIR ANTICANCER ACTIVITY

Section A-Research paper

N. Amarnath Reddy,® K. Kamala,®l Raveendra Dayam[® and K. V. Sarithal"

Keywords: 3-Methyl-1-phenyl-1H-pyrazol-5-amine; 5,5-dimethylcyclohexane-1,3-dione; one-pot reaction; glycerol; anticancer activity.

Pyrazole scaffold is an important building block in many of the medicinally active new chemical entities. In the current work, synthesis of
pyrazole conjugated tetrahydroquinoline derivatives has been achieved by treating 3-methyl-1-phenyl-1H-pyrazol-5-amine (1), 5,5-
dimethylcyclohexane-1,3-dione (2), and benzaldehydes (3) at 80-85 °C for 60-90 min using glycerol as green reaction medium. The anti-
cancer activity of the synthesized pyrazole-conjugates was carried out on breast cancer (MCF-7) and liver cancer (A549) cell lines. Two
among the tested compounds showed potential inhibition on A549 cell lines. Further, molecular modeling studies have performed and the
binding interactions with the target protein have been observed. Additionally, pharmacokinetic properties such as bioavailability, log P,
total polar surface area and blood brain barrier (BBB) have been predicted using SwissADME tools to get insight into the further structural

optimization.
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INTRODUCTION

Pyrazolo[3,4-b]quinaline derivatives were momentous for
their pharmacological activities. In particular, they showed
potential anticancer, anti-malarial, antiviral, and anti-
inflammatory properties.’®* These are also known for
parasiticidic properties, antibacterial, antitumor,
hypotensive, and vasodilation activities.®® In specific,
pyrazolo-annelated heterocyclic scaffold is being found in a
diverse therapeutic drugs such as COX inhibitors,
Phosphodiesterase 5 (PDES5) inhibitor (Sildenafil Citrate -
Viagra), and mTOR signaling inhibitors (WYE-354) (Figure
1) etc.* Due to their growing importance, various synthetic
protocols have been reported in the recent past for the
preparation of pyrazolo[3,4-b]quinoline scaffolds using
different homogeneous and heterogeneous materials such as
FeNis-ILs.> PEGOSO3H,? L-proline,” and InCls? as catalysts.
However, the aforementioned methods have limitations and
suffer from drawbacks such as prolonged reaction times,
harsh reaction conditions, catalyst separation challenges,
tedious workup, waste generation, toxic solvents, high
reaction temperatures and low product yields. Therefore,
there is a pressing need for newer methods that could
surmount the above challenges.

Research for finding other alternate reaction media, which
can substitute the hazardous, toxic, and inflammable organic
solvents, which pose a serious threat to the environment, is
gaining progress. Many environmentally compatible
reaction media like green solvents,® ionic liquids,©
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supercritical fluids,'* and fluorous phases,'? are being used
for several organic reactions. Each has its own advantages
and is dependent on external factors like lipophilicity,
pressure, and viscosity.

\\ ~NH,
\\ /@/\/
Crizotanib
Celecoxib (Anti Cancer)

(COX2 NSAID)

%N{) age

/\ //
’l ~OH

Metamizole

(Spasm reliever)

Rimonabant
(Anti Obesity)

Sildenafil (Viagra)
PDE Inhibitor

Target Molecule (4a-h)

Figure 1. Some therapeutically active compounds containing
pyrazole scaffold.

Glycerol was an environmental and biodegradable solvent
produced as a by-product in the biodiesel industry®. Given
the high boiling point property of glycerol, reactions using
this as a medium can be carried out at high temperature, thus
allowing acceleration of the reaction or making possible
reactions that do not proceed in low boiling point solvents.
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Table 1. Optimization of reaction conditions for the synthesis of 4a.
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S. No. Solvent Temp. °C Catalyst Time h Yield %
1 Glycerol 80-85 TEA, 1 equiv. 1 90
2 Ethylene glycol 80-85 TEA, 1 equiv. 2 80
3 DMF 80-85 TEA, 1 equiv. 2 60
4 DMSO 80-85 TEA, 1 equiv. 2 65
5 Glycerol 80-85 Piperidine, 1 equiv. 15 85
6 Ethylene glycol 80-85 Piperidine, 1 equiv. 25 81
7 DMF 80-85 Piperidine, 1 equiv. 3 65
8 DMSO 80-85 Piperidine, 1 equiv. 3 68
9 Glycerol 80-85 DBU, 1 equiv. 15 87
10 Ethylene glycol 80-85 DBU, 1 equiv. 25 83
11 DMF 80-85 DBU, 1 equiv. 2.5 68
12 DMSO 80-85 DBU, 1 equiv. 2.5 69
13 Glycerol 60-65 TEA, 1 equiv. 5 88
14 Glycerol 90-95 TEA, 1 equiv. 1 87
15 Glycerol 80-85 TEA, 0.5 equiv. 15 86
16 Glycerol 80-85 TEA, 2 equiv. 1 85

In the bulk manufacturing of active pharmaceutical
ingredients (API), the low toxicity of glycerol allows to be
used as a solvent in the synthesis of in which the toxicity
and residue of solvent have to be carefully controlled. Due
to the unique physico-chemical properties, there are a large
number of reports on the applications of glycerol as efficient
and convenient solvents in organic transformations.*®

In view of the importance of pyrazole scaffold, we report
presently an efficient one-pot protocol for the synthesis of
pyrazolo[3,4-b]quinolines using glycerol as green reaction
medium. There have been no earlier reports for the
preparation of pyrazolo[3,4-b]quinoline derivatives in
glycerol as solvent.

RESULTS AND DISCUSSION

Initially, using the one-pot three-component reaction of 3-
methyl-1-phenyl-1H-pyrazol-5-amine (1) (1 mmol) with
5,5-dimethylcyclohexane-1,3-dione (2) (1 mmol), and
benzaldehyde (3a) (1 mmol) was carried out at 80-85 °C as a
model for synthesis of 3,7,7-trimethyl-1,4-diphenyl-6,7,8,9-
tetrahydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one (4a). We
examined the suitable solvents like glycerol, ethylene glycol,
DMSO and DMF at different temperature in the presence of
1 equiv. TEA as catalyst at 80-85 °C. Results are
summarised in Table 1. It is observed that the formation of
4a by one-pot three component reaction in glycerol at 80-85
°C for 60 min gave excellent yield 90 % compare to other
conditions (Table 1 entry 1). The structure of 4a was
confirmed by *H, **C-NMR, and Mass spectroscopy.

Further, optimization studies were carried out by altering
different catalysts such as piperidine and DBU for formation
of 4a by using 1, 2 and 3a. It is noticed that usage of
piperidine and DBU as catalyst for this reaction resulted in
low yields (Table 1, entry 5 and 12). Lower and higher
temperature also gave low yield in formation of 4a (Table 1,
entry no 13 and 14).
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Scheme 1. Synthesis of 4a-4h by one-pot synthesis.

In the continuous efforts to optimize the one-pot three
component reaction, different catalyst amounts were used
like 0.5 equiv., 1 equiv. and 2 equiv. of TEA and consistent
optimized results were obtained with 1 equiv. of TEA.
Results were summarised in Table 1 (Entry no 1, 15 & 16).
However, finally formation of 4a in glycerol as solvent at
80-85 °C in the presence of 1 equiv. of TEA gave excellent
yield for 60 min. Having optimised one-pot three component
reaction conditions, we explored the scope and limitations
with series of substituted anilines 3a-3h. It was found that
the both electron-deficient and electron-rich anilines were
applicable for this optimised conditions affording the
corresponding benzothiazole derivatives yields 85-90 %
(Figure 2). Encouraged by these results, the synthesis of 4a-
4h were carried out in one-pot three component reaction by
using 1, 2 and 3a-3h in glycerol at 80-85 °C in the presence
of 1 equiv. TEA for 60-90 min (Scheme 1) with excellent
yields of 85-90 %. Structures were confirmed by H and 3C
NMR, and mass spectroscopy.
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Figure 2. Structures and yields of 4a-h synthesized by the one-pot reaction.
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Figure 3. Molecular interactions of human Type | protein arginine methyltransferases (PRMTs) with different test compounds 4d, 4g and
Doxorubicin. The interactions for the best docked pose for each ligand was showed in the image. The amino acids interacted with the

docked ligands are illustrated using LigPlot.
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Cytotoxicity assay

A series of 8 conjugates were synthesized and evaluated
for their cytotoxicity against two different human cancer cell
lines (A549 and MCF7) using MTT assay. 1Cso values of the
compounds against different cancer cell lines were tabulated
and shown in the table 2. Some of the compounds showed
substantial reduction in the cell viability of cancer cells in a
dose dependent manner. Compound 4d and 4g showed good
activity against A549 cells with an 1Cs value of 9.3 and 9.6
UM, respectively.

Table 2. Cytotoxicity of the synthesized compounds, screened
against MCF-7 and A549 cell lines using MTT assay.

Compound ICsovalue in pM (Mean £ S.D.)
MCF-7 | A549

4a >100 >100

4b 14.3+0.43 16.7£0.22

4c >100 >100

4d 12.4+0.38 9.3+0.18

4e 14.6 £0.42 9.8+0.38

4f 24.6 £0.35 19.6 £ 0.26

49 79+0.12 9.6+0.16

4h 21.4 £0.46 175+£0.27

Doxorubicin 0.68 £ 0.05 8.63 £0.04 nM

(Positive control)

Molecular docking

The selected compounds (4d and 4g) from the preliminary
screening were evaluated for in silico docking analysis.
Molecular docking for the compounds 4d and 4g was
performed against the human Type | protein arginine
methyltransferases (PRMTSs) active site. A total of ten
different conformations were examined for each docked
ligand. The binding energies for the best-docked pose of 4d
and 4g compounds in the receptor active site were -8.2 and -
8.0 kcal mol?, respectively. Whereas the positive control
Doxorubicin showed -8.4 kcal/mol.

Table 3. The binding energies, RMSD values and amino acids in
the receptor protein interacted with ligands were determined using
autodock and LigPlot.

Ligand Binding RMSD H- Protein—
energy bond/s Ligand
(keal interactions
mol)
4d -8.2 3.813 Arg345 Pro42,
Phe54,
Cysl119,
Lys145
49 -8.0 4.853 Arg345 Pheb4,
Lys145
Doxorubicin  -8.4 2.544 Lys155,  Argl8i,
(Positive Aspl82,  Aspl8s,
control) Leul85,  Prol87,
Alal86, Tyr258
Gly189
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The interactions between protein and ligands were majorly
influenced by hydrophobic and hydrogen bonding
interactions. The best docking poses were represented in the
Figure 2 and the resulting binding energies along with
RMSD values were shown in Table 3. Further, the amino
acids interacted with the ligands were shown in the Table 3.

Pharmacokinetic properties prediction

Pharmacokinetic properties are crucial to know how
human body reacts to a drug molecule. The ADME
parameters such as absorption, distribution, metabolism, and
excretion are important features for a potential drug
molecule.’* SwissADME tool gives the information about
different pharmacokinetic properties such as Human
gastrointestinal absorption (HIA), blood-brain-barrier (BBB)
permeability, total polar surface area (TPSA) and
bioavailability score, etc. TPSA score helps to predict the
oral bioavailability of the compounds. The compounds with
less TPSA score ranging between 20 and 130 A have high
oral bioavailability.

In the present study all the synthesized molecules
exhibited high oral bioavailability. BOILED-Egg model was
used for the prediction of gastrointestinal absorption.t®> All
the compounds in the series exhibited high gastrointestinal
absorption (GIA) and blood-brain barrier permeation.'416
Moreover, the results showed that all the compounds are the
substrates for P-glycoprotein (Pgp). Thus the compounds are
actively transported out of the body system. In addition, the
compounds showed 0.55 bioavailability score. Collectively
the results of the synthesized molecules exhibited good
physiochemical as well as good pharmacokinetic properties.

EXPERIMENTAL

Melting points were determined in open capillary tubes in
sulphuric acid bath. FT-IR spectra are recorded on a
VERTEX 70 Brucker by using KBr. A Bruker DRX-400
spectrometer 400 and 100 MHz was employed for recording
'H NMR and C NMR spectra respectively and DMSO-ds
was used as solvent and TMS as an internal standard. Mass
spectra were recorded on Agilent-LCMS instrument.

General synthetic procedure

In a typical experiment, a mixture of 1 (1 mmol), 2 (1
mmol), and benzaldehydes 3a-3h (1 mmol) in 10 mL of
glycerol were charged in a 50 mL round bottomed flask and
the mixture was stirred at 80-85 °C. The reaction was
complete within 60-90 min as analyzed by TLC using
petroleum ether/ethyl acetate (60:40) as eluent. The reaction
mixture was allowed to cool to room temperature (25-30 °C)
and 50 mL of water was added. The precipitate formed was
collected by filtration, washed with water and ethanol to
afford 90 % of pure 3,7,7-trimethyl-1,4-diphenyl-6,7,8,9-
tetrahydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one  deriva-
tives as identified by spectral data.
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Cytotoxicity assay

Cytotoxicity of the synthesized compounds was tested
against two different human cancer cell lines A549 (Human
lung carcinoma) and MCF 7 (Human breast carcinoma)
using MTT assay.*

Molecular Docking

In silico molecular binding of the synthesized compounds
4d and 4g with human Type | protein arginine
methyltransferases (PRMTSs) protein was evaluated using
AutoDockTools.*® Based on cytotoxicity results, the selected
ligand structures were generated using Chem3D Ultra 16.0
software. MOPAC (semi-empirical quantum mechanics)
tool was used to minimize the energies of the ligand
structures and the outcomes were saved in protein data bank
(.pdb) format using Chem3D Ultra 16.0 software. The PDB
structure of PRMTs protein (PDB ID: 6NT2) was
downloaded and imported to the workspace. The Kollaman
charges were incorporated to the protein and were processed
for further in AutoDock. Further, the grid box with a size of
90 in all the axes (X, Y, Z) was generated for the processed
protein. The visualization of the output file generated from
docking was analysed using PyMol. Doxorubicin was used a
positive control. One pose per run was taken based on
RMSD clustering using energy penalty of 100 and the heavy
atom threshold set at 1.0 A°. All the poses were examined
manually and the best pose was taken. The hydrogen and
hydrophobic interactions of the ligand molecules with
receptor protein was studied by using LIGPLOT.®

SwissADME

The physicochemical descriptors, pharmacokinetic
properties and in silico drug likeliness of the synthesised
compounds were predicted by using SWISSADME server.
Lipophilicity and polarity of the compounds were predicted
by BOILED-Egg (Brain Or Intestinal Estimated permeation)
method.2%2! Doxorubicin was used as a positive control.

3,7,7-Trimethyl-1,4-diphenyl-6,7,8,9-tetrahydro-1H-
pyrazolo[3,4-b]quinolin-5(4H)-one (4a)

Yield 90 %, m.p. 191-193 °C. !H NMR (400 MHz,
DMSO-de) & = 1.0 (s, 3H, CH3), 1.05 (s, 3H, CH3), 2.0 (s,
3H, CHy), 2.2-2.4 (d, 4H, CHy), 5.1 (s, 1H, CH), 6.5 (5, 1H,
NH),7.0-8.0 (m, 10H, Ar-H). *C NMR (100 MHz, DMSO-
de) & = 12.1, 27.4, 28.3, 29.6, 32.1, 36.1, 41.2, 48.7, 50.7,
1047, 112.7, 1215, 125.1, 126.4, 127.3, 127.6, 128.1, 129.2,
135.2, 145.9, 147.9, 195.0. MS: M*1 = 384.

3,7,7-Trimethyl-4-phenyl-1-(p-tolyl)-6,7,8,9-tetrahydro-1H-
pyrazolo[3,4-b]quinolin-5(4H)-one (4b)

Yield 88 %, m.p. >220 °C. *H NMR (400 MHz, DMSO-
de) 3= 0.9 (s, 3H, CHs), 1.0 (s, 3H, CHs), 1.7 (s, 3H, CHs),
1.9-2.1 (d, 4H, CHy), 5.1 (s, 1H, CH), 7.0-8.0 (m, 9H, Ar-H),
9.2 (s, 1H, NH). 3C NMR (100 MHz, DMSO-de) 5 = 11.8,
19.2, 26.8, 28.9, 29.0, 29.5, 40.6, 50.8, 104.8, 110.6, 120.9,
123.8, 125.5, 125.8, 126.6, 128.8, 129.5, 129.2, 134.5, 136.2,
138.4, 148.0, 148.2, 151.6, 193.8. MS: M*1 = 398.
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3,7,7-Trimethyl-4-phenyl-1-(o-tolyl)-6,7,8,9-tetrahydro-1H-
pyrazolo[3,4-b]quinolin-5(4H)-one (4c)

Yield 85 %, m.p. 200-202 °C. ‘H NMR (400 MHz,
DMSO-ds) 5 = 0.9 (5, 3H, CHy), 1.0 (s, 3H, CH3), 1.7 (s, 3H,
CHs), 1.9-2.2 (d, 4H, CHy), 5.1 (s, 1H, CH), 7.0-8.0 (m, 9H,
Ar-H), 9.3 (s, 1H, NH). *C NMR (100 MHz, DMSO-ds) 5 =
11.9,19.3, 26.9, 28.8, 31.2, 40.6, 50.8, 104.6, 110.0, 120.9,
123.5,125.2, 125.9, 126.7, 128.9, 129.1, 129.3, 134.2, 136.3,
138.5, 145.3, 151.5, 194.2. MS: M*1 = 398.

1-(4-Methoxyphenyl)-3,7,7-trimethyl-4-phenyl-6,7,8,9-tetra-
hydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one (4d)

Yield 87 %, m.p. >220 °C. *H NMR (400 MHz, DMSO-
ds) 5 = 0.9 (5, 3H, CHs), 1.0 (s, 3H, CHs), 1.8 (s, 3H, CHa),
1.8-2.0 (d, 4H, CHy), 3.6 (s, 3H, OCH3), 5.0 (s, 1H, CH),
7.0-8.0 (m, 9H, Ar-H), 9.2 (s, 1H, NH). 3C NMR ¢ (100
MHz, DMSO-ds) 5 = 11.8, 26.8, 27.5, 28.7, 31.3, 34.2, 47.2,
50.1, 54.3, 104.5, 110.2, 113.1, 120.3, 123.2, 126.1, 126.8,
128.6, 129.5, 129.9, 130.2, 136.1, 138.2, 139.4, 145.2, 151.4,
156.6, 194.5. MS: M*1 = 414.

1-(2-Methoxyphenyl)-3,7,7-trimethyl-4-phenyl-6,7,8,9-tetra-
hydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one (4e)

Yield 90 %, m.p. >220 °C. *H NMR (400 MHz, DMSO-
de) 3= 0.9 (s, 3H, CHs), 1.0 (s, 3H, CHs), 1.7 (s, 3H, CHs),
1.8-2.0 (d, 4H, CHy), 3.6 (s, 3H, OCH3), 4.9 (s, 1H, CH),
7.0-8.0 (m, 9H, Ar-H), 9.3 (s, 1H, NH). *C NMR (100 MHz,
DMSO-de) 5 = 11.9, 26.9, 27.7, 28.8, 31.8, 34.4, 47.6, 50.4,
54.8,104.6, 110.0, 113.2, 120.5, 123.5, 126.2, 126.9, 128.7,
129.8, 129.9, 130.3, 136.2, 138.3, 139.5, 145.3, 151.5, 156.9,
194.2. MS: M*1 = 414

1-(4-Chlorophenyl)-3,7,7-trimethyl-4-phenyl-6,7,8,9-tetra-
hydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one (4f)

Yield 90 %, m.p. 176-178 °C. H NMR (400 MHz,
DMSO-ds) 5 = 0.9 (5, 3H, CHs), 1.0 (s, 3H, CH3), 1.9 (s, 3H,
CHs), 2.1-2.3 (d, 4H, CHy), 5.0 (s, 1H, CH), 6.5 (s, 1H,
NH),7.0-8.0 (m, 9H, Ar-H). 3C NMR (100 MHz, DMSO-
de) & = 12.1, 27.3, 28.9, 29.0, 32.5, 42.5, 50.8, 104.3, 111.9,
121.1, 124.5, 127.5, 129.3, 129.5, 129.9, 131.2, 135.6, 137.5,
144.1, 147.5, 148.9, 195.2. MS: M* = 417, M+2 = 419.

1-(4-Fluorophenyl)-3,7,7-trimethyl-4-phenyl-6,7,8,9-tetra-
hydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one (49g)

Yield 89 %, m.p. 221-222 °C. 'H NMR (400 MHz,
DMSO-de) & = 0.9 (5, 3H, CH3), 1.0 (s, 3H, CHz), 1.9 (s, 3H,
CHs), 2.1-2.3 (d, 4H, CHy), 5.1 (s, 1H, CH), 6.6 (s, 1H,
NH),7.0-8.0 (m, 9H, Ar-H). C NMR (100 MHz, DMSO-
des) & = 12.1, 27.3, 28.9, 29.6, 32.5, 35.5, 42.2, 50.8, 104.5,
112.0, 121.9, 125.1, 126.9, 129.3, 129.8, 129.9, 135.6, 137.9,
142.3,142.5, 148.9, 162.39, 195.2. MS: M*1 = 402.

1-(4-Ethylphenyl)-3,7,7-trimethyl-4-phenyl-6,7,8,9-tetrahydro-
1H-pyrazolo[3,4-b]quinolin-5(4H)-one (4h)

Yield 90 %, m.p. >220 °C. 'H NMR (400 MHz, DMSO-
ds) 8 = 0.9 (s, 3H, CHg), 1.0 (s, 3H, CHa), 1.2 (t, 3H, CHs),
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1.9-2.2 (d, 4H, CHy), 2.6 (g, 2H, CHs), 5.0 (s, 1H, CH), 7.0-
8.0 (m, 9H, Ar-H), 9.2 (s, 1H, NH). C NMR (100 MHz,
DMSO-de) 5 = 11.9, 15.0, 19.2, 26.8, 28.9, 31.1, 40.7, 50.9,
104.3, 110.1, 120.8, 123.4, 125.5, 125.8, 126.8, 128.8, 129.5,
129.9, 134.1, 136.2, 138.4, 145.2, 151.7, 194.1. MS: M*1 =
412.

CONCLUSION

In summary, we have developed a simple and efficient
green protocol for the synthesis of pyrazole-conjugated
tetrahydroquinoline derivatives using 3-methyl-1-phenyl-
1H-pyrazol-5-amine (1), 5,5-dimethylcyclohexane-1,3-dione
(2) and benzaldehydes (3) as synthons by exploiting the
eco-friendly characteristic of glycerol as green reaction
medium. These pyrazole conjugates have exhibited potential
cyto-toxic activity on breast cancer (MCF-7) and liver
cancer (A549) cell lines. Further, molecular modelling
studies gave an understanding about the target protein
binding interactions with synthesized ligands. In addition,
pharmacokinetic properties that were predicted using
SwissADME tools gave details of the total polar surface
area, BBB, ilogP and Gl absorption. The information
derived out of these would be helpful for the further
structural optimization to get lead like molecules.
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CAROB (CERATONIA SILIQUA): SUPER FOOD AND MEDICINE.
LITERATURE UPDATE
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Carob (Ceratonia siliqua) is one of the important nutritional and medicinal trees of the Middle East and Mediterranean basin, and in recent
decades, it has been grown and cultivated in many other regions in the world. Realization and awareness to its unique nutritional and
medicinal properties and biological activities are rising rapidly. A great effort of research has been invested and published since our
comprehensive review article was published here, in this journal, in 2017. Most recent publications focus on nutrition and efforts to utilize
Carob products for numerous food purposes, but medicinal activities of this tree are still drawing major attention, due to their high
potential. In this review article, we are presenting a literature update of published research since late 2017. The main objective of this
review is to highlight the nutritional applications of Carob products, which many industrial companies in the world, are trying now to

convert to commercial food products.

*Corresponding Author
Fax: +972-4-6205906
Phone: +972-50-5650025
E-Mail: eastern.plants@gmail.com
[a] Eastern Plants Research Institute, Box 868, Arara, Israel
30026

INTRODUCTION

Carob (Ceratonia siliqua) is a tree that was domesticated
in the Middle-East in ancient times, but it is currently
cultivated in many other regions in the world.* Since the
publication of our comprehensive review about this tree in
2017,2 the average number of publication per a year is rising
rapidly.

According to our literature study, it is clear that until 2017,
most publications focused on studying medicinal activities
of various products of this plant, such as extracts and oils. In
recent years, nutritional research is gaining larger value and
importance, yet, medicinal research is still interesting and
exploring new activities. Consequently, in this review we
will present in wider view the nutritional aspects of Carob
research, and in the discussion section, we will relate to
some notable cultivation efforts of this tree.

In the last three years, few important review articles were
published about medicinal and nutritional properties of
Carob. A. Loullis and E. Pinakoulaki discussed carob pod
powder as a potential cocoa substitute.® The key importance
of this review is the presentation and comparison of active
compounds in both foods, mainly phenolics, such as
flavonoids and anthocyanins. 1. Lakkab and her colleagues
published a medium size excellent article about the
neuroprotective activities of Carob.* They presented the
biological relation between oxidative stress and
neurodegenerative diseases, medicinal activities of Carob
focusing on antioxidant activity, general chemical
composition and suggestions for future research.
Polysaccharides content of various parts of Carob tree were
clearly presented by B-J. Zhu and his colleages.® They
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showed clear structures and discussed the current and
possible applications of Carob nutrients. A small size, yet
summarily written review was published by K. Ghedira and
P. Goetz.5 It briefly presented botany, ecology, selected
medicinal activities and some active compounds. Finally, a
very important review was published by J. I. Lopez-Sanchez
and his colleagues, and it discussed the importance of D-
pinitol (Figure 1), an active polyhydroxy, cyclic alcohol
found in Carob pods.” Authors presented the structure,
physical properties, natural sources, synthesis and many
health promoting effects of this natural product. In addition,
many synthetic derivatives are introduced along with their
biological activities.

We present here some of these derivatives in Figure 1.
Based on their presentation of D-pinitol, authors named this
compound “super food”.

/
o
HO& _~_ 4OH
*(I (
HOY N " You o Y
OH oH O OH
D-pinitol

Pancratistatin

n 1D-Conduritol B epoxide
(natural derivative)

Figure 1. D-pinitol and some of its selected derivatives (ref. 7).

MEDICINAL, BIOLOGICAL AND OTHER
ACTIVITIES

Research of classical medicinal and related properties is
ongoing, but in the last three years, there has been a notable
increase in the studies of Carob as food and nutrition source.
It is important to emphasize that classical research is still
exploring very new activities that were not reported in our
previous publication, such as treatment of male infertility. A
summary of these properties is presented in Table 1.

306


mailto:eastern.plants@gmail.com

Carob: superfood and medicine

Table 1. Medicinal, nutritional and other properties of C. siliqua.
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Property/Activity

Methods/Results/Reference

Antibacterial,
antifungal and
related activities

Antidiabetic and
related activities

Antidiarrheal,
antiemetic

Antioxidant, and
related activities

Hydrodistillation was used to extract
essential oil (EO) from dried pods. EO
was active against several bacteria
species.® Leaves and green pods were
extracted with ethanol and extract was
found active against F. oxysproum and
M. fructigena.® Leaves were extracted
with water and ethanol, and both
extracts were active against several
species of fish infecting bacteria. Other
properties were also reported but not
detailed.°

Methanolic extract of dry, unripe pods
was active against STZ-nicotinamide-
induced hyperglycemia in rats.* Carob
honey was extracted with water and
ethyl acetate. Both extracts showed
hypoglycemic activity in STZ-induced
diabetes in rats.'?

Dry unripe pods were extracted with
70% aqueous methanol, and extract
was fractionized with water and
dichloromethane. Both fractions were
analyzed for general chemical
composition and were found active
antidiarrheal and antiemetic in rat
model .13

EO was extracted from dried pods and
was tested for antioxidant activity
(DPPH).8 Methanolic extract of dry,
unripe pods was active antioxidant
(DPPH, FRAP).X Carob honey was
extracted with water and ethyl acetate
and both extracts had antioxidant
activity (ABTS).X2 Dry ripe pods were
extracted with methanol and extract
had activity against lipid peroxidation
in rat model.”* General chemical
composition and antioxidant activity
(DPPH) were determined for honeys.!®
Aqueous extracts was prepared from
the ripe pods of two “Carob” trees:
Ceratonia siliqua and Prosopis alba.
Both extracts were analyzed for general
chemical composition and their
antioxidant activity (DPPH) was
compared: C. siliqua extract had higher
activity.6 Aqueous extracts of pods in
different ripening stages were prepared
and analyzed for general chemical
composition and tested for antioxidant
activity (DPPH).'” Dry ripe pods were
roasted with hot air and microwave
radiation, then extracted with water.
The extract had high antioxidant
activity (DPPH), high sugar and D-
pinitol contents, and authors reports
that there was 50 % energy saving in
this roasting process compared with
regular roasting.'® Seeds were extracted

Cardioprotective,
metabolic
syndrome

Fertility (male)

Hepatoprotective

with several solvents and analyzed for
fatty acids, lipidic compounds, amino
acids, phenolics, monosaccharides, all
in details. Some activities of
galactomannan fractions were tested.
Antioxidant activity was determined by
DPPH method.®

Commercial aqueous extracts of pods
and seeds, along with Carob
fructooligosaccharides were supple-
mented to mice. This resulted in
cardioprotective activity and
amelioration of metabolic syndrome in
mice. Antioxidant capacity of this
mixture was determined (ABTS).2
This comprehensive research used
Carob industry by-products that were
extracted with methanol and 50%
aqueous methanol. Extracts were
analyzed for general  chemical
composition, total phenolic content,
and tested for antioxidant activity (4
methods), ACE inhibition, anti-
inflammatory  activity (3 tests,
triglyceride content (metabolic
syndrome).?*

Busulfan-induced infertility in mice
was treated with Carob aqueous extract
(plant part/s not reported). As a result,
sperm quality improved, biochemical
parameters related to fertility were also
improved, including testosterone.??
Rabbits were treated with seeds
aqueous extract, and there were
positive changes in concentrations of
sperm, plasma and testosterone.?
Infertile men were treated with 1500
mg capsules of mature pods aqueous
extract, resulting improvement in
sperm count and quality.?* Leaves and
fruits were extracted with water and
extract was administered to normo-
zoospermic aged men, resulting
improvement of sperm and
chromatin.®® Dried pods aqueous
extract was injected to mice. The dose
of 200 mg kg* of body weight, was
most efficient in increasing testicular
index, sperm parameters and decreased
the level of oxidative stress.?8 Infertile
men in ages 25-40 years were treated
with a combination of Carob syrup and
vitamin E. As a result, sperm and sex
hormones increased.?” Dried pods were
extracted with 96% aqueous ethanol.
The extract was supplemented to mice
with Pb (lead) reproductive toxicity,
resulting improvement of sperm, sex
hormones and other biochemical
fertility parameters.?®

Carob honey was extracted with water
and ethyl acetate. Both extracts showed
hepatoprotective activity.’> Aqueous
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Neuroprotective
and brain related
activities

Skin Protection

Chemical
applications,
processing and
extraction

extract of ripe, dry pods was prepared
and administered to rats that were
exposed daily to tobacco waterpipe
smoke. Positive results were recorded
in amelioration of lung injuries.?®

Dry unripe pods were extracted with
70 % aqueous methanol, and extract
was fractionized with water and
dichloromethane. Both fractions were
antispasmodic in rat model.!® Aqueous
extract of ripe, dry pods was prepared
and administered to rats that were
exposed daily to tobacco waterpipe
smoke. Positive results were recorded
in amelioration of brain injuries.® Rats
were fed with plus-maze resulting
emotional disorders and estrogen
deficiency. They were treated with
pods aqueous extract that altered these
diet effects.®® Parkinson disease model
was induced in Zebrafish by neurotoxic
6-hydroxydopamine. After treatment
with leaves aqueous extract,
antioxidant and anti-AChE activity was
recorded, resulting improvement of
cognitive function.3!

Aqueous extract of fruits and leaves
had notable activity of skin
regeneration and wound healing.%? A
follow-up study by the same research
group, but with clinical trials.33

Solid Carob waste from food industry
was used for production of bio-
hydrogen. The process was studied
under various reaction conditions: pH,
catalysis, nitrogen environment, water
supply; and yield was compared to
glucose a control substrate.® Pods were
extracted with water and bacteria
fermented. Several ionic liquids were
tested for extraction of dry ethanol
instead of ethylene glycol.®® Micro-
wave assisted extraction of phenolics
afforded higher vyields than non-
radiated extraction.®® Thin layer pulp
drying conditions were studied an
optimized.3” Spray drying tested and
proved successful in improving the
quality and yields for drying of Carob
juice.®® Various roasting conditions
were tested in order to achieve optimal
properties, such as sensory, antioxidant,
aromas and physiochemical.®® Pods
were extracted for sugar content, using
the mathematical Taguchi method to
design the extraction. Practically, pods
were extracted four times succes-
sively.*® Powder of dry, ripe pods was
found successful absorbent of dye
pollution (methylene blue).** Leaves
aqueous extract was used to prepare
CeO2 nanoparticles (NPs) by reaction
with Ce(NOs3)36H20. These NPs had

Chemical
composition

Animal food

Human food and
nutrition

strong antioxidant and cytotoxic
activities.*? Leaves agueous extract was
reacted with Zn(CHsCOO)2 to prepare
ZnO-NPs. These NPs had strong
cytotoxic activity against human breast
cancer cells.®

Proteins, amino acids and sugar
contents were determined in pods at
different harvesting stages.* Leaves
were extracted with pressurized hot
water and fractionized with various
solvents, resulting isolation and
characterization of a new natural
product, that researchers named
siliquapyranone (Figure 2, below table,
after note a).** Solid-phase micro-
extraction / gas chromatography-mass
spectrometry (SPME/GC-MS) analyses
of flowers and fruits were performed,
and detailed composition of volatile
compounds is reported.*®

Syrup was supplemented to Tilapia
Fish(O.mossambicus) in different con-
centrations. It was found that the
optimal was 1.25%, which notably
decreased serum glucose, triglyceride,
cholesterol levels, it significantly
increased the phagocytic activity,
phagocytic index, respiratory burst and
potential Killing activity. No toxicity
was recorded.*” Pods were supplied as
food to sheep resulting high nutritional
values.*8

Candies were prepared from pod
powder as wheat flour substitute, dates
and olive fruits. Physical and chemical
parameters (nutritional values, anti-
oxidant  capacity, FRAP) were
reported.*® Near Infrared spectroscopy
technique was developed to detect
Carob flour in cocoa powder.>0 Cakes
were prepared from pod powder as
cocoa powder partial substitute.
Physical and chemical parameters
(nutritional values, antioxidant capa-
city, ABTS, DPPH) were reported.>
Pod powder was used to replace wheat
flour (40 or 60%) in Cupcakes, and
physical and chemical properties were
improved, especially fat and sugar
replacement.>? Soft drink was prepared
from pods pulp and it had high physical
and chemical qualities.® Analysis of
seed peel revealed 90% content of
dietary fibers.> Rice flour and pods
powder were used to prepare gluten-
free cakes, and results of various tests
are reported.%® Pods powder was used
as wheat flour substitute in muffins and
positive physicochemical (weight loss,
antioxidant, DPPH, ABTS) results were
recorded.>® Bean molasses was used to
produce low-calorie ice cream, with
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high nutritional values.5” Pods molasses
were mixed with sesame paste,
resulting notable physical changes
(color, viscosity) as will as rise in
nutritional value (mainly proteins).5® A
follow-up study to the previous one,
where pods molasses were analyzed for
physiochemical characteristics.>®
Detailed analysis of five samples of
molasses to determine the content of 18
nutritionally important phenolic
compounds.®® A comprehensive study
that analyzed different parts of Carob
tree (excluding roots) for sugars,
proteins, enzyme inhibition and other
general chemical properties.5? High
quality and pioneering study that
analyzed 20 commercial Carob food
products used in Cyprus. Detailed
analyses  of  major  nutritional
parameters are presented.®? Pastry
filling was prepared with pods flour
and bean gum, and the rheological
(texture, flow) were notably improved.
Mathematical model was used for the
products design.®® Adding Carob syrup
and/or flour to sponge cakes increased
their protein, fiber and carbohydrate
contents.5* Polyphenol-rich pod extract
was supplemented to Taekwondo
athletes for 6 weeks. As a result,
reduction of body weight and
improvement of aerobic performance

were recorded.®
a) Authors of ref. 16 consider Prosopis albaas “White Carob”
because in South America its common name is Algarrobo Blanco,
which stands for “White Carob” in Spanish. We have related to the
issue of common names in previous publications, and to the fact
that they can be misleading. Ceratonia and Prosopis genera belong
to the same family, Fabaceae, but they are not the same genus.
Prosopis is not Carob.

HOH,C, 0O
o
HOln: (o] o]
o 4 /
0 o E
OH
HO o
OH
HO OH
Siliquapyranone  OH
(Ref. 45)

Figure 2. Structure of Siliquapyranone (ref. 45).

DISCUSSION

In the last two decades, the interest in Carob is rising
rapidly, and according to research publications about this
tree, it seems that it will have great importance in future
human nutrition, economy and medicine.
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Numerous studies were published about the optimal
methods of cultivating this tree. In terms of environmental
efficiency, P. J. Corriera and his colleagues recommended
growing Carob in mixed orchards with another classical
Middle-eastern crops, such as Fig, Almond and Olive
trees.%® A. Gugliuzzo and his colleagues discuss the damage
that natural enemies of Carob can do to this tree, especially
insects (mainly Carob moth, Ectomyeloisceratoniae) and
fungi.l And in order to make the best selection of wild
varieties for domestic cultivation, N. Korkmaz and her
colleagues discuss the various parameters that affect tree
morphology, fruiting yield, quality and composition, in
wild-grown trees.®” Along with these studies, many have
investigated the effect of growth stressors such as dry
farming,8 or growth promoters like ultrasonic
radiation,®®iron and other nutrients®and cytokinins.™

However, it seems that the hottest medicinal research of
Carob in the next few years will be treatment of male
infertility.?2?® To the best of our knowledge, this activity in
regard of Carob tree, is not known in Middle-eastern
medicines, contrary to female infertility, which is treated
with pollen grains of this tree.” Modern review articles did
not recognize yet this very important medicinal activity of
Carob,” but since most studies agree that oxidative stress
has major role in inducing male infertility,” Carob has great
potential of treating this global health concern.

CONCLUSIONS

(1) Medicinal properties of Carob have to be additionally
studied, especially treatment of male infertility.

(2) The nutritional and economic potential of Carob are
huge. In order to maximize them, more research should be
invested in Carob’s health and nutrition benefits.
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Based on the results of a quantum chemical calculation using two variants of the DFT method, and namely DFT OPBE/TZVP and DFT
B3PW91/TZVP, the possibility of the existence of a copper heteroligand complex with phthalocyanine, two F~ions and an oxidation state
of copper (+4) which is non-traditional for this 3d element, have been shown. The data on the key structural parameters and also, on

multiplicity of the ground state of such a complex have also been presented.
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INTRODUCTION

As has long been well known, the most typical for copper
in its stable compounds is the oxidation state equal to +2 and,
accordingly, oxidation state 1l. Compounds with a higher
oxidation state of copper, namely +3, in particular
tripotassium hexafluorocuprate(l1l) Ks[CuFe] and hepta-
potassium di[hexaoxoiodato(VI1)]cuprate(111) K7[Cu(10s)],
although are quite stable but uncharacteristic for the given
3d-element.! Even less characteristic for copper is the
oxidation state +4, although the first of such Cu compounds,
namely of dicaesium hexafluorocuprate(l1V) Csy[CuFe], was
obtained almost 50 years ago by Harnischmacher and
Hoppe.? The given metal complex was also studied in later
works, in particular.®>® Along with this fluoro-complex,
compounds with a copper oxidation state of +4 that contain
chemical elements with lower electronegativity, namely
oxygen, for example, heteronuclear mixed oxide of
lanthanum, strontium and perovskite type copper with
Cu(lll) and Cu(lV),2° and nitrogen, like complexes of
Cu(lV)  with  substituted  biguanides (RBig =
RNHC(=NH)NHC(=NH)NH2), namely [Cu(RBig)2(OH)4]
and [Cu(RBig)Xs]X, where R is phenyl, 4-chlorophenyl, 2-
methylphenyl, X = F, CI,%1% are also known. After the
publication of the two reviews,® information on any new
coordination compounds containing Cu(1V) did not appear
in the literature. Nevertheless, there is no reason to believe
that there can be no other Cu(lV) complexes.

In this connection, it seems interesting to find out whether,
in principle, other copper coordination compounds in which
this 3d-element has an oxidation state of +4, can exist under
any conditions.
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It has long been established that phthalocyanine (I)
capable to stabilize a wide variety of oxidation states of d-
elements - both low and high (see, in particular, review
connection that the copper(ll) complex with the such a
macrocyclic ligand was accidentally obtained way back in
1927 as a by-product in the synthesis of 1,2-dicyanobenzene
from 1,2-dibromobenzene in the presence of copper(l)
cyanide CUCN,'") and turned out to be actually the first
macrocyclic metal complex that became known to chemical
science.

Figure 1. Structure of phthalocyanine (1).

Another ligand which capable of stabilizing high oxidation
states, is the fluoride anion.*” In connection with this
circumstance, it seems appropriate to use precisely the
combination of these two ligands that takes place in the
complexes having structural formula Il to stabilize the
oxidation state of Cu** (M is d-element atom, and, in
particular, Cu).

Figure 2. Proposed structure of Cu(lIV) complex (I1).
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There is currently no information on such a metal complex
in the literature, but nevertheless, at present, it is possible to
assess the possibility of its existence using modern quantum
chemical calculation methods which are now widely used
for studying the structure of molecules. This is what the
given investigation is devoted.

CALCULATION METHOD

Quantum-chemical calculation of the copper complex of
type 11 was done by using the two versions of DFT method,
namely DFT OPBE/TZVP and DFT B3PW91/TZVP. First
of these methods, combining the common TZVP extended
triple zeta split-valence basis set'®® and the OPBE non-
hybrid functional,2®?* as shown in the literature,?? in the
case of 3d elements more adequately predicts the relative
energy stabilities of high-spin and low-spin states, and
reliably characterizes key geometric parameters of
corresponding molecular structures. Second one, combining
the common TZVP and B3PW91 functional %% according
to data,?® has minimal value of so-called “normal error” in
comparison with other variants of DFT method. Such a
conclusion is in full harmony with the data of structural
parameters of macrocyclic complexes of various 3d-
elements with phthalocyanine obtained as a result of various
DFT quantum-chemical calculations and in experiment.

Calculations were done by using the Gaussian09 program
package.® The correspondence of the found stationary
points to energy minima was proved in all cases by the
calculation of second derivatives of energy with respect to
atom coordinates. All equilibrium structures corresponding
to minima of the potential energy surfaces had only real
positive frequency values. Copper in the oxidation state +4
has 3d” electronic configuration; in this connection, spin
multiplicities 2, 4 and 6 were considered in calculation.
Among the structures optimized at these multiplicities, the
lowest-lying structure was selected. Parameters of molecular
structures with the given multiplicities were calculated by
the unrestricted methods (UOPBE and UB3PW91,
respectively). The standard thermodynamic parameters of
formation of this complex were calculated according to
procedure described earlier.®

RESULTS AND DISCUSSION

According to the data obtained by us as a result of the
quantum-chemical calculation carried out using the both
DFT OPBE/TZVP method and the DFT method
B3PW91/TZVP, the copper complex having structural
formula 11 is capable to self-existence, at least in the gas
phase. Molecular structure of the given complex obtained by
DFT OPBE/TZV method, is shown in Figure 3. Molecular
structure obtained by the DFT B3PW91/TZVP method,
looks similar. The calculated chemical bond lengths between
atoms and bond angles for this macrocyclic metal complex
presented in Table 1. These data show that both methods
used by us, give almost identical data for all structural
parameters indicated above. Some difference between the
results of these methods is noted only in the case of bond
lengths CulF1 (CulF2).
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Table 1. Bond lengths and bond angles in the copper complex with
phthalocyanine and two fluoro ligands of type II.

Calculated by DFT
OPBE/TZVP | B3PW91/TZVP

Structural parameter

Cu-N bond lengths in chelate node, pm

CulN1 198.1 197.8
CulN2 198.1 197.8
CulN3 198.1 197.8
CulN4 198.1 197.8
Bond angles in chelate node CuNa, °
(N1CulN2) 90.0 90.0
(N2CulN3) 90.0 90.0
(N3CulN4) 90.0 90.0
(N4CulN1) 90.0 90.0
Bond angles sum, ° 360.0 360.0
Non-bond angles between N atoms in N4 grouping, °
(NIN2N3) 90.0 90.0
(N2N3N4) 90.0 90.0
(N3N4N1) 90.0 90.0
(N4N1N2) 90.0 90.0
Non-bond angles sum, © 360.0 360.0

Bond angles in 6-numbered ring (CuLN2C1N8C8N3), °

(CulN2C1) 125.0 125.0
(N2C1N8) 1285 1283
(C1NSCS) 123.0 123.4
(NSC8N3) 1285 1283
(C8N3Cul) 125.0 125.0
(N3Cu1lN2) 90.0 90.0

Bond angles sumé, ° 720.0 720.0

Bond angles in 5-numbered ring (C2N2C1C11C12), °

(C2N2C1) 109.8 110.0
(N2C1C11) 108.9 108.8
(C1cC11C12) 106.2 106.2
(C11C12C2) 106.2 106.2
(C12C2N2) 108.9 108.8
Bond angles sum®, © 540.0 540.0
C-N bond lengths in 6-numbered chelate rings, pm
N1C3 135.7 135.3
N1C4 135.7 135.3
N2C1 135.7 135.3
N2C2 135.7 135.3
N7C4 132.7 132.1
N7C5 132.7 132.1
C-C bond lengths in 5-numbered ring, pm
Cic11 146.9 146.7
Cl1C12 140.4 139.8
Cl12c2 146.9 146.7
Cu—F bond length, pm
CulF1 (CulF2) 195.1 190.7

Bond angles between fluorine, copper and nitrogen atoms, °©

F1CulN1 (F2CulN1) 90.0 90.0
F1CulN2 (F2CulN2) 90.0 90.0
F1CulN3 (F2CulN3) 90.0 90.0
F1CulN4 (F2CulN4) 90.0 90.0
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As it can be seen from Figure 3, and Table 1, the complex
under consideration has, on the whole, a structure of regular
tetragonal bipyramid or slightly flattened octahedron (since
here, the lengths of the Cu-F bonds are somewhat shorter
than the lengths of the Cu-N bonds). CuN, chelate node of
this complex has the structure of regular quadrangle (square)
because the Cu—N bond lengths, distances between adjacent
nitrogen atoms (N1 and N2, N2 and N3, N3 and N4, N4 and
N1) absolutely identical (according to DFT OPBE/ TZVP,
198.1 and 280.1 pm and according to DFT B3PW91/TZVP,
197.8 and 279.7 pm, respectively) and all (NCuN) bond
angles as well as (NNN) non-bond angles are equal to 90.0°.
Copper atom is in the center of square formed by four
nitrogen atoms N1, N2, N3 and N4 (Figure 3). All four 6-
membered metal-chelate rings as well as all four 5-
membered non-chelate rings with one nitrogen atom and
four carbon atoms adjoining to 6-membered metal-chelate
rings, are completely identically between themselves in the
lengths of bonds between the corresponding atoms as well
as in the range of bond angles in them. Both of them are
strictly coplanar, because the sum of the internal bond
angles in each of the 6-membered cycles (BAS®) is 720°, in
the 5-membered ones (BAS®), is 540°, which coincides with
the sums of the internal angles in a flat hexagon and
pentagon, respectively.

This complex has a center of symmetry and therefore for
it a priori one can expect that value of the electric moment
of the dipole will be zero. The data for calculating this
parameter (0.00 Debye units according to both DFT
OPBE/TZVP and DFT B3PW91/TZVP method) are in full
accordance with such an expectation.

H16

Figure 3. Molecular structure of Cu(lV) complex of type Il
obtained by means of DFT OPBE/TZVP quantum-chemical
calculation.

The ground state of the copper complex under study,
according to both calculation methods used here, is a spin
doublet. It is quite expected for tetragonal-bipyramidal
complexes with 3d” configuration, and a coordination
number of a metal ion equal to 6. Besides, according to the
data of each of these methods, the nearest excited quartet
state has only a little higher energy (by 1.4 kJ mol? in the
case of DFT OPBE/TZVP and 2.1 kJ mol? in the case of
DFT B3PW91/TZVP), which, apparently, makes spin-
crossover in this complex a very, very likely phenomenon.
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CONCLUSION

As can be seen from the data presented above, both
variants of the DFT method used by us in this work, namely
OPBE/TZVP and B3PW91/TZVP, quite definitely gave
evidence about the possibility of the existence of copper
complex [CuLF;] containing fluorine anion (F7) and double
deprotonated form (L*) of phthalocyanine (H.L). The
copper—donor  nitrogen atom and  copper—fluorine
interatomic distances (Table 1) in this compound correspond
in their size to single bonds Cu-N and Cu-F, and, hence, the
oxidation state of copper in it is namely +4. It should be
noted in this connection that, according to our calculations
of standard thermodynamic parameters AH% 29, AS% 205 and
AGY% 295 0f the complex under study using method described
in%, all they are positive (339.8 kJ mol?, 1180.3 J mole* K
and 596.0 kJ mol?, respectively), and, hence, the given
compound cannot be obtained from simple substances
formed by chemical elements containing in its composition
(copper, fluorine, nitrogen, carbon and hydrogen).
Nevertheless, both variants of the DFT method used by us,
namely OPBE/TZVP and B3PW91/TZVP, predict the
possibility of the existence of this complex, and the point is
now to find it in the experiment.
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