International Journal of Biology and Chemistry 18, Ne 2 (2025)

IRSTI 31.15.15:31.15.25:31.21.25:31.27.22:34.27.19:34.47.15

https://doi.org/10.26577/1JBCh20251828

A.V. Sharov!" ™ | P.A. Nikolaychuk? ** | A A. Tereshkina!* ™ | A.V. Dostovalova' ™" ,
Y.A. Enova' ™, D.S. Popova' ™ , D.A. Rychkova' ™ , A.Y. Kurochkina' ™,
V.V. Savinova' * , AN. Nakoskin' ** , I.V. Shipitsyna* ** , O.V. Filisteev' ™,
S.T. Lwin® ™ , M.M. Zaw® ™ | Z. Minthein® ** |, Z.Y.M. Oo"’

'Kurgan State University, Kurgan, Russia
2Scientific-Educational Centre of Chemistry and Chemical Technology of Novosibirsk State University, Novosibirsk, Russia
3Ural Federal University named after the first President of Russia B.N. Yeltsin, Yekaterinburg, Russia
“National Ilizarov Medical Research Centre for Traumatology and Orthopedics, Kurgan, Russia
SMedical Research Centre, Nay Pyi Taw, Myanmar
SMedical Academy, Yangon, Myanmar
"Science Research Centre of the Republic of the Union of Myanmar, Nay Pyi Taw, Myanmar
*e-mail: sharow84@gmail.com
(Received 28 May 2025, received in revised form 19 December 2025, accepted 26 December 2025)

A Schiff base 4-chloro-2-((pyridin-3-ylimino)methyl)phenol:
crystal structure details, computational study, proteolytic properties,
molecular docking, in vivo toxicity and in vitro antibacterial activity

Abstract. IIn the present study, a synthesis, computational modeling and experimental investigation of
4-chloro-2-((pyridin-3-ylimino)methyl)phenol was reported. A Hirshfeld surface analysis was used for eluci-
dation of interatomic contacts to the crystal structure of the substance. A DFT analysis was used for geometry
optimisation, modeling of both vibrational and absorption spectra of three tautomeric forms and their com-
parison with the experimental spectra. The compound exists in the enolimine form in organic solvents, and
the addition of water leads to the appearance of the ketoenamine form. A molecular docking was used for
estimation of binding of three tautomeric forms with some proteins of Staphylococcus aureus and Pseudomo-
nas aeruginosa. The ionisation constants in hydroethanolic mixtures are equal to 4.16, 8.55 and 10.43. The
results of the antimicrobial tests of microamounts of 4-chloro-2-((pyridin-3-ylimino)methyl)phenol deposited
onto the surface of titanium alloy of medical grade against the same microbials, and of the toxicity test of this
compound with laboratory mice were provided. An inhibitory activity against Pseudomonas aeruginosa was
revealed. No significant toxicity e fects of the compound on the laboratory mice was detected.

Keywords: Schiff base, crystal structure, Hirshfeld surface analysis, computational study, DFT, molecular

docking, toxicity, antibacterial activity.

Introduction

The secondary imines or the Schiff bases [1],
namely the condensation products of aldehydes and
amines, are of extensive interest to the researchers
for more than 100 years due to a very simple one-pot
synthesis procedure and a wide range of potentially
practically applicable properties [1-5]. Particular-
ly, several imines have demonstrated antimicrobial
properties against common pathogens [6-28], the
details are presented in Table S1. Among their diver-
sity, Schiff bases based on salicylic aldehyde, similar
compounds, and their derivatives could be pointed
out separately. They are characterised by the presence
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of an intramolecular hydrogen bond and the ability to
form various tautomeric enolimine and ketoenamine
forms [29-36]. The equilibria of formation of these
forms are usually shifted under the influence of ex-
ternal factors, in particular, solvents with different
polarity. A variety of their interesting properties of
practical significance include optical properties, the
complexation ability, the ability to bind nucleic ac-
ids, and a wide range of biological properties [10, 19,
27,37-44].

An attention was recently drawn to the deriva-
tives of salicylic aldehyde with a heterocycle in the
amine residue, including from the point of view of
their possible application in medicinal chemistry.
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This is due, among other things, to the wide use of
heterocyclic compounds in medicine [45,46]. First of
all, the condensation products of salicylic aldehyde
and ortho-, meta-, and para-aminopyridines is of
interest. The literature contains several information
on the structure, optical properties, complex forma-
tion, and biological activity of 2-aminopyridine and
4-aminopyride derivatives [47-56]. However, such
staring attention was not yet paid to 3-aminopyridine
derivatives, despite their potentially interesting prop-
erties. For example, unlike 2- and 4-aminopyridine,
3-aminopyridine has fairly strong basic properties in
aqueous solutions due to the redistribution of elec-
tron density between the amine nitrogen in the meta-
position and the heterocyclic nitrogen [57]. This can
affect the equilibria of keto-enol tautomerism of
Schiff bases and, as a consequence, the properties of
the substance in various environments.

In the present study the results of detailisation
of the crystal structure using computer algorithms,
DFT analysis of the structure and main characteris-
tics of the molecule, determination of some physico-
chemical properties, molecular docking and in vitro
analysis of the antimicrobial activity of 4-chloro-
2-((pyridin-3-ylimino)methyl)phenol, a compound
based on 5-chlorosalicylic aldehyde and 3-amino-
pyridine, are presented.

Because derivatives of salicylaldehide already
demonstrated antimicrobial properties [10, 19], it was
also important to test the antimicrobial properties of
the synthesised compound. However, instead of us-
ing organic solvents for testing, the model samples of
the surface of orthopedic implants from medical tita-
nium covered by electrodeposited calcium phosphate
material and Schiff base were prepared.

In vitro studies were conducted on cultures of
both Staphylococcus aureus and Pseudomonas ae-
ruginosa, namely, the common pathogens that cause
infections complicating the osteogenesis processes
after surgery. The toxicity of 4-chloro-2-((pyridin-
3-ylimino)methyl)phenol was also tested in vivo us-
ing laboratory mice.Introduction should consist of
justification of importance of the field, theoretical
and practical significance of the topic, the meaning
of the narrow problem, solution for the problem or
formulation of hypothesis, the objectives of the work.

Materials and methods

Reagents and equipment

5-chlorosalicylaldehyde (Shanghai Macklin Bio-
chemical Technology Co. Ltd, China), 3-aminopyri-
dine (Sisco Research Laboratories Pvt Ltd., India),
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calcium nitrate (Reakhim LLC, Russia), ammonium
dihydrophosphate (Reakhim LLC, Russia), potas-
sium chloride (Reakhim LLC, Russia), nitric acid
(Ekos-1 LLC, Russia), sulphuric acid (Ekos-1 LLC,
Russia), ammonium hydroxide (Ekos-1 LLC, Rus-
sia), potassium hydroxide (Reakhim LLC, Russia),
barium chloride (Reakhim LLC, Russia), barium
hydroxide (Reaktiv-Express LLC, Russia), spectral
grade potassium bromide (Sigma-Aldrich, USA),
standard buffer solutions for pH calibration (Reak-
him LLC, Russia), Muller-Hinton agar (Agat-Med
LLC, Russia), xylazine, tiletamine, zolazepam and
chlorhexidine (obtained from local pharmacies, Rus-
sia), and assay kits for determination of liver en-
zymes (Vital LLC, Russia) were used without fur-
ther purification. Methanol (Ekos-1 LLC, Russia),
ethanol (Ekos-1 LLC, Russia), propan-1-ol (Ekos-1
LLC, Russia), propan-2-ol (Ekos-1 LLC, Russia),
butan-1-ol (Ekos-1 LLC, Russia), butan-2-ol (Ekos-
1 LLC, Russia), acetone (Ekos-1 LLC, Russia), ace-
tonitrile (Ekos-1 LLC, Russia), chloroform (Ekos-1
LLC, Russia), hexane (Ekos-1 LLC, Russia), toluene
(Ekos-1 LLC, Russia) were redistilled before use.

The distilled water was produced using the aqua-
distiller Puridest PD 4D (Lauda Scientific GmbH,
Germany). The samples were weighted using the an-
alytical balance Vibra HT-224RCE (Schinko Denshi
Co. Ltd., Japan). Infrared spectra were recorded using
the spectrophotometer FT-801 (Simeks LLC, Rus-
sia) in KBr pellets. IH NMR spectra were registered
using the spectrometer Bruker DRX-400 (Bruker
Corporation, Germany). Absorption spectra were re-
corded using the spectrophotometer XPOMATPOH
XT-500D (LabTex LLC, Russia). The ionometer
Mettler-Toledo  SevenCompact (Mettler Toledo
Corp., Switzerland) equipped with the pH Sensor
InLab Expert Pro-ISM (Mettler Toledo Corp., Swit-
zerland) was used for pH measurement and poten-
tiometric titrations. The dry-air thermostat TS-1/20
SPU (JSC «Smolenskoe special’noe konstruktorsko-
tehnologiceskoe bliro sistem programmnogo up-
ravlenia», Russia) was used for sample incubation
in microbial tests. The abacterial air medium box
BAVnp-01-«Laminar-C»-1,2 Lorica (CJSC «Lami-
narnye sistemy», Russia) was used for working with
bacterial cultures.

Laboratory mice of CBA strain were kindly pro-
vided by pharmaceutical company LLC Binnopharm
Group, Russia as the gift.

Synthesis of the compound

A Schiff base (4-chloro-2-((pyridin-3-ylimino)
methyl)phenol, compound I, see Figure 1) was ob-
tained in an ethanolic medium using a condensation
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reaction of 5-chlorosalicylaldehyde and 3-amino-
pyridine. To the solution of 5-chlorosalicylaldehyde
(1.0292 g, 6.57 mmol) in 10 ml of ethanol, a solution
of 3-aminopyridine (0.6188 g, 6.57 mmol) in 10 ml of
ethanol were gradually added. The reaction mixture

was boiled with the reflux condenser during 4 hours,
then cooled to the room temperature. The formed or-
ange precipitate was filtered, washed several times
with cold ethanol and dried in vacuum. The yield was
1.4663 g (96 %).

Figure 1 — Molecular structure of compound I obtained in [47] by X-Ray crystallography

Compound characterisation

"H NMR spectra were registered at the frequen-
cy of 'H equal to 400 MHz in CDCI,. The chemical
shifts are depicted relatively to trimethylsilane. IR
spectra were registered with the spectral resolution of
4.1 cm'and the scan number equal to 32 in the potas-
sium bromide pellets. UV-spectra of the compound I
solutions in the different solvents as well as in hydro-
ethanolic mixtures were registered in quartz cuvettes
with the optical path length equal to 1 cm. The scan
range was from 190 to 800 nm with the step of 1 nm.

The ionisation constants of I were determined
with hydroethanolic mixtures with the ethanol mass
fraction of 73% by potentiometric titration with the
combined pH sensor. The electrode was calibrated
using the standard buffer solutions. The corrected pH
values in the hydroethanolic mixtures were calculat-
ed from the electrode readings using the method pro-
posed by Bates [58], where the medium effect was
determined from the experimental data [58, 59]. The
measurements were made at the temperature of 298
K and the ionic strength of 0.01 M, maintained by the
potassium chloride. The titration of the compound I
solution was carried out by either hydrochloric acid
or potassium hydroxide. Potassium hydroxide was
pre-purified from the presence of carbonates by bar-
ium hydroxide.

Int. j. biol. chem. (Online)

Hirshfeld surface analysis

The Hirshfeld surfaces [60—62] of I were gen-
erated using the Crystal Explorer 17 software
[62]. The original crystal structure was taken
from the CCDC database with deposition number
1869718 [63, 64]. The 2D fingerprint plots were
generated with the Crystal Explorer 17 software
and used for description of the intermolecular in-
teractions, including contacts between the pairs
of atoms.

Quantum chemical calculations

The geometry of the ground state (in gas phase),
electronic (in alcoholic solution) u vibrational (in
gas phase) spectra were calculated by the density
functional theory (DFT) using GaussView 6.0 mo-
lecular visualisation program and Gaussian 09 [65,
66], Revision D.01 program package. The func-
tional Becke-3-parametr-Lee-Yang-Parr (B3LYP)
and the basis set 6-311++G(d,p) [67 — 69] were em-
ployed. The correspondence of the calculated bands
in the IR spectra to vibrations of specific atoms or
groups of atoms was established using VEDA soft-
ware [70]. The HOMO and LUMO orbitals and
MEP surfaces were generated based on the opti-
mised geometry for the ground state of substance I
in the gas phase.
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Molecular docking

The molecular docking procedure was imple-
mented for some proteins (mainly of the cell walls)
of Staphylococcus aureus and Pseudomonas aerugi-
nosa.

Crystal structures of proteins for the molecular
docking procedure were taken from the RCSB Pro-
tein Data Bank [71]. Processing of molecular mod-
els, as well as visualisation of the results of interac-
tions between I and active centers of proteins, were
performed in BIOVIA Discovery Studio 2020 and
AutoDock tools software. Molecular docking was
performed with the AutoDock Vina software [72,
73].

Preparation of the samples containing micro-
amounts of Schiff base for in vitro anti-microbial
testing

The samples have a form of the disks with a di-
ameter of 5 mm and a height of 1 mm made of medi-
cal grade titanium alloy Ti-6Al-4V covered by a
calcium phosphate coating with additives of I. The
metal disks were pre-cleaned in an ultrasonic bath
and degreased using acetone. Before the precipitation
of calcium phosphate, anodic oxidation of titanium
was carried out in a 0.5 M H,SO, solution [74, 75].
The samples serve as anodes, and a copper cathode
was used. Anodisation was carried out at a direct cur-
rent voltage of 25 V for 1 minute at room tempera-
ture. After oxidation, the samples were washed in an
ultrasonic bath with distilled water and dried using
the filter paper.

The electrolyte for the precipitation of phos-
phates contained 0.042 M Ca(NO,), and 0.025 M
NH,H,PO, [74]. The pH value of the electrolyte was
adjusted to 4.1 using nitric acid or ammonium hy-
droxide solutions. Electrolysis was carried out for 2
hours at a direct current voltage of 4 V. A titanium
sample served as a cathode, and graphite rod as an
anode. After electrolysis, the samples were washed
in distilled water and dried in air. At the last stage,
the samples were impregnated with 1 mM ethanol
solution of I and dried afterwards. The content of the
Schiff base in the samples was determined by its ex-
traction from the samples with ethanol, followed by
spectrophotometric analysis.

Spectrophotometric determination of (4-chloro-
2-((pyridin-3-ylimino)methyl)phenol

The concentration of the compound I in the
ethanolic extracts were determined spectropho-
tometrically. For this, ten disks (described in the
previous section) covered by calcium phosphate
and impregnated with compound I were immersed
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into 5 ml of ethanol, vigorously shaken, immersed
into another 5 ml of ethanol and vigorously shaken
again. The resulting ethanolic solutions were com-
bined, and the content of compound I was mea-
sured spectrophotometrically at the wavelength
of 355 nm with the molar extinction coefficient
equal to 1900 m?*/mol. The analytical performance
of the method is as follows: linearity range equals
0.1 — 20 mg/L, with LOD 0.015 mg/L, and LOQ
0.05 mg/L, recovery studies revealed the relative
uncertainty of 3.5% for the 1 mg/L solution, and
reproducibility studies revealed the relative stan-
dard deviation of 3.2% (f = 5, p = 0.95) for the
1 mg/L solution of compound I.

In vitro antimicrobial tests

The museum strains Staphylococcus aureus
ATCC 25923, Pseudomonas aeruginosa ATCC
27853, Escherichia coli ATCC 25922 were used as
test cultures. A suspension (corresponding to the 0.5
McFarland standard [76]) of the studied microorgan-
ism was seeded on a Petri dish with a dense nutri-
ent medium (Muller-Hinton agar, Agat-Med LLC,
Russia). The disks described previously were ap-
plied to the surface of the agar with microbial cul-
tures. The cultures were incubated in a dry-air ther-
mostat TS-1/20 SPU (JSC «Smolenskoe special’noe
konstruktorsko-tehnologi¢eskoe blro sistem pro-
grammnogo upravlenid», Russia) for 24 hours at a
temperature of 35+1°C. The results were recorded
based on the absence or presence of microorganism
growth around the disk, measuring the diameter of
the growth inhibition zone.

In vivo toxicity tests using laboratory mice

For the toxicity test 10 male adult laboratory
mice (Mus musculus, BCA strain) weighting 20-35 g
were randomly divided into two groups. For general
anaesthesia the animals were treated by the 0.2 mg/
ml solutions of xylazine, tiletamine and zolazepam,
the hair was partially removed, the freed skin sur-
face was disinfected by chlorhexidine, and the com-
pound I in physiological solution with the quantity of
0.2 mg/kg was injected subcutaneously. The second
group of mice remained the control group. After 14
days the mice were sacrificed, and the fresh blood
samples were taken. The content of aspartate trans-
aminase and alanine aminotransferase in the blood
samples were estimated spectrophotometrically. The
bodies were dissected, and the tissues were examined
for inflammation, fibrosis, vascularisation, and neo-
plasm. The hearts and the livers were also weighted.
For each group the average masses of mice, their
hearts and livers, their standard deviations and confi-
dence intervals (f'=4, p = 0.95) were estimated. The
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results of both groups were compared using the Wil-
coxon signed rank test.

Spectrophotometric determination of aspartate
transaminase and alanine aminotransferase in labo-
ratory mice blood serum

The concentration of the liver enzymes in the sam-
ples of mice blood serum was determined according
to the method described in work [77] using the com-
mercially available assay kits (B 01.05 and B 02.05,
Vital LLC, Russia). The determination of alanine
aminotransferase is based on the enzyme-catalysed
transformation of L-alanine and a-ketoglutarate into
pyruvic acid and L-glutamate with subsequent oxida-
tion of nicotinamide adenine dinucleotide by formed
pyruvic acid with the help of the enzyme lactate
dehydrogenase. A reagent in the kit (B 01.05, Vital
LLC, Russia) contained the solutions of 400 mmol/I
L-alanine, 75 mmol/l Tris-HCI buffer, 1040 U/I lac-
tate dehydrogenase, 3 mmol/l o-ketoglutarate and
0.036 mmol/l NADH. Freshly taken mice blood
samples were centrifuged over 15 min at 3000 rpm,
0.2 ml of obtained serum was mixed with 2.0 ml of
the reagent, incubated at 37°C, and the absorbance
of the resulting solution at 340 nm against distilled
water was registered in quartz cuvette with optical
path length of 1 cm over 3 minutes. The activity of
alanine aminotransferase in U/l was calculated from
the rate of absorbance decrease as 1746 . dA/dt. A
unit activity of the enzyme corresponds to catalysed
transformation of 16.67 nmol/s of L-alanine.

The determination of aspartate transaminase is
based on the enzyme-catalysed transformation of L-
aspartate and o-ketoglutarate into oxaloacetate and
L-glutamate with subsequent oxidation of nicotin-
amide adenine dinucleotide by formed oxaloacetate
with the help of the enzyme malate dehydrogenase.
A reagent in the kit (B 02.05, Vital LLC, Russia)
contained the solutions of 192 mmol/l L-aspartate,
64 mmol/l Tris-HCI buffer, 480 U/1 lactate dehydro-
genase, 480 U/l malate dehydrogenase, 2.4 mmol/l
a-ketoglutarate and 0.036 mmol/l NADH. Again, 0.2
ml of obtained serum was mixed with 2.0 ml of the
reagent, incubated at 37 oC, and the absorbance of
the resulting solution at 340 nm against distilled wa-
ter was registered in quartz cuvette with optical path
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length of 1 cm over 3 minutes. The activity of aspar-
tate transaminase in U/l was calculated from the rate
of absorbance decrease as 1746 . dA/dt. A unit activ-
ity of the enzyme corresponds to catalysed transfor-
mation of 16.67 nmol/s of L-aspartate.

The analytical performance of both test kits as
stated by manufacturer is as follows: linearity range
10 — 190 U/, LOQ 7 U/, relative uncertainty and
relative standard deviation less than 5%.

For each group the average values of enzyme ac-
tivities, their standard deviations and confidence in-
tervals (f =4, p = 0.95) were estimated. The results
of both groups were compared using the Wilcoxon
signed rank test.

Results and discussion

'"H NMR spectroscopy

The experimental 'H NMR spectrum of com-
pound I recorded at 400MHz in CDCI3 revealed the
following bands: 12.74 (1H, Ar-OH), 8.76 (1H, Ar-
CH=N-), 8.57-7.00 (7H, Ar-H). For comparison, the
model NMR spectrum of this compound predicted
by the online tool nmrdb.org [78] revealed the bands
6.88 (1H), 7.37 (1H), 7.46-7.66 (2H), 7.91 (1H), 8.48
(1H), 8.62 (1H), 8.90 (1H). As one might see, the ex-
perimental and predicted spectra coincide well.

Crystal structure and Hirshfeld surface analysis

The formulae and schemas of tautomeric trans-
formations of the compound I are presented in Fig-
ure 1. In accordance with the data of monocrystal
X-ray difractometry (CCDC number 1869718 [60]),
the compound I crystallises in monoclinic singony, a
space group P2 /n. The cell parameters: a = 4.5628
A, b=19.3486 A, c=12.0485 A, o =90°, B =95.27,
v=90°,Z=41[61]. The compound I in its crystalline
state is predominantly represented by the enolimine
form. The structure is characterised by an intermo-
lecular hydrogen bond O11-H12--N15 (bond length
O11-H12 equals 0.90(3) A, bond length H12--N15
equals 1.84(3) A, angle O11-HI12--N15 equals
145(3)°). The geometric structure of enolimine, cis-
ketoenamine and frans-ketoenamine forms obtained
by using the B3LYP/6-311++G(d,p) method is pre-
sented in Figure 2.

International Journal of Biology and Chemistry 18, Ne 2 (2025)



A.V. Sharov et al. 81

Figure 2 — Molecular structure of compound I tautomeric forms obtained
by B3LYP/6-311++G(d,p) method (a — enolimine, b — cis-ketoenamine ¢ — trans-ketoenamine)

Table 1 — Selected bond lengths (A) and angles (°) in the experimental structure of I [47] and optimized structure of enol-imine form
of I using the B3LYP/6-311++G(d,p) method

| Experimental [47] | Calculated Experimental [47] | Calculated
Bond lengths
Ccl-C2 1.388(3) 1.398 C19-C23 1.378(3) 1.393
C1-Ceé 1.374(2) 1.382 Cl16-C18 1.394(2) 1.403
C2-C3 1.370(3) 1.388 C1-Cl10 1.742(2) 1.764
C3-C4 1.391(3) 1.399 C4-011 1.352(2) 1.345
C4-Cs 1.409(2) 1.418 Ol11-H12 0.900(3) 0.997
C5-Coé 1.402(2) 1.407 N11-C12 1.478(5) 1.472
C5-C13 1.449(2) 1.452 C13-N15 1.279(2) 1.288
C12-C13 1.516(6) 1.537 N15-C16 1.418(2) 1.407
Cl16-C17 1.394(2) 1.399 C23-N21 1.333(3) 1.340
C17-C19 1.379(3) 1.389 N21-C18 1.336(3) 1.333
Bond angles

C1-C2-C3 119.6(2) 120.8 C2-C1-Cl110 119.2(1) 119.4
C2-C3-C4 120.9(2) 120.5 C3-C4-011 119.0(1) 118.7
C3-C4-C5 119.6(2) 119.5 C4-0O11-H12 111.0(2) 107.3
C4-C5-C6 118.8(1) 119.3 CI13-N15-Cl16 121.5(1) 121.4
C1-C6-C5 120.1(2) 120.4 N15-C16-CI18 118.2(1) 117.8
C6-C5-C13 119.4(1) 119.2 C19-C23-N21 122.8(2) 123.0
C16-C17-C19 119.5(2) 118.7 C18-N21-C23 117.5(2) 117.8
C17-C19-C23 117.1(2) 117.8 C16-C18-N21 124.0(2) 123.7

C17-C16-C18 118.4(4) 117.8

Dihedral angles

C1-C2-C3-C4 —0.6(8) —0.1 C6-C5-C13-N15 —2.2(2) —0.23
C2-C3-C4-C5 1.8(3) 0.1 C5-C13-N15-Cl6 179.1(1) 177.6
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Continuation of the table

Experimental [47] Calculated Experimental [47] Calculated
C3-C4-C5-Co6 -1.7(2) 0.1 C13-N15-C16-C17 2.3(3) -34.0
C4-C5-C6-Cl -0.5(2) —0.1 N15-C16-C17-C19 -179.2(2) -179.1
C2-C1-C6-C5 0.6(3) 0.1 C16-C17-C19-C23 0.2(3) 0.5
C6-C1-C2-C3 -0.7(3) 0.0 C18-N21-C23-C19 —0.6(3) 0.2
C3-C4-0O11-H12 -179.2(2) -179.4 C16-C18-N21-C23 -0.2(3) -1.0
Cl10-C1-C2-C3 -179.9(1) -179.9

Generally, a good agreement between the experi-
mental and calculated values of bond lengths, bond
angles and dihedral angles for enolimine form of I
(Table 1) is observed. Thus, the differences between
the bond lengths are about 0.01 A. A notable exception
is the dihedral angle C13—-N15-C16—C17, which val-
ue according to the experimental data is about 2°. The
calculated dihedral angle C13-N15-C16—C17 equals
34°. A similar picture is observed in the paper [47].
A possible explanation of this phenomenon might be
the presence of the network of intermolecular interac-
tions in the crystal structure that makes the molecule I
flat. The geometric parameters of both cis- and trans-
ketoenamine forms obtained by using the B3LYP/6-
311++G(d,p) method are listed in Table S2.

In order to obtain additional information on
intermolecular interactions in the crystal struc-

ture of compound I a Hirshfeld surface, including
2D fingerprints of interatomic contacts, was gen-
erated and studied. The model data were obtained
using a CrystalExplorer 17 software. In addition
to the 2D fingerprints the the enrichment ratios
(E) of the intermolecular contacts were estimated
in order to determine the contributions of differ-
ent elements to the intermolecular interactions
[79]. The appearance of the Hirshfeld surface of
the compound I on the parameters denote nor-
malised distance d__, shape index and curved-
ness is presented in Figure 3. The red areas on
the d  _ surfaces depict the presence of intermo-
lecular hydrogen bonds C—H:-O and C—H---N.
The donors and the acceptors in the frameworks
of corresponding interactions are presented on the
shape index surface.

Figure 3 — Molecular Hirshfeld surfaces of form II of tautomeric forms of compound I obtained
by B3LYP/6-311++G(d,p) method (a —normalized distance d_ ., b — shape index, ¢ — curvedness)

Figure 4 presents 2D fingerprint plots for all at-
oms participating in intermolecular interactions, as
well as for atomic pairs H-X (X = H, C, N, O, Cl).

Int. j. biol. chem. (Online)

Paired contacts H--*N and H---O on the 2D fingerprint
plots have the form of keen pikes with the heights at
di=1.1,de~0.7 (di=0.7,de~ 1.1, total 1.8 nm) and
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di= 1.0, de = 0.7 (di = 0.7, de = 1.0, total 1.7 nm).
These contacts correspond to the hydrogen bonds
C-H--O and C—H--'N. The similar sums (or minimal
distances between atoms) for other paired contacts
equal: H~H — 1.4 nm, H--C — 2.2 nm, H--Cl — 2.2
nm, C-C — 2.6 nm, and C--*N — 2.7 nm. The mu-
tual contacts C---C, H---O and H--Cl, C--N, CI---Cl
are preferred for the structure of the compound I,
because the enrichment ratio values for these paired
mutual contacts exceed unity (Table 2). The contacts
of hydrogen atoms are somewhat less preferable
(E = 0.92), this could be explained by the largest
proportion of the surface occupied by hydrogen, car-
bon and chlorine atoms.

d': L | COreciprocal 0.2% de C--Clreciprocal 0.7%
FaVa Y 4
1.8 4 1% 4
i,
1.4 4 1.4 4 2
14 1
0.6 + T 1 0.6 + ! 2
0.6 1 14 18 22 26 06 1 14 1.8 22
di dii
26 26 4
d", 5 Ne--Cl reciprocal 0.0% de OO reciprocal 0.0%%
2.2 9 12 4
1.8 4 1.8 4
1.4 1 1.4 4
1 1
0.6 + T T ! 0.6 + T T
06 1 14 138 22 26 06 1 14 18 22
di di

The distribution of intermolecular interaction en-
ergies relative to the central molecule was calculated
using the method B3LYP/6-31G(d,p). The calcula-
tion results are listed Table 3, and the visualisation of
the interacting molecules is presented in Figure 5. It
was revealed that the largest contribution to the total
interaction energy was made by the dispersive inter-
actions. This is mostly typical for molecules packed
parallel to each other along the planes of aromatic
rings. (Table 3, Figure 5). For such molecules, the
dispersion interaction energy equals 62 kJ/mol. The
strongest electrostatic interactions (10.5 kJ/mol) ap-
parently correspond to hydrogen bonds C—H---O and
C—H--N.

de NN reciprocal 0.9% NeOreciprocal 0.1%
22 224
1.8 1.3 4
o
14 e 14 4
I 1
0.6 + . ! 0.6 + T
06 1 14 18 22 16 06 1 14 18 11 16
ai di
2.6 2.6
de O Cl reciprocal 0.4% de €l --Clreciprocal 1.2%
22 22 4
1.8 1.8 4
. i
1.4 4 i 1.4 4 2
bt
1 !
0.6 + T T ! 06 + T )
06 1 14 18 22 26 06 1 14 1.8 22 26
di di

Figure 4 — Total 2D and decomposed 2D fingerprint plots of observed contacts for compound I crystal structure
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Table 2 — Hirshfeld contact surface and it characteristics for compound I

H C N (¢} Cl
Contacts (C, %)*
H 30.3 - - - -
C 18.8 8.0 - - —
N 7.2 52 0.9 — -
(6} 8.4 0.2 0.1 0.0 -
Cl 18.5 0.7 0.0 0.4 1.2
Surface (S, %)
56.8 20.5 | 7.2 4.5 11.0
Random contacts (R, %)
H 32.3 - - - -
C 232 42 - - -
N 8.2 3.0 0.5 - -
O 52 1.8 0.5 0.2 -
Cl 12.5 4.6 1.6 1.0 1.2
Enrichment (£)°
H 0.93 — - - -
C 0.81 1.90 - - —
N 0.88 1.73 - - -
O 1.62 0.11 - - -
Cl 1.48 0.15 0.00 0.40 1.00
"Values are obtained from CrystalExplorer 17. *The “enrichment ratios” were not computed when the “random contacts” were lower
than 0.9%, as they are not meaningful.

Table 3 — Interaction energies (kJ/mol) calculated with the B3LYP/6-31G(d,p) energy model for the crystal structure of compound I

Symmetry
operation

E ele

E pol

E dis

E rep

E tot

X’ y’Z

4.56

-8.7

-1.2

-61.7

35.1

-42.1

-x+1/2,
y+1/2,
-z+1/2

9.97

-2.7

-0.4

-8.7

4.7

-7.8

x+1/2,
-y+1/2,
z+1/2

9.55

-1.1

1.5

x+1/2,
-y+1/2,
z+1/2

8.72

-1.7

9.4

-10.9

x+1/2,
-y+1/2,
z+1/2

6.28

-10.5

-17.3

14.4

-19.3

x+1/2,
-y+1/2,
z+1/2

6.67

-12.7

7.7

X, -y, -Z

12.13

0.0

-x+1/2,
y+1/2,
-z+1/2

10.20

7.1

X, -y, -Z

11.00

24
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Figure 5 — The color-coded interaction mapping within 3.8 A of the centering molecule
in the crystal structure of compound I, calculated with the B3LYP/6-31G(d,p) energy model

Vibrational analysis

To calculate the vibration frequencies appearing
in IR spectra for both enolimine, cis-, and trans-ke-
toenamine forms of the compound I, a DFT method
was used. The experimental and predicted IR spectra
are presented in Figure 6.

It is well known that the predicted wavenumbers
of vibrational bands are usually some higher than the
experimental ones. [80]. This fact was taken into ac-
count while interpreting the absorption bands in the
experimental spectrum and their comparison with the
bands of calculated spectra. It is important to note
that the comparison of the experimental and calculat-
ed bands in the range from 4000 to 1700 cm™! was not
conducted, because the position of bands correspond-
ing to valence oscillations of hydroxyl groups located

Int. j. biol. chem. (Online)

in this region is heavily influenced by intermolecu-
lar interactions in the crystal structure, including C—
H:--O and C—H:*N. Thus in the experimental spec-
trum there is a broad peak related to hydroxyl groups
with the maximum at 3430 cm™', and in the calculated
spectra an analogous high intensity band is present
at 3143 cm™'. Table 4 provides a decoding of vibra-
tional modes and a comparison of the frequencies of
calculated and experimental vibrations. Coinciding
frequencies are highlighted in bold, taking into ac-
count the reduction factor of 1.021457 for calculated
frequencies. As expected, the match was best for the
enolimine form, which gives another confirmation of
its prevalence in crystalline state of compound I. The
vibrational modes for cis- and trans-ketoenamine
forms of compound I are listed in Tables S3 and S4.
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Figure 6 — The experimental IR spectrum of compound I in solid state,
and calculated IR spectra of its different tautomeric forms

Table 4 — The vibration modes in the calculated IR spectrum (Figure 7) of the ground state of enol-imine form of compound I and the
peaks of the experimental IR spectrum

Calculated molecular vibration (PED, %)* freqclfell(izl/azz?n’l) Ca]c?;?fié?,tle)mity EXPzrirTle)??; tzfgtl;ncy
vO11-H12 (100) 3206 1.89 3425/ Medium
vC17-H20 + vC19-H24 (100) 3198 10.99 3067/ Low
vC2-H7 + vC3-HS (13); vC6-H9 (87) 3194 0.35 3050/ Low
vC2-H7 + vC3-HS (87); vC6-H9 (13) 3192 6.54 3008/ Low
vC17-H20 (100) 3184 14.02 2989/ Low
vC23-H25 (87); vC18-H22 + vC23-H25 (13) 3164 9.50 2971/ Low
vC23-H25 (13); vC18-H22 + vC23-H25 (87) 3157 15.44 1959/ Low
vO11-H12 (97) 3143 94421 1929/ Low
vC13-H14 (98) 3067 81.69 1896/ Low

1818/ Low

1758/ Low
vN15-C13 + vC1-C6+ vC3-C4 + vC1-C2 + vC2-C3 (53) 1657 207.79 1617/High
vN15-C13 + vC1-C6+ vC3-C4 + vC19-C23 + vC2-C3 (50) 1653 31.34 Not detected
e S 1375 1572/ Low
vC16-C17 + vC19-C23 (53) 1600 11.97 Not detected
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Continuation of the table

o Calculated Calculated intensity | Experimental frequency
0/\a

Calculated molecular vibration (PED, %) frequency (cm) (km'mol 1) (cm')/ Intensity
BH12-011-C4 (19); FHO-C6-CS + fHS-C3-C4 + fHT-C2— 1506 170120 1479/ High
C3(16)
VC17-C19 + yN21-C18+ yN21-C23 (14); fH9-C6-C5
(12) + fH8-C3-C4 + fHT-C2-C3 (15); fH20-C17-C19 + .
BH22-C18-N21 + fH25-C23-N21 (11); fH22-C18-N21 + 1500 99.36 1450/ Medium
SH25-C23-N21 + fH14-C13-N15 (20)
BH12-011-C4 (12); SH9-C6-C5 + fH8-C3-C4 + fHT-C2— .
C3 (17); BC1-C2-C3 + fC2-C1-C6 + fC2-C3-C4 (10) 1478 92.58 1435/ Medium
BH12-011-C4 (10); fH22-C18-N21 + SH25-C23-N21 +
BH14-C13-N15 + fH24-C19-N23 (31) 1451 23.48 Not detected
VC2-C3+ vC5-C6 + vC1-C6 +vC3-C4 + vN21-C18 +
WN21-C23 (22); fH12-011-C4 (11); fH14-C13-N15 + 1424 5228 1384/ Medium
SHI-C6-C5 + fH25-C23-N21 + SHS-C3-C4 (18)
BH14-C13-N15 + fH9-C6-C5 + fH22-C81-N21 + fH25- .
2321 57) 1381 72.07 1355/ High
BH20-C17-C19 + fH22-C18-N21 + SH25-C23-N21 + .
D4 C15-023 (65) 1356 10.45 1338/ Medium
VC1-C6+ vC1-C2 + vC5-C13 (64) 1340 5.1 1314/ Low
VO11-C4+ vC5-C13 + vC3-C4 (40); fH14-C13-N15 + )
BHI-C6-C5 + fH25-C23-N21 + BHS-C3-C4 (12) 1295 23118 1274/ High
VN21-C18+ yN21-C23 + vC19-C23 (63) 1283 5.65
WI15-C16 (10); BH14-C13-N15 + SH9-C6-CS + fH25— ,
C2INI1 + FHEC.CA (o) 1259 2.42 1243/ Medium
WN15-C16 (19); vC5-C13+ vC3-C4 + W15-C16 (13);
BH14-C13-N15 + fHO-C6-C5 + BH25-C23-N21 + fHS-
C3-C4 (12); fH22-C18-N21 + fH25-C23-N21 + fH14— 1249 18.26 1219/ Low
CI3-N15 (10)
VC17-C19 + yN21-C18+ yN21-C23 (12); fH22-C18-N21 +
BH25-C23-N21 + fH14-C13-N15 + fH24-C19-N23 (11); 1218 32.63 Not detected
SH22-C18-N21 + fH25-C23-N21 + fH14-C13-N15 (23)
VC5-C13+ vC3-C4 + yN15-C16 (32) 1199 293.30 1170/ High
VC2-C3+ vC5-C6 + vC1-C6 + vC3-C4 + yN21-C18 +
VN21-C23 (16); fHT-C2-C3 + fH8-C3-C4 + fH9—C6-C5 1147 9.89 1125/ Medium
(47)
VC17-C19 + yN21-C18+ yN21-C23 (26); fH20-C17-C19 +
BH24-C19-C23 (51) 1139 22.60 Not detected
VC1-C2 + vC2-C3 (39); vC110-C1 (11); BH9-C6-C5 + .
BHE-C3.CA + AHT-C2.03 (26) 1100 36.46 1080/ Medium
vC19-C23 + yN21-C23+ C17-C19 (54); fH22-C18-N21 +
SH25-C23-N21 + fH14-C13-N15 + fH24-C19-N23 (10) 1062 997 1037/ Low
BCI8-N21-C23 + fC17-C19-C23 + BC19-C23-N21 (72) 1034 14.83 1010/ Medium
tH14-C13-N15-C16 (82) 1009 17.85
tH24-C19-C23-N21 (70) 1004 0.36 975/ Low
tH7-C2-C3-C4 + tH8-C3-C4-C5 (72) 969 1.49 954/ Low
tH20-C17-C19-C23 + tH22-C18-N21-C23 + tH25-C23—
N21-CI18 (72) 965 7.50 Not detected
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Continuation of the table

o Calculated Calculated intensity | Experimental frequency
0/\a
Calculated molecular vibration (PED, %) frequency (cm) (km'mol 1) (cm')/ Intensity
tH22-C18-N21-C23 + 7H25-C23-N21-C18 (66); 1C17— .
C19-C23-N21 + tC18-N21-C23-C19 (66) 938 19 923/ Medium
tH9-C6-C5-C4 (72); 1C1-C6-C5-C13 (10) 894 19.21 880/ Medium
WNI15-C16 (10); BC19-C23-N21 + SC5-C13-N15 + AC1— .
C2-C3 + fC18-N21-C23 + fC16-C17-C19 (44) 871 33.61 861/ Medium
2?51)2701 1-C4-C3 (40); 7H7-C2-C3-C4 + tH8-C3-C4-C5 845 - 830/ Low
2—151)2—01 1-C4-C3 (51); TH7-C2-C3-C4 + tH8-C3-C4-C5 425 210.86 805/ High
tH24-C19-C23-N21 (58) 823 31.11 Not detected
VC1-C2 + vC2-C3 (14); vO11-C4 (12); C1-C2-C3 + fC2— .
C1-C6 + BCI-CIC4 (22) 791 7.9 787/ Medium
tH9-C6-C5-C4 (11); 7H7-C2-C3-C4 + tH8-C3-C4-C5
(10); tH7-C2-C3-C4 + tH8-C3-C4-C5 (13); 1C1-C6-C5—
C13 + 7C1-C2-C3-C4 + 7C3-C2-C1-C6 + 1C2-C1-C6-C5 737 291 726/ Low
(10); out-of-planeO11-C3-C5-C4 (29)
BC5-C13-N15 + fC6-C15-C13 + C19-C23-N21 + AC17-
C19-C23 (28); 7C18-N21-C23-C19 + 7C16-C17-C19-C23 723 62.49 710/ Low
(14)
BC5-C13-N15 + fC6-C15-C13 + C19-C23-N21 + AC17-
C19-C23 (17); tH22-C18-N21-C23 + H25-C23-N21-C18 718 30.07 700/ High
(12); 7C18-N21-C23-C19 + :C16-C17-C19-C23 (27)
BC2-C3-C4 + BC1-C6-C5 + fC1-C2-C3 (40); vC110-C1 .
(16); BC2-C1-C6 + BC1-C2-C3 + fC1-C6-C5 (11) 654 53.39 646/ Medium
BC18-N21-C23 + C17-C19-C23 (72) 634 15.58 622/ Medium
BC2-C1-C6 + fC1-C2-C3 + BC1-C6-CS5 (11); BC16-C17— .
C19+ BC6-C5.C13 (27) 581 16.67 568/ Medium
7C3-C2-C1-C6 + 1C2-C1-C6-C5 (60) 578 5.88 Not detected
BC18-C16-N15 + AC13-N15-C16 + fC6-C15-C13 +
BC16-C127-C19 (16); out-of-planeN15-C17-C18-C16 + 543 7.97 520/ Low
7C2-C1-C6-C5 (35)
BC18-C16-N15 + fC13-N15-C16 + fC6-C15-C13
+ BC16-C17-C19 (33); tC1-C6-C5-C13 (10); out-of- 504 4.85 516/ Low
planeN15-C17-C18-C16 + 71C2-C1-C6-C5 (15)

Global reactivity descriptors and molecular or-
bitals

In Table 5 the values of the global reactivity de-
scriptors, calculated using B3LYP 6-311++G(d,p)
for molecules in the gas phase are provided. A
total energy is minimal for the enoimine form of
the compound 1. It is also worth noting the higher
global chemical hardness of this form, which points
the resistance of the electronic shell to deforma-

Int. j. biol. chem. (Online)

tion. Both of these parameters indicate the higher
stability of the enolimine form. The highest occu-
pied and the lowest unoccupied molecular orbitals
for all three forms are localised mainly through-
out the whole molecule (see Figure 7). The special
features include localisation on the chlorine atom
only for HOMO, as well as lower electron density
of HOMO and LUMO on the nitrogen atom of the
heterocycle.
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Table 5 — Dipole moment, frontier molecular HOMO and LUMO orbitals and descriptors for three forms of compound I in gas phase,

obtained by using the B3LYP/6-311++G(d,p) method

Parameter Enol form Cis-keto form Trans-keto form
Total energy (eV) —30145.44228 -30145.32565 -30145.01196
Dipole moment (Debye) 3.89751 5.942917 8.738414
Eomo €Y) -0.23729 -0.22019 -0.21759
E o (€V) —0.08962 —-0.10001 -0.10392
AL o ovo = Erovo — Evono (€V) 0.14767 0.12018 0.11367
Ionization energy, [ =—E, . (eV) 0.23729 0.22019 0.21759
Electron affinity, 4 =—£ . (V) 0.08962 0.10001 0.10392
Electronegativity, y = (I + 4)/2 (eV) 0.16346 0.16010 0.16076
Chemical potential, u =—y (eV) —0.16346 -0.16010 -0.16076
Global chemical hardness, 7 = (I — 4)/2 (eV) 0.07384 0.06009 0.05684
Global chemical softness, S = 1/(27) (eV™") 6.77186 8.32085 8.79740
Global electrophilicity index, @ = ¢%/(27) (eV) 0.18093 0.21328 0.22734
Global nucleophilicity index, E= u x 5 (eV?) -0.01207 —0.00962 —-0.00914

LUMO LUMO
-0,08962 eV -0,10001 eV
HOMO HOMO
-0,23729 eV -0,22019 eV
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Figure 7 — Views on the electronic isosurfaces of LUMO and HOMO molecular orbitals
of tautomeric forms of compound I obtained by using the B3LYP/6-311++G(d,p) method
(a—enolimine, b — cis-keto-namine ¢ — trans-ketoenamine; results under 0.02 a.u. isovalue)

The ionisation potential (I) and the affinity to
electrons (A) were estimated as follows: I = —E
(HOMO), A =—E (LUMO) [49]. Thus, a decrease in
the values of I corresponds to an increase in electron-
donating capacity, and an increase in A corresponds
to an increase in electron-accepting capacity. For all
forms of the compound I the ionisation energy lies
in the range of 0.21 — 0.25 eV, and the affinity to
electrons is about 0.1 eV. These values indicate more
expressed electron donor ability of the compound.

For a general reactivity assessment, some addi-
tional characteristics calculated from the difference in
the LUMO and HOMO energies, were also calculated
[81]. Low electronegativity values (0.15 — 0.17 eV)
also indicate the predominantly electron donor prop-
erties of the molecules.

Int. j. biol. chem. (Online)

Molecular electrostatic potential surfaces

The visualisation of electrophilic and nucleophil-
ic centres of different forms of the compound I was
carried out using molecular electrostatic potential
(MEP) surfaces (see Figure 8).

The red and blue zones on the MEP surfaces de-
pict nucleophilic and electrophilic centres respec-
tively. As expected, the nucleophilic centres are
the oxygen, nitrogen and chlorine atoms. For the
enolimine form (Figure 8a) the nucleophilicities of
oxygen and heterocyclic nitrogen are close to each
other. For the ketoenamine forms (Figure 8b, c) this
characteristic is far more pronounced for oxygen
atom. The most pronounced electrophilic centre is
the hydrogen at the carbon atom adjacent to the im-
ine nitrogen.

International Journal of Biology and Chemistry 18, Ne 2 (2025)



90

A Schiff base 4-chloro-2-((pyridin-3-ylimino)methyl)phenol: crystal structure details, computational study, proteolytic...

0.0548 a.u.

-0.0548a.u. -0.0601 a.u.

0.0601 a.u.

-0.103 a.u. 0.103 a.u.

Figure 8 — View of the molecular electrostatic potential surfaces of compound I, obtained by using
the B3LYP/6-311++G(d,p) method (a — enolimine, b — cis-keto-namine ¢ — trans-ketoenamine;
results under 0.004 a.u. isovalue)

Absorption spectroscopy

The calculated according to B3LYP
6-311++G(d,p) and the experimental UV-spectra
of the compound I solution in ethanol are present-
ed in Figure 9. The calculated spectra of the cis-
and frans-ketoenamine forms of the compound
I (Figures 9b, c) contain bands at 428 and 521
nm characteristic for these forms. The maxima
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of absorption band of enoimine form are located
below 400 nm. A good agreement between the
experimental spectrum (Figure 9d) and the cal-
culated spectrum of enolimine form (Figure 9a)
is observed. In the experimental and calculated
spectra, the absorption maxima and bands at 357
and 355 nm; 301 and 312 nm; 210 and 224 nm
closely coincide.
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Figure 9 — The calculated absorption spectra of different tautomeric forms of compound I obtained
by using the TD-DFT/B3LYP/6-311++G(d,p) method and experimental UV-vis spectrum of compound I in ethanol

Int. j. biol. chem. (Online)

International Journal of Biology and Chemistry 18, Ne 2 (2025)



A.V. Sharov et al. 91

The UV-spectra of the compound I in different
both polar and non-polar solvents were also recorded
and analysed for better understanding of the influence

——Methanol
——Ethanol
~1-Propanol

——2-Propanol
1-Butanol
—2-Butanol

200 250 300 350 400 450
% (nm)

a

of medium on the tautomerism of this Schiff base.
These spectra are presented in Figure 10. The UV-
spectra in different alcohols are presented separately.

—MeCN
=——Chlorophorm

——Hexane
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e 104 (M -cm)

0 T T T T T 1
200 250 300 350 400 450
2 (nm)

b

Figure 10 — Experimental UV-spectra of compound I in different solvents

The absorption bands corresponding to the T — m*
and n — 7* transitions are located in the ultraviolet re-
gion. The bands corresponding to the 7— 7* transition
in more polar solvents such as ethanol and chloroform
are located at 209 and 215 nm correspondingly. A series
of solvents sorted by the location of the longer wave-
length band corresponding to the n — 7* transition is
as follows: toluene (351 nm)—hexane (352 nm) —ace-
tonitrile (353 nm) — ethanol (357 nm) — chloroform
(363 nm). Therefore, the increase of the solvent po-
larity apparently shifts the hydrogen atom from O11
toward N15. The spectrum of the compound I in the
ethanol-water mixture containing 76 weight % ethanol
is worth noting separately. An introduction of water
somewhat shifts the position of the n— #* transition
band of enolimine form, but reveals a band at 400 nm,
related with the ketoenamine form.

lonisation constants

An oxygen-containing group and two nitrogen-
containing groups are the acid-base centres in the
structure of the compound I. Generally, the proteo-
lytic equilibria of the compound I might be presented
as follows [82]:

~, K, K, K
H. A2 H,A"2HAS A" (1
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The neutral form HA exists as the mixture of both
enolimine and ketoenamine forms. The evaluation of
the equilibrium constants of tautomeric transforma-
tions of the compound falls outside the scope of the
present study. Only the acidity constants K, — K, are
to be determined.

At the first step the UV-spectra of the compound
I at different pH values in water-ethanolic mixtures
with the 73 weight percent ethanol were recorded.
The obtained spectra are presented in Figure 11a.
There are several isosbestic points at 303, 361 and
364 nm. The absorbances of each solution at 390
nm were determined and plotted against the pH
value (see Figure 11b). The jumps are present on
the curve at the pH ranges 4.7 — 5.7 and 7.0 — 10.0.
The potentiometric titration of the mixture was con-
ducted (see Section 2.4) for more accurate analy-
sis. The titration curve is presented in Figure 11c.
The experimental curves were processed imple-
menting the KEV algorithm [83] for estimation of
ionic equilibrium constants. The obtained ionisation
constant values are listed in Table 6. Apparently,
pK, corresponds to the dissociation of protonated
pyridine nitrogen, pK , — to the protonation of imine
nitrogen, and pK , — to the protonation of hydroxyl
group [82].
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Figure 11 — UV-spectra of compound I in different pH (a), dependence of the absorption value on pH (b)
and the titrimetric curve of compound I (c) in ethanol-water media (73% ethanol by weight)

Table 6 — Acidity constants of compound I in a water-ethanol
mixture (73% ethanol by weight) obtained by potentiometric
titration

pKa1 pKaZ pKa3
4.16 8.55 10.43
Molecular docking

To roughly estimate the level of binding energies
of the compound I with target proteins, the molecular
docking methodology was employed. The models of
the structure of some proteins from the cell walls of

Staphylococcus aureus (predominantly, sortase), fac-
tors of invasion LasA and LasB, hemolytic proteins
LipA and LipB and Lasl protein of Pseudomonas ae-
ruginosa, see Table 7. The original ligands (down-
loaded together with the protein structures from the
PDB) were removed and the affinity calculation was
performed for their binding sites. In the case of mul-
tiple original ligands, molecular docking was per-
formed for the binding sites of each of them and the
lowest affinity value obtained was recorded. In addi-
tion, the docking procedure for the known antibiotics
azithromycin and ampicillin was performed on the
same proteins.

Table 7 — Intermolecular interactions energies of gram-positive and gram-negative microorganisms proteins with original ligands,

antibiotic molecules and tautomeric forms of I

Binding energy (kcal/mol)
No | PDB code Protein Initial . . o Compound I
. . | Azithromycin | Ampicillin Cis-keto Trans-keto
ligand Enol form
form form
Gram-positive bacteria proteins (Staphylococcus aureus)
Sortase A with (PHQ)
1 2KID LPA(B27) peptide 6.8 6.9 -6.9 -5.2 =57 -5.6
Sortase A with
6-(hydroxymethyl)-3-
2 6R1V oxidanyl-2-(thiophen-3- 5.1 -7.1 -6.7 5.7 -5.7 5.7
ylmethyl)pyran-4-one
Sortase B with (CBZ)
3 4LFD NPQ(B27) peptide -6.9 -7.6 -7.4 6.5 6.5 6.5
4 1QXA |Sortase B with Gly3 4.6 -7.6 -6.4 -6.5 —6.4 -6.3
1QWZ | Sortase B 4.7 -7.6 -7 -6.5 —6.6 -6.6
6 1QX6 | Sortase B with E64 =57 -8.1 -7.1 —6.4 -6.5 -6.0
Gram-negative bacteria proteins (mainly Pseudomonas aeruginosa)
7 | 3177 |LasAclastase | 49 | o 80 | 65 | -65 6.5
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Continuation of the table

Binding energy (kcal/mol)
No | PDB code Protein Initial _ _ o Compound I
. . | Azithromycin | Ampicillin Cis-keto Trans-keto
ligand Enol form
form form
8 7NLM | LasB elastase -5.8 -7.4 -7.0 —6.2 —-6.0 —-6.1
9 | oGar |LecAlectinwitha synthetic 5.6 13 6.0 55 5.0 52
thiogalactoside
10| saey |LecB lectinwith mannose- 6.0 62 56 52 5.1 52
alphal,3mannoside
11 IROS | AHL Synthase Lasl —4.6 -8.9 -7.0 -7.0 -6.9 -6.8

“(fromtoptobottom)Initial ligand=(phenylmethyl) N-[(2S)-4-methyl-1-oxidanylidene-1-[(2S)-2-[[(2S)-1-oxidanylidene-1-[[(2S,3R)-
3-oxidanyl-1-sulfanyl-butan-2-yl]Jamino]propan-2-yl]carbamoyl]pyrrolidin-1-yl]pentan-2-yl]carbamate; 6-(hydroxymethyl)-3-
oxidanyl-2-(thiophen-3-ylmethyl)pyran-4-one; (phenylmethyl) N-[(2S)-4-azanyl-1-[(2S)-2-[[(2S)-5-azanyl-1,5-bis(oxidanylidene)-
1-[[(2S,3R)-3-oxidanyl-1-sulfanyl-butan-2-yl]amino]pentan-2-yl]carbamoyl]pyrrolidin-1-yl]-1,4-bis(oxidanylidene)butan-2-yl]
carbamate; trimethyl-(2-sulfanylethyl)azanium; trimethyl-(2-sulfanylethyl)azanium; [amino-[4-[[(2S)-2-[[(2S)-2,4-dihydroxy-4-
oxo-butanoyl]amino]-4-methyl-pentanoyl]amino]butylamino]methylidene]azanium; (2R,3R)-2,3-dihydroxybutanedioic acid and
propane-1,2,3-triol; (S)-2-mercapto-N-(4-methoxyphenyl)-4-methylpentanamide; (2R,3R,4S,5R,6S)-2-(hydroxymethyl)-6-sulfanyl-
oxane-3,4,5-triol and 2-(2-hydroxyethyloxy)ethanol; (25,3S,4S,5S,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrol and propane-1,2,3-

triol; sulfate.
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Figure 12 — Molecular docking results of compound I and Pseudomonas aeruginosa Synthase Lasl

Generally, it is worth noting that the binding en-
ergies are close to each other, at a level of 5.5 — 6.5
kcal/mol. In most cases, the indicated energies are
lower for the compound I than for the initial ligands
(marked in bold in Table 7). At the same time, the af-
finity value comparable with that of used antibiotics
is reached by the compound I only in the case of sor-
tase B of Staphylococcus aureus and Lasl protein of
Pseudomonas aeruginosa. For the last one the visu-
alisation model of indicated interaction is presented
in Figure 12. A binding of the molecule of enolimine
form of compound I is is provided by hydrogen and

Int. j. biol. chem. (Online)

- interactions with phenylalanine, m---alkyl in-
teractions with valine, and hydrogen bonds with ty-
rosine. It is also worth noting the almost complete
absence of differences in affinities between the tau-
tomeric forms.

Antimicrobial activity in vitro

The method of obtaining the samples for in vi-
tro testing is described in Section 2.9. An average
mass of the compound I on the surface of each disc,
determined according to the method described in
Section 2.9, is about 10 pg, which roughly cor-
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responds to the minimal inhibitory content of the
substance isomeric to compound I that was deter-
mined in the paper [47]. At the same time the sub-

Table 8 — Bacteria growth inhibition zones around samples

stance under study was present on the disc surface
in its solid state. The results of the testing are col-
lected in Table 8.

Growth inhibition zone (mm)

Bacteria

TIGAIAV Ti6Al4V with calcium Ti6Al4V with calcium
phosphate phosphate and compound I
Pseudomonas aeruginosa Continuous growth 4+1 9+1

Escherichia coli

Continuous growth

Continuous growth

Continuous growth

Staphylococcus aureus

Continuous growth

Continuous growth

Continuous growth

As could be seen from the data of Table 8, no
meaningful activity of the compound in relation to
Staphylococcus aureus ATCC 25923, Escherichia
coli ATCC 25922 was recorded, but a limited anti-
microbial effect in relation to Pseudomonas aerugi-
nosa ATCC 27853 was noted. For the alloy Ti6Al4V
covered with calcium phosphate this effect might be
related to the presence of TiO, on its surface.

Toxicity of compound

The toxicity of the compound I was estimated ac-
cording to the ProTox online tool [84], and the pre-
dicted toxicity class is 4 out of 6, with LD, equal to
370 mg/kg. According to prediction, the compound
might exhibit neurotoxicity, respiratory toxicity and

immunotoxicity, and additionally be toxic to the en-
vironment. The detailed report is provided in Supple-
mentary Information (Figure S1).

In order to check the effect of the compound on
living organism, the in vivo tests with laboratory
mice were conducted. Based on the visual inspec-
tion right after dissection, no abscesses or other
local signs of inflammation were observed in any
animal. The results of weighing the internal organs
of the experimental animals are given in Table 9.
To evaluated the organ conditions objectively, the
ratios of the organ mass to the animal mass were
calculated.

The results of determination of liver enzymes are
summarised in Table 10.

Table 9 — Average masses of organs of laboratory mice at day 14 after injection of compound I

Group Weight of organs, g Weight of organs divided by weight of mouse | Weight of

Heart Liver Heart Liver mouse, g

Control 0,108+0,004 1,26+0,07 0,0054+0,0003 0,063+0,005 20,0+0,5
Injection of 0.2 mg/kg of compound I 0,111+0,007 1,26+0,07 0,0045+0,0004 0,051+0,004 24.8+0,6

Table 10 — Activity of liver enzymes in the fresh blood samples of laboratory mice at day 14 after injection of compound I

Activity, U/l

Group - - -
Alanine aminotransferase Aspartate transaminase
Norm [86] 26 -89 59 — 140
Control 74 +3 84 + 7
Injection of 0.2 mg/kg of compound I 862 86+2

Int. j. biol. chem. (Online)
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The results were compared using the Wilcoxon
signed rank test [85], and neither organ masses, nor
liver enzyme activities of mice in control and experi-
mental groups revealed statistically significant differ-
ences. Although the darkening of the liver edges was
noticed for the mice of experimental group, the activ-
ities of liver enzymes in the blood samples were still
within their normal ranges [86]. The obtained data
indicate that the implantation of compound I in the
late postoperative period does not cause significant
toxic shifts in the metabolism of mice.

Intestinal absorption prediction pathway of com-
pound

The intestinal absorption pathway of the com-
pound I was predicted using the SwissADME online
tool [87], see Figure S2. According to the prediction,
the compound has a good blood-brain barrier cross-
ing probability. No active efflux of the compound by
the P-glycoprotein is also predicted.

Discussion

The combination of the presented results indi-
cates the existence of the compound I predominantly
in the enolimine form in the solid state. At the same
time, in solutions in organic solvents, this form is
also mainly present. With an increase in the polar-
ity of the solvent, some displacement of the hydro-
gen atom from oxygen to the imine nitrogen takes
place. Similar results are observed for a number of
related compounds, including salicylideneaniline,
salicylidene-2-aminopyridine, 5-chlorosalicylidene-
2-aminopyridine [47, 80, 82]. In aqueous-alcoholic
solutions of the compound I, the keto-enamine tauto-
meric form is present.

The obtained ionisation constant values corre-
spond to dissociation of protonated pyridine nitro-
gen, protonation of imine nitrogen, and protonation
of hydroxyl group

The molecular docking results indicate that only
for some proteins the binding energies of the com-
pound I are approaching those for ampicillin and
azithromycin. For the related (and according to the
data from [64] — the same) compound the values of
minimum inhibitory concentration (MIC) in DMFA
solution were evaluated in the paper [47], and these
values are 30 times higher than these of ampicillin.
This is fundamentally consistent with the calculated
data presented in the present study. At the same time,
fairly high level of toxicity of the compound I is as-
sumed. Based on this it was quite important to test
the antimicrobial activity of the compound under two

Int. j. biol. chem. (Online)

given conditions. The first is the usage of a model
that approximates the compound I to the real condi-
tions of potential use on the implant surface. At the
same time, the used form of the compound does not
imply dissolution in toxic solvents. The second is
testing the activity for low compound contents, in the
MIC range for analogous substances. The results ob-
tained indicate the prospects for using the compound
I as an antimicrobial substance. Further work will be
related to experimental studies related to the search
for optimal antimicrobial activity with minimal toxi-
cological impact on warm-blooded organisms.

Conclusion

In the present study, the detailed results of com-
putational studies of 4-chloro-2-((pyridin-3-ylimino)
methyl)phenol is reported. The molecules in the
crystal structure are mainly linked to each other by
C-H--O and C-H--N hydrogen bonds. Most of the
Hirschfeld surface is formed by mutual contacts of
H-X (X=H,C,N,0O,Cl)and C~-X (X=C, N, O,
CD.

Comparison of the results of computer modeling
and experimental studies indicates the predominant
existence of the compound in the enolimine form in
organic solvents. At the same time, the introduction
of water leads to the appearance of the ketoenamine
form.

The calculated results of molecular docking do
not reveal any differences in the effect on a number
of proteins of Staphylococcus aureus and Pseudomo-
nas aeruginosa, while the affinity values themselves
are either lower or are approaching those for refer-
ence antibiotics.

An inhibitory effect of microgram amounts of the
compound on the surface of a medical titanium alloy
on the development of Pseudomonas aeruginosa in
vitro was detected.

No significant toxicity effects of the studied com-
pound on the laboratory mice was detected.

Supplementary Materials

The following supporting information is avail-
able: Figure S1 — The prediction of toxicity of the
compound I by the Pro-Tox online tool; Figure S2 —
The prediction of intestinal absorption and blood-
brain barrier penetration of the compound I by the
SwissADME online tool; Table S1 — Antibacterial
activity of different secondary amines; Table S2 —
Selected bond lengths (A) and angles (°) in the
optimized structure of cis-ketoenamine and trans-
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ketoenamine form of compound [ using the B3LYP/6-
311++G(d,p) method; Table S3 — The vibration
modes in the calculated IR spectrum (Figure 7) of the
ground state of cis-ketoenamine form of compound
I, obtained by using the DFT/B3LYP/6-311++G(d,p)
method; Table S4 — The vibration modes in the cal-
culated IR spectrum (Figure 7) of the ground state of
trans-ketoenamine form of compound I, obtained by
using the DFT/B3LYP/6-311++G(d,p) method.
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