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Abstract—The first ever synthesis of complexes [PdLCl2] (I) and [PdLBr2] (II) was successfully achieved,
where L = 2,6-dimethyl-4-nitro-N-(pyridin-2-ylmethylildene)aniline, a ligand with a purported ability to
inhibit monoamine oxidase B (MAO-B). To gain insight into the molecular structure of complexes I
and II, as well as the ligand precursor 2,6-dimethyl-4-nitroaniline L4 (CIF files CCDC nos. 2255106 (I),
2255105 (II), 2255103 (L), 2255104 (L4)), X-ray diffraction analysis was utilized. Complex I underwent fur-
ther characterization to determine its stability, solubility, and lipophilicity. Cytotoxicity studies of substances
L, I, and II on human embryonic kidney cell line HEK-293 showed no evidence of cytotoxic activity. To eval-
uate the inhibitory activity of new substances L, I, and II as well as established substances III−IX, selegiline,
and rasagiline, ex vivo studies were conducted, establishing a structure/activity relationship.

Keywords: palladium, MAO, pyridinimine complexes, nitroaniline, Schiff base
DOI: 10.1134/S1070328423600626

INTRODUCTION
The growing interest in coordination compounds

of transition metals is driven by the clinical use of
Pt(II) complexes such as cisplatin and carboplatin in
antitumor therapy [1–3]. However, the development
of chemoresistance in cancer cells and the appearance
of specific side effects in patients have prompted
researchers to synthesize compounds based on Pd,
owing to the similar chemical and physical properties
of Pt and Pd [4]. Pd(II) compounds display significant
antitumor and antimicrobial activity, higher lipo-
philicity, or solubility when compared to cisplatin [5–
11]. The cytotoxic activity of Pd(II) complexes is
dependent on the ligand environment, and can be pur-
posefully reduced with individual selection and varia-
tion of the structure of the ligand. This feature
expands the potential for application of Pd(II) com-
plexes in the therapy of a number of infectious and
non-infectious diseases [12–14].

Organometallic compounds have been identified as
potential inhibitors of enzyme activity due to their
high affinity for binding with large biological mole-
cules when compared to organic compounds without
metals [15]. Numerous studies have revealed that
Pd(II) and Pd(IV) complexes possess inhibitory
effects towards various enzymes such as AChE [16–
19], BuChE [19, 20], PON1 [21], CA [16], α-glucosi-
dase [18, 21], β-glucuronidase [22], cellulase [23],

fumarate reductase [24], cathepsin B [25], TcOYE
[26], HIV-1 protease [27], metallo-β-lactamase [28],
RNA polymerases [29], lipoxygenase [30], superoxide
dismutase [31], topoisomerase II [32], Na+/K+-
ATPase [33], Ca2+/Mg2+-ATPase [34], thioredoxin
reductase [35] and glutathione reductase [36].

Alzheimer’s and Parkinson’s diseases are neurode-
generative disorders that manifest in an age-depen-
dent manner, and are known to exhibit increased
activity of AChE [16–19] and MAO-B [37–39]
enzymes, respectively. Presently, a variety of MAO-A
and MAO-B inhibitors with distinct modes of action
are available [38]. Notably, Moshkovsky’s team
demonstrated the potential of Pd(II) complexes to
inhibit the enzymes MAO-A and MAO-B [40]. The
cysteine residue 397 within the MAO polypeptide
chain forms a covalent bond with FAD, which serves
as the catalytic center of the enzyme [37, 38]. Pd com-
plexes form aldimines in the reaction that converts
monoamines by the MAO enzyme, thereby inhibiting
it [41]. Mechanisms of catalytic action and inhibition
of the MAO enzyme are depicted in Scheme 1. In a
recent exploration [42], the effectiveness of MAO-B
inhibition in the treatment of Parkinson’s disease was
found to be linked with the cessation of gamma-ami-
nobutyric acid (GABA) synthesis by astrocytes.
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Scheme 1.

The impact of complex structure on MAO inhibi-
tion can be understood as follows. Firstly, an increase
in the lipophilicity of the Pd(II) complex is advanta-
geous for crossing the blood-brain barrier (BBB) and
binding to the lipophilic catalytic site [37] of the MAO
enzyme. Secondly, an increase in the size of the Pd(II)
complex may not be beneficial for selective MAO-B
inhibition as the catalytic cavity of MAO-B is smaller
than that of MAO-A [37]. Thirdly, Pd(II) complexes
must exhibit stability under physiological conditions
as Pd(II) compounds tend to undergo decomposition
resulting in the formation of Pd-black and/or
Pd3(PO4)2. Lastly, the ligands must stabilize the cis-
halogen geometry of the coordination site to facilitate
the mechanism presented in Scheme 1.

In our previous research, we conducted an investi-
gation of Pd(II) pyridinimine complexes for the pur-
pose of ex vivo inhibition of monoamine oxidase
(MAO) enzymes [43]. Our findings revealed that the
incorporation of nitro groups and substituents at the
ortho-positions is conducive to achieving a potent
inhibition of MAO enzymes.

The objective of the present study is to synthetize
Pd(II) arylpyridinimine complexes containing ortho-
substituents and a nitro group in the para-position of
the benzene ring. Previous research, as reported in ref-
erences [43, 44], revealed a modest augmentation in
the inhibitory activity against monoamine oxidase
(MAO) upon the transition from chloride-based com-
plexes to Pd(II) bromide complexes. However, these
studies lacked selectivity in assessing the inhibitory
activity of MAO-B induced by Pd(II) compounds. In
this regard, the present work focuses on investigating
the MAO-B inhibitory activity of Pd(II) complexes
through ex vivo methodologies, which have previously

proven successful in the evaluation of MAO-B inhibi-
tory activity of complexes composed of Cu(II), Zn,
and Ni(II), as reported in reference [45].

EXPERIMENTAL

IR spectra were recorded using a Bruker VERTEX 80v
Fourier spectrometer in vaseline oil over 4000–400 cm–1.
1Н and 13С NMR spectra (400 and 100 MHz, respectively)
were recorded in CDCl3 at 30°С (2,6-dimethyl-4-nitro-
N-[pyridin-2-ylmethylildene]aniline (L) and 2,6-
dinethyl-4-nitroaniline (L4) or in DMSO-d6 at 50°C
([PdLCl2] (I), [PdLBr2] (II) using a Bruker Avance Neo
400 spectrometer with HMDS (hexamethyldisilazane)
(1H δ 0.055 ppm) and residual CHCl3 (13C δ 77.0 ppm) or
DMSO-d6(13C δ 39.6 ppm) as internal references. The
mass spectrum was recorded on an Agilent Technologies
6890N/5975B instrument, HP-5ms capillary column,
30000 × 0.25 mm, 0.25 μm, evaporator temperature
260°C, temperature programming within 20–40 deg/min,
carrier gas helium, 1 mL/min, mass spectra are obtained
by the method of electron impact (70 eV). Melting points
were determined using a PTP-2 instrument. Elemental
analysis (C, H, N) was performed using a CHNS VARIO
EL CUBE instrument. UV spectra were recorded in the
range 200–1000 nm on an SF-2000 spectrophotometer
(OKB Spektr, Russia); l = 1 cm. TLC was carried out on
Sorbfil PTSKh-AF-A-UV plates in the system petroleum
ether (40–70°C)–EtOAc 7 : 3.

The chemicals of at least chemical pure grade were
used: PdCl2, [n-Bu4N]Br, 2-pyridinecarbaldehyde,
2,6-dimethylaniline, pharmaceutical substance kynu-
ramine and irreversible covalent inhibitors chlorgiline
(mainly MAO-A inhibitor), rasagiline and selegiline
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NITRO-SUBSTITUTED PYRIDINIMINE COMPLEXES OF Pd(II) 567
(mainly MAO-B inhibitors) (Alfa Aesar, UK) and sil-
ica gel 0.063–0.2 mm (Macherey-Nagel, Germany).
Used CH3CN brand “0” Russian production.

N-(2,6-Dimethylphenyl)-4-methylbenzenesulfonami-
de (L1) [46], N-(2,6-dimethylphenyl)-N-(phenylsulfo-
tolyl)-4-methylbenzenesulfonamide (L2): 8 mL
(0.0650 mol) 2,6-dimethylaniline, 18.5 g
(0.0970 mol) tosylchloride was refluxed in 32 mL of
pyridine during 1 hour. Then the solvent was distilled
off on a rotary evaporator, the residue was dissolved in
EtOAc, washed with saturated NaCl solution and
dried over MgSO4. The products were separated by

column chromatography on silica gel, eluting with
petroleum ether (40–70°C)–EtOAc mixtures with

increasing polarity in a ratio from 10 : 1 to 1 : 1: L2

came out earlier than L1 from the column, but the

sequence was reversed on TLC. Yield L1: 17.142 g
(96%), Rf = 0.43, colorless powder mp. 135–136°C
(petroleum ether (40–70°С)—EtOAc) (ref. [46] 134–
135°C (CH3OH)). Mass spectrum (EI, 70 eV), m/z
(Irel (%)): 276 (6), 275 (33) [M+], 121 (10), 120 (100),

119 (6), 91 (17), 77 (8), 65 (7). Yield L2: 0.523 g (3%),
Rf = 0.31 colorless powder mp. 172–173°C (petroleum
ether (40–70°С)–EtOAc). Mass spectrum (EI,

70 eV), m/z (Irel (%)): 431 (7), 430 (14), 429 (54) [M+],

275 (6), 274 (26), 273 (20), 211 (13), 210 (76), 209 (7),
208 (23), 196 (11), 195 (67), 194 (67), 180 (7), 154 (13),
152 (5), 151 (6), 139 (18), 120 (6), 119 (11), 118 (31),
105 (29), 104 (6), 93 (9), 92 (14), 91 (100), 89 (7),

77 (9), 65 (28), 39 (6). 1Н NMR spectrum (δ, ppm, J,
Hz): 7.88 d. (4Н, 3,5-Tos, J = 8.2), 7.30 d. (4Н, 2,6-
Tos, J = 8.2), 7.15 t. (1Н, 4-Ar, J = 7.6), 7.01 d. (2Н,
3,5-Ar, J = 7.6), 2.43 s. (6Н, Ме-Tos), 1.86 s. (6Н,

Ме-Ar). 13С NMR spectrum (δ, ppm): 145.1, 141.0,
137.1, 133.1, 129.5, 129.4, 129.4, 129.1, 21.6, 19.3. IR

spectrum (ν, cm–1): 3268, 1513, 1335, 1306, 1294,
1158, 1091, 814, 745, 550, 537.

N-(2,6-Dimrethyl-4-nitrophenyl)benzenesulfonami-
de (L3) [46]: 4 g (14.5 mmol) L1, 20 mL H2O, 30 mL

CH3COOH, 0.1 g NaNO2 and 2.5 mL 60% HNO3 was

refluxed during 30 minutes. The reaction mass was
cooled to 0°C and filtered on Schott, the precipitate
was washed with cold water and dried under vacuum.

The product was purified from residues by L1 column
chromatography on silica gel, eluting with petroleum
ether (40–70°C)–EtOAc mixtures with increasing

polarity in the ratio from 10 : 1 to 0 : 1: L1 came out

before L3. Yield: 3.561 g (77%), Rf = 0.31 colorless
powder mp. 150–151°C (petroleum ether (40–
70°С)–EtOAc) (ref. [46] 163–165°C (H2O)). Mass

spectrum (EI, 70 eV), m/z (Irel (%)): 321 (9), 320 (46)

For C22H23NO4S2

Аnal. calcd., % C, 61.51 Н, 5.40 N, 3.26

Found, % C, 61.51 Н, 5.39 N, 3.46
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[M+], 165 (28), 156 (8), 155 (88), 135 (9), 119 (18), 118
(15), 106 (5), 104 (9), 92 (10), 91 (100), 89 (5), 65 (18),
39 (6).

2,6-Dinethyl-4-nitroaniline (L4) [46]: to 3 g

(9.36 mmol) L3 added 15 mL concentrated Н2SO4 was

stirred at 50°C during 2 houres. Then, 150 g of snow
and 100 g of NaHCO3 in small portions were added to

the reaction mass with stirring. The solution was
stirred until gas evolution ceased and extracted into
EtOAc. The organic layer was dried over MgSO4, fil-

tered, and distilled off on a rotary evaporator. The res-
idue was crystallized from CH2Cl2. Yield: 1.370 g

(88%), green needles mp 163–164°C (СН2Сl2) (ref.

[46] 164–165°C (EtOAc)). Mass spectrum (EI,

70 eV), m/z (Irel (%)): 167 (10), 166 (100) [M+],

136 (46), 120 (22), 119 (9), 118 (12), 108 (7), 104 (8),
103 (6), 93 (21), 92 (7), 91 (30), 78 (6), 77 (27), 65 (9),

52 (6), 51 (6), 39 (6). 1Н NMR spectrum (δ, ppm):
2.21 s. (6Н, CH3), 4.14 br.s. (2Н, NH2), s. 7.88 (2Н,

3,5-Ar).

2,6-Dimethyl-4-nitro-N-(pyridin-2-ylmethylildene)-
aniline (L): 1.274 g (7.67 mmol) L4, 0.81 mL
(8.43 mmol) 2-pyridinecarbaldehyde, 0.15 g toluene-
sulfonic acids was refluxed of 50 mL toluene with
Dean–Stark apparatus during 12 houres. Then the
solvent was distilled off on a rotary evaporator, and the
residue was crystallized from CH3OH. Yield: 1.606 g

(82%), pale yellow prism mp. 155–156°C (СН3OH).

Mass spectrum (EI, 70 eV), m/z (Irel (%)): 255 (32)

[M+], 254 (36), 241 (15), 240 (100), 237 (7), 210 (7),
209 (39), 208 (26), 207 (23), 195 (8), 164 (43),
193 (13), 192 (8), 182 (6), 181 (17), 180 (8), 160 (20),
131 (26), 130 (34), 104 (11), 103 (16), 92 (5), 80 (12),
79 (76), 78 (19), 77 (16), 65 (10), 64 (5), 63 (10),

52 (12), 51 (12), 39 (8). 1Н NMR spectrum (δ, ppm, J,
Hz): 8.73 d.d.d. (1Н, 6-Py, J = 4.9, J = 1.3, J = 0.9),
8.30 s. (1H, 7-Py), 8.25 d. (1H, 3-Py, J = 7.6), 7.96 s.
(2H, 3,5-Ar), 7.87 d.d.d. (1Н, 4-Py, J = 7.6, J = 7.5,
J = 1.3); 7.45 d.d.d. (1Н, 5-Py, J = 7.5, J = 4.9, J =

1.1); 2.20 s. (6H, Me). 13С NMR spectrum (δ, ppm):
163.9, 156.0, 153.5, 149.8, 144.0, 136.9, 127.9, 125.9,

123.4, 121.6, 18.3. IR spectrum (ν, cm–1): 3396, 1649,
1509, 1472, 1334, 1304, 1289, 1100, 764, 749.

cis-Dichlorine[2,6-dimethyl-4-nitro-N-[pyridin-2-
ylmethylildene]aniline]palladium(II) (I): in 100 mL
CH3CN during 10 minutes was refluxed 709 mg

(4 mmol) PdCl2, and then added 1.021 g (4 mmol) L.

The solution was refluxed for 1 hour and then filtered.
The precipitate, a yellow powder, was dried in a vac-
uum oven. The red crystal for XRD was grown from
DMSO. Yield: 1.229 g (71%), mp > 320°C (CH3CN).

For C14H13N3O2

Аnal. calcd., % C, 65.87 Н, 5.13 N, 16.46

Found, % C, 66.03 Н, 5.91 N, 16.40
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1Н NMR spectrum (δ, ppm, J, Hz): 9.12 d.d. (1Н,
6-Py, J = 5.2), s. 8.80 (1H, 7-Py), 8.47 d.d.d. (1H,
4-Py, J = 8.2, J = 7.2, J = 1.0), d. 7.87 (1Н, 3-Py, J =
7.2), s. 8.23 (2H, 3,5-Ar), d.d.d. 8.05 (1Н, 5-Py, J =

8.2, J = 5.2, J = 1.2), 2.45 s. (6H, Me). 13С NMR spec-
trum (δ, ppm): 175.0, 154.9, 154.9, 150.2, 145.9, 141.1,

132.8, 130.1, 129.8, 122.3, 18.0. IR spectrum (ν, cm–1):
3025, 1618, 1518, 1476, 1341, 1324, 1308, 1299, 1157,
1096, 825, 765.

cis-Dibromine[2,6-dimethyl-4-nitro-N-[pyridin-2-
ylmethylildene]aniline]palladium(II) (II): in 100 mL
CH3CN 709 mg (4 mmol) PdCl2, 5.025 g (20 mmol)

BrN(Bu)4 and 1.021 g (4 mmol) L was refluxed during

2 houres. Then the reaction mass was evaporated on a
rotary evaporator to 50 mL and cooled. The precipi-
tate that formed was separated by filtration, washed
with 50 mL of H2O and 10 mL of CH3CN. Yield:

1.540 g (74%), small orange crystals mp > 320°C

(CH3CN). 1Н NMR spectrum (δ, ppm, J, Hz):

9.10 br.s (1Н, 6-Py), 8.78 s. (1H, 7-Py), 8.47 d.d. (1H,
4-Py, J = 7.2, J = 7.2), 8.21 d. (1Н, 3-Py, J = 7.2),
8.04 s. (2H, 3,5-Ar), 8.01 br.s. (1Н, 5-Py), 2.42 s. (6H,

Me). 13С NMR spectrum (δ, ppm): 174.6, 145.8,
140.8, 140.9, 132.6, 129.9, 129.6, 123.6, 122.0, 119.8,

17.9. IR spectrum (ν, cm–1): 3411, 1629, 1519, 1467,
1343, 1304, 1159, 1092, 815, 763, 747, 547, 539.

X-ray. A set of experimental reflections of com-
pound samples was obtained on an Xcalibur Ruby sin-
gle-crystal diffractometer (Agilent Technologies,
Poland) with a CCD detector according to the stan-
dard method (MoKα radiation, ω-scan with a step of

1°) at T = 295 K. Absorption was taken into account
empirically using the SCALE3 ABSPACK algorithm
[47]. The structures were solved using the SHELXS
program [48] and refined by the full matrix least

squares method in F2 in the anisotropic approximation
for all non-hydrogen atoms using the SHELXL pro-
gram [49] with the OLEX2 graphical interface [50].
Hydrogen atoms are included in the refinement in the
rider model (with the exception of hydrogen atoms of
the NH2 group, which are refined independently in

the isotropic approximation). The crystal of com-
pound II was refined using a data file with reflection
intensities of the HKLF 5 format as a twin with two
components, the component ratio obtained as a result
of refinement is 0.639(3) : 0.361(3). Crystallographic

For C14H13N3O2Cl2Pd

Аnal. calcd., % C, 38.87 Н, 3.03 N, 9.71

Found, % C, 38.37 Н, 3.02 N, 9.50

For C14H13N3O2Br2Pd

Аnal. calcd., % C, 32.24 Н, 2.51 N, 8.06

Found, % C, 35.44 Н, 3.32 N, 8.62
RUSSIAN JOURNAL OF C
data and details of the refinement of structures L4, L,
I, and II are given in Table 1.

Structural data were deposited at the Cambridge
Center for Crystallographic Data (nos. 2255103 (L),

2255104 (L4), 2255106 (I), 2255105 (II), deposit@
ccdc.cam.ac.uk, www: http://www.ccdc.cam.ac.uk).

Lipophilicity test. 1 L of distilled water was mixed
with 60 mL of octanol-1 for two days in order to mutu-
ally saturate. 16 mg of complex I was stirred in 20 mL
of octanol-1 saturated with water for two days, the sus-
pension was filtered. The filtrate was made up to
30 mL with 1-octanol saturated with water. From an
aliquot of the solution, the UV spectrum was recorded
from 180 to 900 nm with a step of 1 nm relative to otca-
nol-1 saturated with water. The stock solution (20 mL)
was stirred with 980 mL of water saturated with oca-
nol-1 for two days. Then an aliquot of the organic
phase was taken to record the UV spectrum in the
same way. logP was calculated using the formula
below, where D0 is the absorbance of the solution

before extraction and D1 is the absorbance of the solu-

tion after extraction. The calculation was carried out in
the vicinity of the absorption maximum of substance I
(263–273 nm). The logP values for different wave-
lengths were averaged, the error was calculated by Stu-
dent’s method with a confidence interval of 95%.

Stability test. 0.3 mL of a 10 mol/L solution of
complex I in DMSO was mixed with 30 mL of 0.1 M
phosphate-buffered saline (PBS) pH 7.4 and an ali-
quot was taken for recording the UV spectrum. The
remaining solution was kept for 30 min at 37°C and an
aliquot was taken to record the UV spectrum.

MTT assay. The cytotoxic activity was assayed using
human cancer cell lines HEK-293 by the MTT assay.
Cell cultures were incubated for 24 h in RPMI medium
(PanEco, Russia) with added fetal bovine serum (10%)
(Biosera, France), L-glutamine (2 mM), and 1% solu-
tion of penicillin-streptomycin (50 U/mL, 50 μg/mL;
PanEco, Russia) at 37°C with 5% CO2 in a humid atmo-

sphere. Then, the cell cultures were treated with the
tested compounds dissolved in DMSO at concentrations
in the range 3.125–100 μM. Cell survival was assessed
after incubation with the tested compounds for 72 h by
adding MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazoliumbromide) solution (20 μL, 5 mg/mL) to
each well. The cells were incubated with MTT solution
for 4 h. Then, the medium was removed from the plates.
Each well was treated with DMSO (100 μL) to dissolve
the resulting formazan crystals. The optical density was
determined at 544 nm using a FLUOstar Optima plate
spectrophotometer (BMG Labtech GmbH, Germany).
The 50% inhibitory concentration (IC50) was determined

from dose-dependent curves using GraphPad Prism 6.0
software [51].
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Table 1. Crystallographic parameters and details of structure refinement L4, L, I and II

Compound
Value

L4 L I II

Gross formula C8H10N2O2 C14H13N3O2 C14H13N3O2Cl2Pd C14H13N3O2Cl0.89Br1.11Pd

M 166.18 255.27 432.57 481.70

T, К 295(2) 295(2) 295(2) 295(2)

Syngony Monoclinic Monoclinic Monoclinic Monoclinic

Space group P21/n P21/c P21/c P21/c
a, Å 3.9903(17) 8.776(2) 8.1188(13) 8.1644(14)

b, Å 11.872(4) 17.579(4) 11.2468(16) 11.495(2)

c, Å 17.149(5) 8.277(2) 17.235(2) 17.453(4)

α, deg 90 90 90 90

β, deg 92.97(4) 94.37(2) 102.542(14) 102.57(2)

γ, deg 90 90 90 90

V, Å3 811.3(5) 1273.1(5) 1536.2(4) 1598.7(5)

Z 4 4 4 4

ρ(cal.), g/сm3 1.360 1.332 1.870 2.001

μ, mm–1 0.100 0.092 1.565 4.081

F(000) 352.0 536.0 856.0 936.0

2θ data acquisition range, deg 6.86–58.93 6.57–58.91 4.36–58.77 4.27–58.83

Independent reflections (Rint) 2687 2993 (0.0296) 3632 (0.0298) 3790 (0.0539)

Reflections with I > 2σ(I) 1271 2223 3104 2957

Adjustable parameters 120 175 201 221

GООF 0.916 1.039 1.055 1.021

R-factors in F2  > 2σ(F 2) R1 = 0.0748,

wR2 = 0.1929

R1 = 0.0505,

wR2 = 0.1253

R1 = 0.0325,

wR2 = 0.0727

R1 = 0.0456,

wR2 = 0.0931

R-factors for all reflections R1 = 0.1409,

wR2 = 0.2138

R1= 0.0697,

wR2 = 0.1442

R1= 0.0406,

wR2 = 0.0794

R1= 0.0631,

wR2 = 0.1066

Δρmax/Δρmin, e/Å3 0.24/–0.20 0.21/–0.22 0.67/–0.65 0.68/–1.02
Determination of MAO inhibitory activity. The
enzymatic activity of MAO in the mouse brain
homogenate was determined according to the meth-
ods [52, 53] with modifications based on the f luori-
metric measurement of 4-hydroxyquinoline formed
during the enzymatic oxidation of kynuramine. The
homogenate was prepared from mouse brain tissue in
the ratio of 1 g of brain tissue to 8 mL of PBS buffer.
The homogenate was centrifuged at 1000 g for 30 min,
then the supernatant was collected and centrifuged at
10000 g for 30 min. Next, the pellet was resuspended
in 0.01 M PBS until the protein content was
125 μg/mL. The protein concentration was deter-
mined by the Lowry method [54]. To determine the
activity of MAO, a suspension of mitochondria was
introduced into a 96-well black plate (SPL, Korea) at
a rate of 100 μL/well and incubated at 37°С for 30 min.
Prior to compound addition, MAO-A activity was
suppressed by adding the selective inhibitor chlo-
rhyline at a concentration of 250 nM per well. The test
compounds in an amount of 1 μM were dissolved in
100 μL of 100% DMSO, diluted in PBS, and added to
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
the mitochondrial suspension in such a way as to
obtain the specified final concentrations of substances
from 100 to 3.125 μM (DMSO concentration from 1 to
0.031%, respectively). After 30 min incubation, the
enzymatic reaction was initiated by adding a nonselec-
tive substrate kynuramine (Sigma-Aldrich, USA) at a
concentration of 0.2 mg/mL in PBS, 50 μL/well.
Then the plates were incubated at 37°C for 30 min,
after which the reaction was stopped by adding 50 μL
of 10% trichloroacetic acid and 50 μL of 1 M NaOH.
The fluorescence intensity of 4-hydroxyquinoline,
which was formed from kynuramine, was measured at
320/380 nm using a FLUOstar Optima plate spectro-
photometer (BMG Labtech, Germany). A suspension
of mitochondria supplemented with DMSO to a final
concentration of 1% and chlorhyline at a concentra-
tion of 250 nM was used as a positive control. Enzyme
activity in the control experiment was taken as 100%.
The MAO-B inhibitors rasagiline and selegelin
(Sigma-Aldrich, USA) were used as reference drugs,
which were added by analogy with the tested com-
pounds. All experiments were carried out in triplicate.
  Vol. 49  No. 9  2023
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The IC50 value was calculated as the concentration of

the substance that reduces the oxidation of kynur-
amine by the natural mixture of MAO by 50%.

DISCUSSION

The synthesis of 2,6-dimethyl-4-nitroaniline (L4)
via the reaction between tosyl chloride and 2,6-
dimethylaniline has been previously reported [46, 55].
In this study, we replicated this synthesis (Scheme 2)

utilizing a staged column chromatography approach

(i, ii), resulting in improved yields of pure com-

pounds L1 and L3 at all stages of the process com-

pared to those reported in the literature. Further-

more, we were able to identify a novel by-product,

L2, which was characterized using 1H and 13C NMR

spectroscopy, GC-MS, and elemental analysis.

Finally, the structure of L4 was confirmed using

X-ray crystallography (Fig. 1).

i. pyridine, ref luxed, 1 h; 
ii. Н2O, CH3COOH, HNO3, refluxed, 15 min, then Na2CO3;

iii. H2SO4, 50°C, 1 h, and then Na2CO3

Scheme 2.

Precursor ligand L4 crystallizes in the centrosym-

metric space group of the monoclinic system (Fig. 1).

The nitro group is rotated at a small angle to the aro-

matic ring plane, torsion angles O(2)N(2)C(4)C(3)

3.8(5)°, O(1)N(2)C(4)C(5) 2.8(5)°. In a crystal, mol-

ecules are linked into infinite two-dimensional net-

works due to intermolecular hydrogen bonds N(1)–

H(1A)…O(2) (–1/2 + x, 1/2 – y, –1/2 + z) and N(1)–
H(1B)…O(1) (1/2 + x, 1/2 – y, –1/2 + z).

Schiff’s base was obtained for the first time by
azeotropic distillation of water 2,6-dimethyl-4-nitro-
N-[pyridin-2-ylmethylildene)aniline (L) from priri-
dine-2-carbaldehyde (Scheme 3). The reaction prog-
ress was monitored by TLC. The structure of the base
L was proved by X-ray diffraction analysis (Fig. 2).

i. toluene with Dean–Stark apparatus, 10 mol % p-toluenesulfonic acid monohydrate, 12 h

Scheme 3.

According to X-ray data, the C(9)=N(2) double
bond in compound L has the E configuration (Fig. 2).

The nitro group, as in the starting amine, is rotated at
a small angle to the plane of the aromatic ring, torsion

H2N
H
NClTos

Tos

N

Tos

Tos

L1 96% L2 3%

i

H
N
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ii H
N
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iii
NO2

L3   77% L4   88%

1.5 eq.

1 eq.

H2N NO2

L2

++

NO2H2N
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O

i
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NO2
L4 L
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Fig. 1. General view of the molecule of compound L4 according to X-ray diffraction data in thermal ellipsoids 30% probability.

C(2)
C(3)

C(4)

C(5)
C(6)

C(7)

C(8)

C(1)

O(2)

O(1)

N(2)
N(1)

H(1A)

H(1B)

Fig. 2. General view of the molecule of compound L according to X-ray diffraction data in thermal ellipsoids 30% probability.

C(2)
C(3)

C(4)

C(5)
C(6)

C(7)

C(8)

C(9)

C(10)

C(11)C(12)

C(13)

C(14)

C(1)N(2)

N(3)

N(1)

O(2)

O(1)
angles O(1)N(3)C(4)C(5) 5.7(2)°, O(2)N(3)C(4)C(3)

6.8(2)°. The angle between the C(9)N(2)C(1) plane of

the imino fragment and the planes of the aryl and pyr-

idine rings is 88.1° and 15.8°, respectively.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
From the Schiff base L, the Pd(II) pyridinimine

chloride complex [PdLCl2] (I) and the Pd(II) pyridin-

imine bromide complexes [PdLBr2] (II) were obtained

for the first time (Scheme 4).
  Vol. 49  No. 9  2023
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Fig. 3. General view of the molecule of compound I according to X-ray diffraction data in thermal ellipsoids 30% probability.

N(2)

N(1)

Cl(1)

Cl(2)
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C(3) C(4)

C(5) C(6)
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C(13)

C(14)

C(1)
O(2)

N(3)

O(1)
i. 1 equivalent PdCl2, СH3CN, boiling, 2 h;
ii. 1 equivalent PdCl2, 4 equivalent [p-Bu4N]Br, СH3CN, refluxed, 2 h

Scheme 4.

The structures of complexes I and II were con-
firmed by X-ray (Figs. 3 and 4).

Complex I crystallizes in the centrosymmetric
space group of the monoclinic system (Fig. 3). The Pd
atom has a somewhat distorted f lat-square environ-
ment. The Pd–N (2.02–2.03 Å) and Pd–Cl (2.27–
2.28 Å) bond lengths take values typical of such com-
plexes [56–58]. The Pd atom is deviated from the
plane of the remaining four atoms of the palladacycle
by 0.25 Å. The bulky aryl substituent is rotated at a
large angle to the N(1)C(5)C(6)N(2) plane: the dihe-
dral angle is 72°.

Complex II is an isomorph of complex I. The dif-
ferences in the lengths of the ribs lie within 0.04–
0.25 Å (Table 1). The unit cell volume of bromine-
containing complex II (1598.7(5) Å3) is larger than
that of chlorine-containing complex I (1536.2(4) Å3).
Complex II contains a mixture of bromine and chlo-
rine atoms in a ratio of 1.11 : 0.89, obtained as a result
of structure refinement taking disorder into account.
As a whole, complexes II and I have similar geome-
tries.

The solubility and stability were studied using sub-
stance I as an example. Solubility at 20°C in water and

N
N

NO2L

N
N

NO2L

ii N
Pd

N

Br Br
NO2

74%

i N
Pd

N

Cl Cl
NO2

71%

(I)

(II)
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Fig. 4. General view of the molecule of compound II according to X-ray diffraction data in thermal ellipsoids 30% probability.

Cl(2A)

Cl(1A)Pd(1)

Br(1)
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C(6)

C(7)

C(8) C(9)

C(10)

C(11)
C(12)

C(13)

C(14)

C(1)
O(2)

N(3)

O(1)
octanol-1 is less than 1 mmol L–1, and in DMSO
about 9 mmol L–1. Boiling in water leads to decompo-
sition with the formation of a palladium mirror. Heat-
ing in octanol-1 at 65°C leads to decomposition with
the formation of Pd-black. Storing the solution in
octanol-1 for a month at room temperature also leads
to decomposition with the formation of Pd-black.
Boiling in DMSO does not lead to visible decomposi-
tion. Additionally, resistance to DMSO was con-
firmed by the NMR method: keeping the solution in
DMSO-d6 for 3 days at 37°C does not lead to changes
in the 1H NMR spectrum recorded at a temperature of
50°C and a concentration of 100 mmol L–1. Addition-
ally, the stability of the Pd complex in PBS solution
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Table 2. MAO-B inhibitory activity of ligand L complexes I−

Compound

L
I
II
III
IV
V
VI
VII
VIII
IX
Selegiline
Rasagiline
was checked; as a result of the study, the formation of
palladium black and Pd3(PO4)2 was not observed.
Keeping a 0.1 mol/L solution in PBS at 37°С for
30 min did not change the UV spectrum (λmax =
230 nm logε = 4.1), which confirms the stability of the
complex under the conditions of the study of MAO
inhibitory activity.

Using complex I as an example, the lipophilicity in
the octanol-1/water system was studied. logP = 2.08 ±
0.13, which is close to the lipophilicity value of rasage-
lin 2.01 [59], it is likely that the Pd complex is able to
cross the BBB and interact with the MAO catalytic
site. Lipophilicity was also modeled using the Swis-
sADME program (logP = 2.11). Compounds L, I and
  Vol. 49  No. 9  2023

IX selegiline and rasagiline tested in mouse brain

IC50 concentration, μM

>100
>100
>100

19.47 ± 2.35
56.34 ± 2.13
12.69 ± 2.35
30.60 ± 4.24
98.84 ± 5.63

>100
>100

8.31 ± 1.79
3.86 ± 0.51
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II showed no cytotoxic activity (IC50 ≥ 100 μM)
against HEK-293 cells.

Ligand L and complexes I and II were studied in
mouse brain homogenate (BM). The MAO enzyme is
present in the brain as two isoforms: MAO-A and
MAO-B in a ratio of 20 : 80% [39]. The activity of the
MAO-A enzyme was inhibited by chlorgiline at a con-
centration of 250 nM per well. Residual MAO activity
in BM was considered MAO-B activity. The inhibitors
rasagelin and selegelin were used as positive controls

[60]. Previously published complexes III−VI [43],
which showed the highest non-selective activity
against MAO, as well as complexes VII−IX [61],
obtained from catecholamines (MAO substrates), and
were tested for the first time for selective MAO-B
inhibitory activity (Fig. 5). Table 2 shows the values of
50% inhibitory concentration (IC50) of the residual
activity of MAO-B in the presence of substances L, I−
IX or reference drugs—selegiline and rasagelin.

Scheme 5.

Analyzed were the structure−activity relationships
in a series of synthesized Pd(II) complexes, from
which the following patterns were discovered:

(1) The inclusion of a nitro group into the para-
position of the benzene ring demonstrated the inhibi-
tion of the MAO-B activities of complex I in compar-
ison to complex III.

(2) The expansion in the scale of the substituent
located in the ortho-position of the benzene ring
was correlated with a decrease in MAO-B inhibitory
activity as observed in complexes I versus VI, and III
versus IV.

(3) The substitution of chlorides with bromides was
noted to increase the MAO-B inhibitory activity of
complex V when compared to complex IV.

These relationships will be employed in the devel-
opment of future Pd(II) complex synthesis and the
identification of the mechanisms responsible for
MAO-B inhibitory activity. To fully comprehend the
inhibitory effects on MAO-A and MAO-B, it is neces-
sary to examine the degree of inhibition on pure
enzymes in vitro. Additionally, the impact on GABA
biosynthesis in astrocytes and the cytotoxic activity of
the Pd(II) complexes pertaining to neuronal precur-
sors and astrocytes warrants investigation.
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