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Abstract—New gold(I) phosphine thiolate complexes [(Ph;P)Au(SL")] I-V with Schiff bases L"SH contain-
ing redox-active catechol, phenol, or quinone methide moieties were synthesized and characterized. The
molecular structure of compound 1 in the crystalline state was established by X-ray diffraction (CCDC
no. 2237815). The electrochemical behavior of compounds I—V was studieB by cyclic voltammetry. The pro-
posed electrooxidation mechanism of the complexes involves the Au—S bond cleavage, the disulfide forma-
tion, as well as the oxidation of the redox active group of the ligand. In the cathode region, complexes I—I1I
tend to form relatively stable monoanionic species. The radical scavenging activity of complexes decreases in
comparison to free ligands in the reactions with synthetic radicals and the CUPRAC test. Compounds I, 1I,
IV, and V have no clear-cut effect on the promoted DNA damage; however, they show antioxidant action
in the non-enzymatic lipid peroxidation of rat liver homogenate. Compounds I-V demonstrate a weak anti-
bacterial activity against Staphylococcus aureus strains. The gold(I) complexes cytotoxicity was studied against
A-549, MCF-7, and HTC-116 cancer cell lines using MTT assay. The test compounds are characterized by
higher selectivity to certain types of cells than the sulfur-containing Schiff bases. The presence of quinone
methide moiety in the ligand in case of V significantly increases the cytotoxicity against all of the cell lines.
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INTRODUCTION

Gold(I/III) coordination compounds have
attracted the attention of researchers because of their
catalytic properties, luminescence, diverse biological
activities, and wide potential applications in materials
chemistry [1]. In addition to platinum(IT) compounds
used in the cancer therapy and antimony(111/V) deriv-
atives employed as antiparasitic agents, a number of
gold(I) compounds are metal-containing pharmaceu-
tical drugs approved for the treatment of rheumatoid
arthritis. Structurally, these compounds (auranofin,
aurothioglucose, and aurothiomalate) are gold(I) thi-
olate complexes; they possess anti-inflammatory and
antitumor activities [2, 3]. In particular, it was found
that auranofin and other gold(I) compounds with bio-
logically active ligands have an inhibitory effect on thi-
oredoxin reductase (TrxR) [4].

Thioredoxin reductase is a key biological target for
gold(I) compounds, because its inhibition is accom-
panied by generation of reactive oxygen species
(superoxide radical anion and hydrogen peroxide),
which leads to a change in the redox state of cells, dis-
ruption of the integrity of biomacromolecules (pro-
teins, lipids, and DNA) and tissue damage. This pro-
duces oxidation stress and gives rise to cytotoxicity.
However, this effect occurs not only in malignant
cells, but also in healthy cells. The development of new
metal-containing therapeutic agents is hampered by
toxicity and low selectivity of these compounds. One
of solutions to this problem is to use ligand prooxidant
containing antioxidant groups (sterically hindered
phenol, synthetic vitamin E analogues, cysteine, ace-
tylcysteine, and glutathione). A rational design of this
type of complexes can be useful for modulating the
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cytotoxicity and anti/pro-oxidant activity and gener-
ally lead to mitigation of side effects [5—7].

Schiff bases, which are widely used as ligands in
coordination chemistry, considerably influence the
bioactivity of complex compounds. Relatively well-
studied systems are Au(Ill) complexes with Schiff
bases, acting as potential antitumor agents, which is
due to their structural features, high thermodynamic
stability, and lipophilicity [8, 9]. The Au(l) alkynyl
complexes with Schiff bases containing phenol groups
showed anticancer activity in vitro comparable with
the cisplatin activity [10]. Meanwhile, there are few
gold(I) thiolate complexes with Schiff bases [11]. Pre-
viously, we have synthesized Schiff bases containing a
thiol group and redox active fragments. This combina-
tion allows to influence the electrochemical properties
and biological activity [12]. The coordination of the
thiol group to the gold(I) atom and formation of the
corresponding thiolate complexes may considerably
affect the properties of compounds.

The purpose of this study is to obtain new gold(I)
thiolate complexes containing ligands with azome-
thine linker and a phenol or catechol moiety, to inves-
tigate the electrochemical properties and anti/pro-
oxidant activity of these complexes, and to assess their
in vitro cytotoxicity against several cancer cell lines.

EXPERIMENTAL

The following commercial reagents were used as
received: [(Ph;P)AuCl] (Aldrich, 99%), n-tetrabutylam-
monium perchlorate (n-Bu,NCIO,) (Alfa Aesar, 99%),
2,2'-azo-bis(2-amidinopropane) dihydrochloride
(AAPH, Aldrich, 97%), 2,2'-azino-bis(3-ethylbenzothi-
azoline-6-sulfonic acid) (ABTS, >98%, TCI), 2,2'-
diphenyl-1-picrylhydrazyl (DPPH) radical (Aldrich),
thiobarbituric acid (=98%, Sigma-Aldrich), deoxyribo-
nucleic acid (DNA) sodium salt from salmon testes
(Sigma), phosphate buffer pH 7.4 (Sigma), 6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox,
97%, Aldrich), trichloroacetic acid (=99%, Sigma-
Aldrich), 2,9-dimethyl-1,10-phenanthroline (neocupro-
ine) (99%, Aldrich), copper(Il) chloride (97%, Sigma-
Aldrich), ethylenediaminotetraacetic acid (=299%,
Sigma-Aldrich), 3,7-dihydropurine-2,6-dione (xan-
thine, 299%, Sigma-Aldrich), bovine serum albumin
(296%, Sigma-Aldrich), xanthine oxidase (Sigma-
Aldrich, grade IV), tetrazolium blue (90%, Alfa Aesar),
Dulbecco’s modified eagle’s medium (DMEM
medium, PanEco, Russia), Mueller Hinton broth
(MHB, PanEco, Russia), L-glutamine (PanEco, Rus-
sia), fetal calf serum (Hyclone, Austria), ciprofloxacin
(AppliChem Biochemica Chemical Synthesis Services,
for biochemistry), penicillin (PanEco, Russia), strepto-
mycin (PanEco, Russia), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT, PanEco,
Russia). Schiff bases (L"SH) were prepared by a previ-
ously described procedure [12]. The solvents used in the
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study were purified and dehydrated by standard proce-
dures [13].

'H and BC NMR spectra were recorded on a
Bruker AVANCE HD 400 spectrometer operating at
400 MHz ('H) and 100 MHz (3C) using tetramethyl-
silane as the internal standard and CDCl; as the sol-
vent. IR spectra were measured on an FSM 1201 spec-
trometer in KBr pellets. Elemental analysis was carried
out on a Euro EA 3000 analyzer (C,H,N). Electronic
absorption spectra were recorded on an SF-104 spec-
trophometer (300—600 nm range) at room tempera-
ture. The electrochemical potentials of the com-
pounds in acetonitrile were measured by cyclic vol-
tammetry (CV) in a three-clectrode cell under argon
using an IPC-pro potentiostat. A stationary glassy car-
bon (GC) working electrode (2 mm in diameter) and
a platinum plate (S = 18 mm?) auxiliary electrode were
used. A reference electrode (Ag/AgCl/KCl) with a
water-proof diaphragm was used. The concentration
of compounds was 0.003 mol/L. The number of elec-
trons transferred in the electrode process was esti-
mated relative to the ferrocene standard. The potential
sweep rate was 0.2 V s~'. The supporting electrolyte
was 0.1 M n-Bu,NCIlO,.

Synthesis of gold(I) compounds [(Ph;P)Au(SL")]
(I-V). One equivalent of Schiff base L"SH (0.2 mmol)
in acetonitrile (2 mL) was added to a solution of
[(Ph;P)AuCI] (0.2 mmol) in acetonitrile (3 mL), the
solution was deaerated by purging with argon (5 min),
and one equiv. of triethylamine was added. The reac-
tion of the ligand with [(Ph;P)AuCl] was accompa-
nied by color change to orange-red for catechol-con-
taining Schiff bases or to bright yellow for compounds
containing a sterically hindered phenol moiety. The
solution was left for 3 days at room temperature. The
precipitate was collected on a filter, washed with hex-
ane, and dried in vacuo.

[(Ph;P)Au(SLY)] (I). The yield of I as dark cherry-
colored crystals was 0.140 g (86%). IR (KBr; v, cm™!):
3371, 3051, 2954, 2906, 2870, 1601, 1558, 1540, 1506,
1480, 1465, 1437, 1418, 1395,1381,1363, 1297, 1258,
1220, 1190, 1162, 1100.

'H NMR (400 MHz; CDCl,, 8, ppm): 1.43 and
1.49 (both s, 9H each, 2#-Bu), 6.49 (s, 1H, OH), 6.75
(s, 1H, C¢H)), 7.08 (d, 3J(H,H) = 8.5 Hz, 2H, arom.
C¢Hy), 7.43—7.61 (m, 16H, 15H, arom. C4H;, +1H,
OH), 7.66 (d, *J(H,H) = 8.5 Hz, 2H, arom. C¢H,),
9.30 (s, 1H, CH=N).

BC NMR (100 MHz; CDCl;; 8, ppm): 29.16,
33.27, 35.16, 35.58, 112.40, 113.36, 120.28, 129.04,
129.18, 129.29, 129.61, 131.74, 131.77, 133.49, 134.09,
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134.23, 136.36, 140.03, 141.44, 141.71, 142.54, 156.08,
158.82.

For C39H41NOZSPAU
Anal. caled., % C, 57.42
Found, % C, 57.50

H, 5.07
H, 5.21

N, 1.72
N, 1.69

[(Ph;P)Au(SL?)] (II). The yield of II as a brick red
powder was 0.080 g (49%). IR (KBr; v, cm™!): 3503,
3478, 3060, 2954, 2909, 2867, 1604, 1576, 1552, 1480,
1465, 1435, 1400, 1387, 1364, 1244, 1222, 1162, 1131,
1100. '"H NMR (400 MHz; CDCl;; 8, ppm): 1.40 and
1.46 (both s, 9H each, 2’Bu), 6.65 (s, 1H, arom.
C¢H)), 6.83 (brs, 1H, OH), 7.04 (td, *J(H,H) =
7.4 Hz, *J(H,H) = 1.6 Hz, 1H, arom. CH,), 7.12 (td,
3J(HH) = 7.4 Hz, “Y(H,H) = 1.6 Hz, 1H, arom.
C4H,), 7.16 (dd, 3J(H,H) = 7.6 Hz, *J(H,H) = 1.6 Hz,
1H, arom. CcH,), 7.35—7.52 (m, 15H, arom. C¢Hs),
7.90 (d, 3J(H,H) = 7.6 Hz, 1H, arom. C¢H,), 9.26 (d,
J(H,H) = 5.6 Hz, 1H, CH=N). 3C NMR (CDCl,,
100 MHz, 8, ppm): 29.17, 33.30, 35.05, 35.54, 111.73,
112.71, 117.42, 125.83, 129.08, 129.19, 129.64, 131.58,
131.60, 134.09, 134.23, 136.06, 139.61, 143.53, 144.97,
157.33, 161.21.

For C39H41N028PAU
Anal. caled., % C, 5742
Found, % C, 57.48

H, 5.07
H, 5.26

N, 1.72
N, 1.75

[(Ph;P)Au(SL3)] (III). The yield of III as a bright
red powder was 0.081 g (46%). IR (KBr; v, cm™):
3507, 3302, 3054, 2962, 2909, 2874, 1597, 1588, 1547,
1479, 1436, 1403, 1383, 1323, 1256, 1218, 1162, 1128,
1101. '"H NMR (400 MHz; CDCls; 8, ppm): 1.42 (s,
9H, 'Bu), 1.48 (s, 9H, ‘Bu), 6.46 (s, 1H, OH), 6.76 (s,
1H, arom. C(H,), 7.25 (d, *J(H,H) = 7.9 Hz, 1H,
arom. C¢H5), 7.27 (s, 1H, arom. C4H3), 7.40—7.55 (m,
15H, Ph), 8.01 (d, 3J(H,H) = 7.9 Hz, 1H, arom.
C¢H,),9.32(d,*J(H,H) =2.3 Hz, IH, CH=N), 15.90
(d, 3J(H,H) = 2.3 Hz, 1H, NH"). BC NMR
(100 MHz; CDCl;; 6, ppm): 29.14, 33.35, 35.19,
35.60, 112.71, 113.61, 114.56 (q, *J(C,F) = 4.0 Hz),
121.85, 126.92 (q, 'J(C,F) = 32.3 Hz), 128.84, 129.22
(d, 4J(C,P) = 11.4 Hz), 129.41, 131.75 (d, °J(C,P) =
2.3 Hz), 134.12 (d, 3J(C,P) = 13.6 Hz), 135.57, 136.58,
140.34, 142.47, 142.76, 146.94, 156.51, 160.21.

For C40H40N02F3SPAU
Anal. caled., %  C, 54.36 H, 4.56 N, 1.58
Found, % C, 54.43 H, 4.67 N, 1.56

[(Ph;P)Au(SL#] (IV). The yield of IV as a yellow
finely crystalline powder was 0.120 g (75%). IR (KBr;
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v, cm™'): 3057, 2957, 2907, 2864, 1594, 1574, 1552,
1480, 1463, 1437, 1393, 1358, 1269, 1250, 1196, 1170,
1104. '"H NMR (400 MHz; CDCls; 8, ppm): 1.33 and
1.47 (both s, 9H each, 2'Bu), 7.10 (d, 2H, 3J(H,H) =
8.5 Hz, arom. C¢H,), 7.19 (d, *J(H,H) = 2.2 Hz, 1H,
arom. C¢H,), 7.42 (d, */(H,H) = 2.2 Hz, 1H, arom.
C¢H,), 7.45—7.60 (m, 15 H, arom. C4Hj), 7.63 (d,
3J(H,H) = 8.4 Hz, 2 H, arom. C,H,), 8.62 (s, 1H,
CH=N), 13.94 (s, 1H, OH). BC NMR (100 MHz;
CDCls; 8, ppm): 29.40, 31.46, 34.14, 35.03, 118.44,
120.87, 126.48, 127.42, 129.09, 129.17, 129.28, 129.65,
131.71, 131.74, 133.23, 134.11, 134.25, 136.73, 140.31,
140.63, 144.30, 158.11, 161.41.

For C3yH,NOSPAu
Anal. calcd., % C, 58.57 H, 5.17 N, 1.75
Found, % C, 58.64 H, 5.31 N, 1.72

[(Ph;P)Au(SL3)] (V). The yield of V as a bright yel-
low finely crystalline powder was 0.105 g (66%). IR
(KBr; v, em™1): 3287, 3054, 2997, 2951, 2915, 2861,
1620, 1576, 1558, 1507, 1480, 1448, 1436, 1384, 1360,
1302, 1280, 1202, 1160, 1101. 'H NMR (400 MHz;
CDCl;; 6, ppm): 1.18 and 1.38 (both s, 9H each, ‘Bu),
6.92 (m, 1H, arom. C¢H,), 7.05 (d, *J(H,H) = 2.4 Hz,
1H, arom. C¢H,), 7.10-7.17 (m, 1H, arom. C;H,),
7.15 (s, 1 H, OH), 7.32—7.52 (m, 15 H, arom. C4Hj,
+1H, arom. C¢H,), 7.60 (d, *J(H,H) = 2.4 Hz, 1H,
arom. C¢H,), 7.72 (d, 3J(H,H) = 7.6 Hz, 1H, arom.
C¢H,), 9.57 (d, *J(H,H) = 14.4 Hz, 1H, CH=N). BC
NMR (100 MHz, CDCl,;, 8, ppm): 29.37, 29.49,
34.82, 35.16, 109.75, 111.80, 122.17, 122.67, 126.35,
128.20, 129.16, 129.28, 131.78, 133.11, 134.02, 134.16,
136.22, 138.88, 139.09, 143.26, 146.09, 184.61.

For C3,H,;NOSPAu
Anal. caled., % C, 58.57 H, 5.17 N, 1.75
Found, % C, 58.52 H, 5.28 N, 171

X-ray diffraction. The crystals of I suitable for
X-ray diffraction were obtained by slow evaporation of
acetonitrile at room temperature. The set of experi-
mental data was collected on an Agilent SuperNova
diffractometer using a microfocus X-ray source with a
copper anode and an Atlas S2 CCD array detector.
The collection of reflections and determination and
refinement of unit cell parameters were carried out
using a dedicated CrysAlisPro 1.171.38.41 program
package [14]. The structures were solved using the
ShelXT software [15] and refined with the ShelXL
software [16]. The hydrogen atom positions were
found from the Fourier electron density maps and
refined in the isotropic riding model. The crystallo-
graphic data and structure refinement details for I are
summarized in Table 1.
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Table 1. Crystallographic data and X-ray experiment details for complex I

Parameter Value
Molecular formula C;39H4AuNO,PS
M 815.72
T,K 293
Crystal system Triclinic
Space group Pl
a, A 8.93560(10)
b, A 14.6351(2)
¢, A 15.3504(2)
o, deg 106.9570(10)
B, deg 104.1710(10)
v, deg 101.2430(10)
v, A3 1783.27(4)
Z 2
p(caled.), mg/m? 1.519
w, mm~! 4.262
0, deg 6.32<20<68.674
Number of measured/unique reflections 144244/14895
Number of unique reflections with 7 > 26(/) 12378
Ry 0.0556
GOOF 1.076

Ry, wR, (I > 26(1))
R, wR, (for all data)

Apmax/Apmin’ © A73

0.0368, 0.0817
0.0502, 0.0878
2.08/—1.17

The full set of X-ray diffraction parameters was
deposited with the Cambridge Crystallographic Data
Centre (CCDC no. 2237815; https://www.ccdc.cam.
ac.uk/structures).

The antiradical and antioxidant activities of com-
pounds were assessed in reactions with the DPPH rad-
ical and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS**) radical cation and in the
CUPRAC assay by known procedures [17—19]. The
starting concentration of the DPPH radical was
50 umol L-!. The antiradical efficiency (AE) was
defined by the relation AE = 1/(ECs, X TECs,), where
ECs, is the antioxidant concentration needed to
decrease the amount of the DPPH radical by 50% rel-
ative to the initial value and TEC;, is the time needed
to attain the ECs, concentration. The ICs, value in the
ABTS assay was calculated as the minimum concen-
tration of the test compounds needed to decrease the
ABTS'* content by 50% relative to the initial value. In
the CUPRAC and ABTS * assays, the absorbances
were plotted versus the concentration for the test com-
pounds and Trolox. The Trolox equivalent antioxidant
capacity (TEAC) was measured by comparing the
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slopes of the plots obtained for each compound with
the plot for Trolox. The DNA oxidative damage in
the presence of AAPH and the test compounds
(50 umol L-!) was performed according to the previ-
ously described method [20]. The Wistar rat liver
homogenates (1 : 10 w/v) were prepared immediately
before use in a phosphate-buffered medium (pH 7.4)
by means of a homogenizer. The degree of lipid perox-
idation (LP) was assessed from accumulation of car-
bonyl products, which form a colored complex with
thiobarbituric acid (TBA), using the previously
described procedures [21, 22].

The antibacterial activity was determined with
respect to the S. aureus ATCC 29213, S. aureus ATCC
6538p, and E. coli ATCC 25922 bacterial strains
received from the American Type Culture Collection
(ATCC, Manassas, Virginia, USA). The minimum
inhibitory concentration (MIC, ug/mL) was deter-
mined by microdilutions in liquid MHB nutrient
medium in accordance with recommendations of the
Clinical and Laboratory Standards Institute (CLSI)
[23]. The test compounds were dissolved in dimethyl
sulfoxide (DMSO) to an initial concentration of
2500 ug mL~!, diluted with MHB, and tested in the
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concentration range from 312.50 to 0.61 ug mL~!. The
final DMSO concentration was below 12.5% and did
not affect the microbial growth. The inoculums were
brought to a content of approximately 5 X 10> CFU
mL-!. The diluted bacterial cultures in MHB were
incubated at 37°C for 24 h. The MIC values were
determined visually as the lowest concentration of the
test compound providing complete growth inhibition.
Each assay was performed in triplicate in two indepen-
dent experiments. DMSO in 12.5% concentration
served as a negative control and ciprofloxacin was
used as a positive control.

The cytotoxicity of the compounds in vitro was
evaluated using the cell cultures of human breast can-
cer (MCF-7), lung cancer (A549), and colorectal can-
cer (HCT-116), received from the American Type
Culture Collection (ATCC, Manassas, Virginia,
USA). The cells were cultured in DMEM nutrient
medium containing 10% fetal calfserum, 2 mM L-glu-
tamine, 1% penicillin and 1% streptomycin at 37°C
and 5% CO,. The complexes were dissolved in DMSO
to an initial concentration of 10 mM, and series dilu-
tions in the culture medium were produced. The final
DMSO concentration was below 0.1% and had no
effect on the cell viability.

The cell viability after exposure to the compounds

was determined by MTT assay. The cells (5 x 103 in
190 uL of the culture medium) were seeded in 96-well

581

plates for 24 h and treated with compounds I-V in
concentrations of 0.10—50.00 uM for 72 h. After the
treatment, 10 uL of MTT (5.00 mg/mL) was added
into each well for 1 h. After incubation, the medium
was removed, DMSO (200 uL) was added, and the
absorbance was measured at A = 540 nm. The IC,, val-
ues were calculated as the concentration needed to
reduce the cell viability by 50% compared to the refer-
ence cell growth (100%). Each assay was performed in
triplicate in two independent experiments. In the
MTT assay, DMSO in 0.1% concentration served as
the negative control, while doxorubicin hydrochloride
was used as the positive control.

RESULTS AD DISCUSSION

In order to evaluate the effect of a metal ion on the
biological activity and redox properties, we synthe-
sized new gold(I) complexes based on the previously
obtained Schiff bases (L”SH) by the exchange reaction
with [(Ph;P)AuCl] in 1 : 1 ratio in acetonitrile in the
presence of triethylamine as a deprotonating agent
(Scheme 1). The reaction was carried out under anaer-
obic conditions to avoid the side ligand oxidation pro-
cesses. Complexes I—V were isolated by filtration in air
as bright yellow or red-orange crystalline powders in
up to 75% yields.

L"SH, Et;N
CH;CN
[(Ph3P)AuCl] [(Ph3P)Au(SL")]
—[Et;NH]CI1
I-v)
Bu Bu Bu o
0 0 0 Bu "Bu Bu "Bu
H H oH
‘Bu o ‘Bu 05~ ‘Bu (o) 0 |
N N : N N
N““H N““H NH N“"H NH
f S-Au(PPhj3) f S-Au(PPhj3) i S-Au(PPhj3)
F5C
S-Au(PPh;) S-Au(PPh;)
[(PhsP)Au(SLY)] [(Ph3P)Au(SL?)] [(Ph;P)Au(SLY)] [(Ph3P)Au(SLY)] [(Ph3P)Au(SL?)]
I (86%) (1)  (49%) (III)  (46%) (Iv) (75%) (V) (66%)
Scheme 1.

The compounds were isolated as finely crystalline
powders colored from dark cherry and red (derivatives
I-III) to yellow (compounds IV and V). The struc-
tures of I-V were established using IR and 'H and
BC{'H} NMR spectroscopy data; the molecular
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structure of crystalline complex I was determined by
X-ray diffraction.

Examination of the NMR spectra of the obtained
compounds provides data on their molecular struc-
ture. The hydroxyl group in position 3 of the catechol
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moiety in I-III is manifested as a singlet at 6.4—
6.8 ppm. The second hydroxyl of I occurs at 7.4—
7.6 ppm (and is superimposed by the multiplet from
the phenyl group protons of triphenylphosphine),
while in the spectrum of II, no signal for the second
hydroxyl was detected, which can be attributed to con-
siderable broadening of this signal. Furthermore,
unlike I, in which the imine proton gives rise to a sin-
glet at 9.30 ppm in the spectrum, in the case of II, the
CH=N signal gives a doublet at 9.26 ppm, which
attests to a considerable intramolecular interaction
between the hydroxyl and imine groups and, as a
result, to an the intermediate position of the hydrogen
atom between nitrogen and oxygen (as shown in
Scheme 1 for II). The spectrum of III exhibits two
doublets at 9.32 and 15.90 ppm (with a coupling con-
stant of 2.3 Hz), which can be assigned to the protons
of the imine group and iminium cation of the
—CH=N*H— moiety. This means that the proton is
completely transferred from the hydroxyl oxygen atom
to the nitrogen atom (as shown in Scheme 1 for III).
This type of prototropic tautomerism was previously
noted for the series of catecholaldimines
3-(RN=CH)-4,6-DBCatH,, where R is an aromatic
or aliphatic group, and for their bis-catechol aldimin-
eanalogues [24, 25]. The formation of this type of
zwitter-ion structures with the —CH=N"H— moiety

(0]
Bu. i u

N

H
B
N\
i S-Au(PPh;)

A

SMOLYANINOV et al.

was also found for tin(IV) and antimony(V) complexes
with a monodeprotonated form of the catecholaldi-
mine ligand [26].

In the '"H NMR spectrum of IV, the singlet for the
proton of the only hydroxyl group is shifted downfield
to 13.94 ppm. This is indicative of a strong intramolec-
ular OH...N interaction, which is not weakened by
the intramolecular OH...O hydrogen bond, as in com-
plex I.

In the BC{'H} NMR spectra of I-IV, the imine
group gives peaks in the 158—162 ppm range. Mean-
while, the BC{'H} NMR spectrum of V does not
exhibit a signal in this range; however, there is a signal
at 184.61 ppm falling in the characteristic region of the
o- and p-quinone carbonyl groups. The 'H NMR
spectrum of V contains a doublet at 9.57 ppm with
3J(H,H) = 14.4 Hz, which can be assigned to the CH
proton of the =CH—NH— moiety. The spectral fea-
tures of V indicate that this compound does not exist
as the phenolic form A, but exists as the para-quinone
methide form B (Scheme 2). These conclusions are
confirmed by IR spectroscopy data. The IR spectrum
of V shows an intense band at 1622 cm~!, correspond-
ing to the ketone group stretching vibrations, and a
narrow intense band at 3284 cm™!, typical of N—H
mode of the amino group.

O
Bu. i "Bu

NH
S-Au(PPhs)

o~}

Scheme 2.

The molecular structure of catechol-containing
gold complex I in the crystalline state was established
by X-ray diffraction (Fig. 1). The geometric parame-
ters of the C(1—6) six-membered ring (dyyere(C—C) =
1.406 £+ 0.027 A) and the oxygen—carbon bond lengths
(0(1)—C(1), 1.369(3); O(2)—C(2), 1.328(4) A) are in
line with those of previously studied catechols [24, 27,
28]. The Au(l) coordination number is 2, the
S(1)Au(1)P(1) bond angle is close to the straight angle
(177.1(1)°), and the C(11)S(1)Au(1l) bond angle is
98.75(5)°. These bond angles are, in general, quite
common for two-coordinate gold(I) compounds of
the [(R;P)Au—S—Ar] type. Indeed, these angles are
178.90° and 105.07° in [(Me,PhP)Au—S—p-
CH,COOH] [29]; 174.48° and 108.05° in
[(Ph;P)Au—S—C¢H,F,] [30]; 174.43° and 108.33° in

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

[(Ph;P)Au—S—C¢Fs] [31]; 176.6°—178.9° and
102.5°—103.1° in the series of [(Cyclohex;P)Au—S—o-
C¢H,~-C(O)NH,], [(Ph;P)Au—S—0-C¢H,-C(O)NH,],
and [(Et;P)Au—S—0-C(H,—C(O)NH,] [32]; and
176.53° and 104.10° in [(Ph;P)Au—S—p-C H,-NMe,|
[33]. The Au(1)—S(1) and Au(1)—P(1) bond lengths
(2.2931(8) and 2.2632(8) A, respectively) are usual for
triaryl/trialkylgold(I) thiolates (2.28—2.31 and 2.25—
2.27 A [33-35]).

The N(1)—C(7) bond is a double bond conjugated
with the m-system of the C(1—6) ring. In molecule I,
there are intramolecular  hydrogen  bonds
(O(1)—H(1)...0(2), 2.133(3); and O(2)—H(2)...N(1),
1.755(3) A). As a result of these contacts, H(2) is
incorporated in the O(2)C(2)C(3)C(7)N(1)H(1) six-
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Fig. 1. Structure of molecule I in the crystal according to X-ray diffraction data. Ellipsoids are drawn at 30% probability level,;
hydrogen atoms except for H(1)—H(3) are omitted. Selected bond lengths: Au(1)—P(1), 2.2632(8); Au(1)—S(1), 2.2931(8);
P(1)—C(22), 1.809(3); P(1)—C(28), 1.805(3); P(1)—C(34), 1.815(3); S(1)—C(11), 1.787(3); O(1)—C(1), 1.369(3); O(2)—C(2),
1.328(4); N(1)—C(7), 1.295(4); N(1)—C(8) 1.413(3), C(1)—C(2) 1.406(3), C(1)—C(6) 1.382(4), C(2)—C(3) 1.421(3), C(3)—C(4)
1.435(4), C(4)—C(5), 1.379(3); C(5)—C(6), 1.413(3); C(3)—C(7), 1.437(3) A.

membered ring (the O(2)—C(2)—C(7)—N(1) torsion
angle is 2.6(1)°).

Currently, molecular electrochemistry methods
are widely used to predict the metabolic pathways of
redox-active molecules and to establish the main
routes of their chemical transformations in biosys-
tems. The key advantages of the electrochemical
approach include the generation of active metabolites
under mild conditions; studies in a non-cellular
medium; gaining information on the mechanisms of
transformations and metabolic pathways of the target
compounds from the data of CV, electrolysis, and

spectroelectrochemistry; the possibility of preparation
of the oxidized metabolites of redox-active com-
pounds and evaluation of their toxicity; and modeling
of the reactions of intermediates with biomolecules
(glutathione, ascorbic acid, NADH) [36, 37]. Since
the molecules of the obtained complexes contain
redox-active catechol and phenol moieties, their elec-
trochemical properties were studied by CV in
dichloromethane on a GC electrode (Table 2).

The electrochemical oxidation of I-V has common
features: the CV curves show two or three successive
anodic processes (Fig. 2).

Table 2. Redox potentials of complexes I-V determined by CV*

Compound EX,V EX?,V 2 EfSLV L/1,
[(Ph;P)Au(SL"Y)] (I) 0.89 1.13 1.60 —1.58 0.95
[(Ph;P)Au(SL?)] (IT) 0.89 1.17 1.65 —1.56 0.80
[(Ph;P)Au(SL%)] (III) 0.94 1.19 1.63 —1.46 0.90
[(Ph;P)Au(SLY)] (IV) 0.96 1.25 1.62 —1.87
[(Ph;P)Au(SLY)] (V) 0.84 1.47 —1.60
Auranofin [38] 1.10 1.60
[(Ph;P)Au(4-S-Tol)|** [39] 0.82 1.50

* CH,Cl,, GC electrode, 0.1 M n-BuyNCIOy4, ¢ = 2 X 1073 mol/L, Ar, vs. Ag/AgCl/KCI (sat.).
** [(Ph3P)Au(4-S-Tol)] is Au(I) triphenylphosphine p-thiocresolate complex.
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Fig. 2. The oxidation cyclic voltammograms of II: (/) in
the potential range from —0.6 to 1.9 V; (2) in the potential
range from —0.6 to 1.3 V (CH,Cl,, GC anode, Ag/AgCl/
KCI, 0.1 M n-BuyNClOy, ¢ =2 x 1073 mol/L, argon).

The first oxidation peak is irreversible for all of the
compounds, which attests to a fast chemical step fol-
lowing the electron transfer. This behavior is typical
phosphine thiolate gold(I) complexes and is associ-
ated with the oxidation of the coordinated thiolate
anion to give the thiyl radical and the [(Ph;P)Au]* cat-
ion [39—42]. This mechanism provides the main route
of the electrochemical transformations of gold(I) thi-
olate derivatives [41, 42]. In the case of the research
compounds, the presence of catechol or phenol
redox-active groups determines their participation in
the second oxidation stage (Fig. 3).

ESX =0.96 V
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SMOLYANINOV et al.
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Fig. 3. The cyclic voltammograms of IV: (/) in the poten-
tial range from 0 to 1.45 V; (2) in the potential range from 0
to 1.90 V; (3) in the potential range from 0 to —2.00 V
(CH,Cl,, GC electrode, Ag/AgCl/KCl, 0.1 M n-BuyNCIO,,
c=2x1073 mol/L, argon).

The oxidation potentials (1.13—1.19 V) and the par-
tial reversibility of the observed peaks (/./I, = 0.4—
0.5) for the first three compounds imply the involve-
ment of the catechol moiety. The redox transforma-
tions of complex IV are shown in Scheme 3. The sec-
ond quasi-reversible peak for IV is identical to that
observed for the free ligand, which is related to the
possibility of electron density delocalization involving
the phenol fragment.

. N
Q ST iiague!
S<. Q s
S
Au(PPh;) “Au(PPhy) I ]
_ "
tBU tBu tBu
o OH OH
e 1131 E9® =162V N
+e "Bu \ @\\@ Bu /N\[ ] "Bu Z \©\
S S S

Scheme 3.

The thiyl radicals generated upon the oxidation of I—
IV rapidly dimerize via a parallel reaction, which results
in the formation of disulfides, the oxidation peaks of
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which occur in a narrow range of the CV curve, 1.60—
1.65V, typical of the oxidation of disulfides [42]. In addi-
tion, electrooxidation of LS" may afford a sulfur-cen-
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Fig. 4. The cyclic voltammograms of V: (/) in the potential
range from 0 to 1.60 V; (2) in the potential range from 0
to —1.80 V (CH,Cl,, GC electrode, Ag/AgCl/KCI, 0.1 M
n-BuyNClOy, c = 1.5 x 10~3 mol/L, argon).

tered cation. The electrophilic attack by this cation on the
initial [(Ph;P)Au(SL)] complex can also yield disulfides.

—€
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Fig. 5. The reduction cyclic voltammogram of I in
the potential range from 0.5 to —1.80 V (CH,Cl,, GC
electrode, Ag/AgCl/KCl, 0.1 M n-BuyNClOy, ¢ = 2 X
1073 mol/L, argon).

The general chart of the oxidative transformations of the
complexes can be represented as follows (Scheme 4).

[(Ph3P)AuSL|™" — [(Ph3P)Au] T4Lse

[(PhsP)Au| * + LSSL

[LSSL]**

Scheme 4.

Compound V with the quinone methide group
does not show a clear-cut third oxidation peak, corre-
sponding to the disulfide formation (Fig. 4), and the

ox2

potential £, is shifted to the anodic region. In the
oxidative activation of V and elimination of
[(Ph;P)Au]*, the ligand further undergoes more
extensive transformations, resulting in the intramolec-
ular cyclization with hydrogen atom transfer and the
possibility of formation of a benzoxazole ring [43].

Analysis of the obtained values of Eg’” for I and II
demonstrated that the position of the gold-containing
moiety relative to the azomethine group has no effect
on the oxidation potential. The introduction of the tri-
fluoromethyl substituent into the aromatic ring

induces the shift of the E;,”‘l to the anodic region by
0.05 V. The replacement of the catechol by the phenol
moiety in complexes I and IV has a similar effect,
shifting the oxidation to anodic area. Meanwhile, the
presence of the peripheral quinone methide groupinV
does not induce a significant change in the oxidation
potential, which is close to that of the Au(I) p-thiocre-
solate triphenylphosphine complex in dichlorometh-
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ane [39]. Note that despite the presence of electron-
withdrawing imino group in compounds I-V, their

1 . . .
Es *" values are located in a more cathodic region than

those for auranofin (1.10 V).

The cathodic region for I-III contains a quasi-
reversible one-electron peak corresponding to the for-
mation of relatively stable radical anion species
(1,/1. = 0.80—0.95) (Fig. 5). This behavior is attribut-
able to the participation of the azomethine linker in
the redox process [44]. In the case of compound IV,
this step is irreversible and is shifted to the cathodic
region compared to that of 1.

Compound V containing a quinone methide group
is also reduced irreversibly, like the complex with a
phenol moiety; however, the reduction of V occurs at
a more anodic potential, which may be indicative of
the presence of weak acceptor properties.

Study of the spectral properties of gold(I) com-
plexes in the visible region of the absorption spectrum
showed an absorption maximum for I-V in the 370—
390 nm range (I, 390 nm (¢ = 1.48 x 10* M~ cm™!);
II, 387 nm (¢ = 1.16 x 10* M~! cm™"); III, 390 nm
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(e=1.01 x 10* M~' cm™"); IV, 384 nm (¢ = 2.04 X
10* M~! cm™")). This peak is caused by electron den-
sity transfer between the thiolate anion and the
azomethine group. A specific feature of V is the pres-
ence of an intense absorption maximum at A = 442 nm
(e = 2.84 x 10* M~! cm™!) shifted to longer wave-
lengths compared with those of other compounds. An
explanation to the higher cytotoxicity of compounds
with a quinone methide groups is the ability to bind to
the thiol groups of protein molecules and to inhibit the
thioredoxin reductase enzyme. To confirm the elec-
tron-withdrawing nature of the quinone methide
group, model experiments with cyclopentanethiol

O
"Bu 'Bu

CsHySH

NH
S-Au(PPhs)

were carried out. It turned out that none of the com-
pounds, except V, reacts with thiols. When 2 equiv. of
thiol were added into a solution of complex V, the
intensity of the absorption maximum at 442 nm rap-
idly decreased, which was accompanied by discolor-
ation of the solution (Fig. 6).

Inthe CV curves, a decrease in the current intensity
of the cathodic peak corresponding to the reduction of
the quinone methide moiety also took place. This
behavior of complex V, like the behavior of the ferro-
cene quinone methides studied previously [45], can be
attributed to the formation of Michael addition prod-
ucts. The reaction of V with cyclopentanethiol is
depicted in Scheme 5.

OH
"Bu Bu

:SNH

S-Au(PPh;)

Scheme 5.

The presence of the quinone methide moiety in
compound V, as well as the presence of gold(I) ion,
which inhibits thioredoxin reductase, suggests the
possibility of a higher cytotoxicity against cancer cells

A
0.30 0 min
— 1 min
4 min
0.25 - — 5 min
0.20 -
0.15 +
0.10 -
0.05 -
0 1 1 - "
360 410 460 510 560
A, nm

Fig. 6. Absorption spectrum of V (0 min) in the presence of
2 equiv. of cyclopentane-1-thiol (1-5 min) (CH,Cl,,
298 K, c=1 x 107> mol/L).
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and a good cytostatic potential, providing inhibition of
the target enzyme by different mechanisms. Further
studies would make it possible to evaluate the effect of
redox-active moieties in the ligand and the metal ion
on the biological activity of this type of compounds.

A recent progress in the synthesis of new biologi-
cally active organometallic and coordination com-
pounds has been related to the preparation of com-
pounds containing, apart from metal atoms, various
redox-active groups, privileged heterocyclic scaffolds,
and pharmacophore functional groups. Along the way
towards the development of pharmacologically active
agents, a significant stage is the integrated primary
screening using various model reactions and in vitro
processes and biochemical systems mimicking physio-
logical conditions. The modern approach to the study
of biologically active compounds requires both an
integrated evaluation and determination of the contri-
bution of each moiety to the potential activity of the
molecule.

We carried out an integrated evaluation of the anti-
radical activity of compounds I-V at the molecular
level using synthetic radicals, that is, by DPPH assay,
using the ABTS** radical cation, and by the CUPRAC
assay based on the determination of the antioxidant
activity of a compound in the reduction of copper(II)
complex with 2,9-dimethyl-1,10-phenathroline (neo-
cuproine) (Table 3).

The characteristics of complexes II and III in the
DPPH assay were comparable to those of free Schiff
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Table 3. EC5,, TECs,, and AE (antiradical efficiency) for complexes I-V and ligands found in DPPH radical assay
(CH,Cl,, 298 K); ICs, and TEAC values found in the ABTS"" assay; reducing activity in the reaction with Cu?*

(CUPRAC) expressed in Trolox equivalents (TEAC)

DPPH ABTS** CUPRAC
Compound
ECsj, umol TECs,, min AE x 103 1Csp, umol TEAC TEAC

[(Ph;P)Au(SL")]| 20.8+0.8 45.0 1.06 £ 0.1 11.0 £ 0.7 1.60 = 0.14 0.58 £0.10
[(Ph;P)Au(SL?)]| 16.4+ 1.2 13.0 43003 155+ 0.9 1.41 £ 0.11 1.46 + 0.15
[(Ph;P)Au(SLY)]| 149+ 1.2 35.0 1.9+0.3 146+ 0.4 1.52 £0.20 0.99 £ 0.11
[(Ph;P)Au(SL*%)] >100 >120 458 £ 1.5 0.37 £ 0.08 0.38 £ 0.05
[(Ph;P)Au(SLY)] >100 >120 22.0+0.5 0.54 £ 0.10 0.36 £ 0.04
L'SH* 10.0 £ 0.5 45.0 22+04 8.81£0.6 1.88 £ 0.10 1.60 £ 0.09
L2SH* 16.0 + 1.1 10t 1.5 6.25+0.8 121+1.2 1.73 £ 0.23 225+0.11
L3’SH* 145+0.4 45+0.9 1.5+0.1 125+ 1.0 1.68 £ 0.17 2.03£0.05
L4SH* 30.0+ 1.3 5+04 6.7+0.8 17.7 £ 1.2 1.07 £ 0.09 0.71 £0.07
L SH* 109+ 1.1 3+0.5 30.5+ 3.1 14.0 £ 0.9 1.51 £ 0.09 2.39£0.10
CatH,* 13.1+1.3 60£2.0 1.3£0.2 1.5+0.5 1.27 £ 0.15 0.72 £ 0.05
[(Ph3P)AuSR]** |  31.0 £ 2.0 1.05 £ 0.07
Trolox 12.0+0.5 10.3 51+£0.5 16.0 + 1.0 1.00 £+ 0.03 1.00 £+ 0.08

* The data were reported in [12]; ** the data were reported in [7].

bases. The possibility of interaction with a stable radi-
cal for these compounds is due to the hydrogen atom
abstraction from the catechol group; this is confirmed
by ECs, values similar to those for 3,5-di-fert-butyl-
catechol. In the case of I, ECs, increased twofold, with
the time needed to reach the equilibrium state (TECs)
being the same; this implies a decrease in the antirad-
ical action compared to that of L'SH.

As distinct from the initial ligands, binding of the
SH group to the gold(I) ion in IVand V leads to a con-
siderable decrease in their reactivity towards diphen-
ylpicrylhydrazyl. The hydrogen aton abstraction in the
reaction with the radical is complicated in the case of
IV, which is attributable to the formation of an intra-
molecular hydrogen bond between the phenol OH
group and the imine nitrogen atom. In complex V, the
presence of the electron-withdrawing quinone
methide moiety also hampers hydrogen atom abstrac-
tion by the radical. Meanwhile, I—III showed greater
antiradical activity than the gold(I) triphosphine thio-
late complex with 3,5-di-fert-butyl-4-hydroxythio-
phenolate ligand [34]. The presence of the azome-
thine linker between the aromatic ring and the phenol
group in IV leads to a significant decrease in the radi-
cal scavenging activity in the DPPH assay.

The ICs, values found for the reactions of I—III
with ABTS radical cation, which is a stronger accep-
tor, were in good agreement with the ECs, values
found in the DPPH assay. The antioxidant activity
(TEAC) of the complexes was 1.4—1.6 times higher
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than the value for the Trolox, a water-soluble analogue
of vitamin E. Analysis of the characteristics obtained
for the complexes demonstrated a slight decrease in
the antioxidant properties compared to those of free
ligands. Complexes IV and V act as weak electron
donors towards ABTS*". The TEAC values were simi-
lar to those found in the CUPRAC assay; this gener-
ally attests to relatively low antioxidant capacity of
these compounds. In the initial Schiff bases, the pres-
ence of the free SH group makes the major contribu-
tion to the antioxidant activity. The reactions of I—III
with the neocuproine copper(Il) complex show a
moderate activity, and only for complex II, the results
are superior to the data for Trolox.

The inhibiton of the radical chain processes via
scavenging of the reactive radicals is the key feature of
most known antioxidants. The presence of phenol and
catechol groups in the ligands accounts for the above-
mentioned neutralizing activity of gold(I) complexes
towards synthetic radicals. In the next stage, it was
interest to evaluate the effect of the target compounds
on the DNA and lipid damage promoted by the ROO
radicals. The intense generation of the reactive oxygen
species (ROS), inhibition of antioxidant defense
enzymes, and the promotion of oxidative stress can
lead to damage to biomacromolecules such as pro-
teins, lipids, and DNA. Gold(I) compounds do not
react with DNA. However, it was noted previously that
in the presence of gold(I) complexes, thioredoxin
reductase is inhibited, and this is accompanied by an

No.9 2023



588

SMOLYANINOV et al.

0.4 r
_I_ 1 _} -
EX YAnoBure cBoe
03F
: i
v
on
wv
=
802
<
o]
=
2
<
0.1}
0 1 1 1 1 1 1 1 1 1 1 1 ]
Control L'SH | L2SH I [SH III L*H IV L3SH YV  Trolox

Fig. 7. The variety of the TBARS absorbance upon the oxidative damage of DNA (2.0 mg mL_l) induced by AAPH promoter
(40 mmol L’l) in the presence of I-V (50 umol), ligands (LISH—L5 SH), and Trolox (control without addition of test com-

pounds).

increase in ROS level, which can lead to damage to
deoxyribose and disrupt the DNA integrity [46].

The antioxidant activity of I-—V was studied in the
promoted oxidative damage of DNA with 2,2'-azo-
bis(2-amidinopropane) dihydrochloride (AAPH)
[12], which decomposes at 37°C to give peroxyl radi-
cals, initiating the damage of DNA deoxyribose moi-
eties. The carbonyl compounds formed in the reaction
react with thiobarbituric acid, thus forming colored
products (TBARS) (A, = 535 nm). Comparative
data on the reactivity of gold complexes I—V and pre-
viously obtained results for the ligands are summa-
rized in Fig. 7.

Unlike the initial Schiff bases, I, I1, IV, and V have
almost no clear-cut effect on the oxidative damage of
DNA molecules: the absorbances are comparable with
that in the control experiment within the measure-
ment error. A weak promoting action (6.5%) is
observed only for compound III. The results confirm
the absence of a pronounced effect of the complexes
on DNA molecules in this assay.

The inhibition of some antioxidant defense
enzymes and reactions with the thiol groups of pro-
teins under the action of gold complexes can lead to
ROS generation, damage of lipids, or disruption of
lipid metabolism [47, 48]. In addition, previously, we
showed that the initial Schiff bases L'SH—L3SH con-
taining catechol moieties markedly intensify the LP
process in vitro. Meanwhile, sulfur-containing Schiff
bases with the phenol group may inhibit LP [43].
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Hence, we studied the effect of I-V and L*SH on the
non-enzymatic Fe*"-promoted peroxidation of lipids
of the Wistar rat liver homogenate in vitro. The remote
effects of gold(I) complexes on LP were evaluated by
measuring the concentration of TBARS after 3, 24,
and 48 h. The samples of the rat liver homogenates
were divided as follows: control containing no addi-
tives, five samples containing substances I-V
(100 umol) and L*SH. The TBARS concentration was
determined from the change in the absorbance of
solutions at 535 nm (Fig. 8).

Analysis of the results demonstrated that after 3 h
of incubation, all of the complexes have a moderate
inhibitory effect, decreasing the TBARS level by 13—
37%, as distinct from the free Schiff bases studied pre-
viously. The highest antioxidant activity was found for
compound IV. An increase in the incubation time
leads to LP intensification in the control sample. The
antioxidant to pro-oxidant inversion was detected for
III after 24 h. The addition of complex III leads to an
increase in the content of lipid oxidation products over
time, indicating its promoting action. The decrease in
the TBARS concentration by 12—23% for I and 1I
confirms their moderate antioxidant activities. For
compound IV, containing a sterically hindered phenol
group, the inhibitory effect increases over time, as the
TBARS content regularly decreases by 37 (3 h) and
48% (24 h) compared to the control sample. Mean-
while, the free ligand also efficiently inhibits LP. Gold
complex V with a quinone methide moiety has no sig-
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Fig. 8. The level of TBARS in rat liver homogenates in vitro in the presence of compounds I-V and Schiff bases L*SH during
incubation (3, 24, 48 h) (concentration of test compounds: 100 umol; control without the test compounds; the average values

with standard deviations are given (* p < 0.001; ** p < 0.005)).

nificant promotion effect; conversely, it has a moder-
ate inhibitory action. This may be due to the possibil-
ity of quinone methide trapping by a group of peroxyl
radicals, which was observed previously for o-benzo-
quinones [49]. Unlike the previously studied gold(I)
thiolate complexes with heterocyclic thiols, which
actively promote cell membrane peroxidation [47], the
presence of an antioxidant group induces an opposite
effect [5]. In our case, the gold coordination to the
thiol group as well as the presence of redox-active cat-
echol or phenol groups in compounds I, II, and IV are
favorable for the antioxidant activity. Conversely, the
introduction of the trifluoromethyl substituent into
the iminothiophenolate moiety induces inversion of
antioxidant to prooxidant properties with increasing
incubation time.

Auranofin and gold(I) phosphine complexes with
various thiolate ligands possess not only cytotoxicity
against cancer cells, but also pronounced antibacterial
activity against gram-positive bacteria, in particular
Staphylococcus aureus [50—52]. The sulfur-containing
Schiff bases L'SH—L3SH with a catechol group syn-
thesized previously exhibited a moderate bacterio-
static action against Staphyococcus aureus [12]. There-
fore, a similar effect was expected for I-V. The anti-
bacterial activity of the complexes was studied against
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Staphylococcus aureus and Escherichia coli bacterial
strains (Table 4).

As indicated by the obtained MIC values, the coor-
dination of the thiol group to the gold(I) atom results
in a considerable decrease in the bacteriostatic action
of complexes II and III in comparison with the start-
ing ligands. In the case of I and L'SH, MIC indexes
are similar. Gold compounds I-V proved to be inac-
tive against Escherichia coli, like most of the ligands.
The Schiff base L*SH with a sterically hindered phe-
nol moiety did not show antibacterial activity [12],
while the MIC values for compound [(Ph;P)Au(SL*)]
were comparable with those for complexes I and II
against Staphylococcus aureus ATCC 29213. Com-
pound V with the quinone methide group shows a
moderate antibacterial activity, unlike the starting imi-
nothiol. This behavior can be attributed to the pres-
ence of a quinone methide group capable of binding to
the cysteine residues of protein molecules and inhibit-
ing thioredoxin reductase; this results in the disruption
of the redox balance in the cells and gives rise to an
antibacterial effect [53].

A key target for the considered gold(I) complexes,
apart from thioredoxin reductase, is the NAD(P)H
quinone oxidoreductase 1 (NQO1), involved in two-
electron reduction of quinones to hydroquinones and
catechols [54]. The oxidation of catechol groups in
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Table 4. Antibacterial activity of -V and Schiff bases against bacterial strains in vitro

Minimum inhibitory concentration (MIC), ug/mL
Compound Staphylococcus aureus S. aureus Escherichia coli
ATCC 29213 ATCC 6538p ATCC 25922
[(PhsP)Au(SL)] 39.06 78.13
[(PhsP)Au(SL?)] 39.06 78.13
[(PhsP)Au(SLY)] 19.53 19.53
[(PhsP)Au(SLY)] 39.06
[(PhsP)Au(SL3)] 9.77 9.77
L!SH* 39.06 19.53
L’SH* 1.22 1.22 39.06
L3SH* 2.44 4.88
Ciprofloxacin 0.125 0.125 0.008

* The data were reported in [12].

Table 5. Cytotoxicity values ICs, (wmol) for complexes I—V and Schiff bases against various cancer cell lines

1Cs, umol
Compound
A-549 MCF-7 HCT-116

[(Ph;P)Au(SL")] 36.03 + 1.04 8.97+£0.22 5.47 £0.30
[(Ph;P)Au(SL?)] 10.31 £ 0.92 11.95 £ 0.76 8.02+0.43
[(Ph;P)Au(SL%)] 2.47+£0.10 10.46 = 0.65 15.73 £ 0.89
[(Ph;P)Au(SL%)] 32.78 £ 0.97 17.57 £ 1.17 9.11 £0.33
[(Ph;P)Au(SLY)] 7.43+£0.44 4.31 £0.27 2.83+0.16
L!'SH* 3.53 +£0.31 7.43 £0.70 11.03 £ 0.17
L’SH* 2.5510.02 3.32+0.01 4.26 £ 0.01
L3SH* 2.99 +£0.02 4.71 £ 0.41 6.13+0.09
L4SH* 30.63 + 1.35 43.19 £ 4.27 25.50 £ 0.99
Cisplatin** 9.02+0.90 152 £ 1.10 11.20 = 1.90
Auranofin*** 6.49 + 0.71 6.21 + 0.89

* The data were reported in [12]; ** the data were reported in [58], *** the data were reported in [59].

compounds I-IIT by various enzymatic systems,
including P450s, cyclooxygenase (COX-2), peroxi-
dases, tyrosinase, and xanthine oxidase, would lead to
the generation of reactive oxygen species and o-benzo-
quinones. Enzyme NQO1 in healthy tissues favors the
reduction of quinoid compounds and neutralization of
ROS; at the same time, this enzyme also has a protec-
tive effect in cancer cells by deactivating enhanced
amounts of ROS [55]. An increase in the NQOI1
expression level is observed in many types of cancer
cells including lung, breast, pancreatic, and colon
cancers, whereas the level of this enzyme in healthy
tissues is relatively low [56]. Therefore, we studied the
cytotoxicity of these compounds against MCF-7

(human breast cancer), A-549 (adenocarcinoma
human alveolar basal epithelial), HCT-116 (human
colon cancer) cells characterized by increased NQO1
level using the modern and popular MTT assay [57]
(Table 5).

Analysis of the results demonstrates that the ICs,
values for gold(I) complexes with a catechol moiety
generally increase compared to those of the initial
Schiff bases. The 1Cs, values for free ligands L'SH—
L3SH are less than 10 umol, i.e., they are more active
than cisplatin, but show no clear-cut selectivity to a
particular cell line. For I-I1II, the decrease in the cyto-
toxicity predominates; however, unlike the ligands,
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they show selectivity to particular cell lines. The ICs,
value of complex I for the HTC-116 colon cancer cells
decreases twofold compared to the results obtained
previously in the presence of L'SH, with the activity
being higher than that of cisplatin (Table 5). Complex
III has a more pronounced effect on I1Cy, determined
on A-549 lung cancer cells than on other cell lines,
which implies a selectivity of action. This compound
appears to be more active than auranofin or cisplatin.
The coordination of the thiol group in the phenol-
containing Schiff bases to the gold(I) ion in complex
IV leads to lower 1Cs, values for MCF-7 and HTC-116
cells, unlike the coordination in I-III. An opposite
effect was found for the previously studied gold(I)
triphenylphosphine complex with 3,5-di-fert-butyl-4-
hydroxythiophenolate ligand possessing antioxidant
activity: the cytotoxicity (IC5, > 50 umol) against
MCF-7 and HTC-116 cells significantly decreased
compared to that of the initial salt [(Ph;P)AuCl] [6].
Compound IV showed a higher selectivity to HTC-116
cells. Unlike compound IV, quinone methide-con-
taining compound V has markedly higher cytotoxicity
against all cell lines. The ICy, values for this com-
pound are comparable with results for auranofin.
Thus, the position of the azo linker with respect to the
gold-containing moiety, the nature of the substituents
in the iminothiophenol moiety, and the type of the
redox-active group (catechol, phenol, or quinone
methide) allow one to vary the selectivity of cytotoxic
action against the considered cancer cell lines com-
pared to the initial Schiff bases.

Thus, the reaction of sulfur-containing Schiff bases
with [(Ph;P)AuCl] leads to the formation of a series of
gold(I) phosphine thiolate complexes. The molecular
structure of complex I was studied by X-ray diffrac-
tion. The complex has intramolecular hydrogen bonds
between the catechol hydroxyl groups and the imine
nitrogen atom. Study of the electrochemical proper-
ties of the complexes showed that oxidation of com-
pounds I-V is irreversible in the first step and leads to
Au—S bond cleavage followed by the dimerization of
thiyl radicals. The presence of additional redox-active
groups causes a second redox transition. Cyclic vol-
tammetry measurements for I-III showed the forma-
tion of relatively stable radical anions in the cathodic
region, while in the case of IV and V, this step is irre-
versible. Analysis of the antiradical activity of gold(I)
complexes against synthetic radicals attests to a gen-
eral trend of decreasing the neutralizing properties of
the complexes in comparison with the ligands. Com-
plexes I-V have no significant effect on the DNA
damage in the presence of radical promoters. Mean-
while, I, II, IV, and V have a pronounced antioxidant
effect on the lipid peroxidation in the Wistar rat liver
homogenate. The antibacterial activity of I-IV is
comparable to or lower than that of Schiff bases. In the
case of compound V, the presence of the quinone
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methide group promotes the bacteriostatic effect com-
pared to the initial ligand.

Analysis of the cytotoxicity characteristics of the
complexes with respect to the studied cells revealed
their greater selectivity to certain types of cancer cells
compared to that of Schiff bases. Compound V was
characterized by the lowest ICs, value in the series of
the prepared gold(I) complexes, which attests to its
high cytotoxicity caused by the presence of the qui-
none methide moiety. By varying the type of the
redox-active group (catechol, phenol, or quinone
methide), substituents in the iminothiophenol moiety,
or position of the imino group relative to the gold-
containing moiety, it is possible to control the selectiv-
ity of the cytotoxic action against the considered can-
cer cell lines compared to the starting Schiff bases.
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