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Phosphane gold(I) complexes, [Au(ACP)Cl] (1) and [Au(ACP)(So.CNR,)] (2-4) where ACP = 2-(diphenyl-
phosphanyl)-1-aminocyclohexane or (2-aminocyclohexyl)diphenylphosphane, and R = methyl, ethyl,
benzyl, were synthesized and characterized by elemental analysis, FTIR and multinuclear NMR spec-
troscopy. The molecular structure of one of the compounds, [Au(ACP)CI] (1), was determined by single
crystal X-ray diffraction analysis, which revealed a linear geometry around the Au(I) center. The crystal
structure is stabilized by N-H- - -Cl hydrogen bonding interactions. The in vitro cytotoxicity of the com-
plexes was evaluated against three cancer cells, A549 (human lung cancer), HeLa (human cervical cancer)
and HepG2 (human liver cancer) cell lines. Three of the four complexes showed excellent in vitro cytotox-
icity; their inhibition effect is much greater than that of cisplatin.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Gold(I) compounds have played an important role in the treat-
ment of rheumatoid arthritis for many years [1-5]. As time
evolved, it was noticed that the receivers of chrysotherapy for
arthritis exhibited lower evidence of malignancy rates and thus it
was thought that gold compounds might have anti-cancer proper-
ties [6,7]. Later, the orally active anti-arthritic drug auranofin
[8-10] and tetrahedral gold(I) complexes containing disphosphane
ligands [11-13], particularly [Au(dppe),]Cl [11] (dppe = 1,2-bis
(diphenylphosphano)ethane), were found to exhibit potent antitu-
mor activity against a range of tumor models in mice, including
ovarian cancer cells and a cisplatin-resistant subline of 388 leuke-
mia. The outcomes of such studies inspired significant interest in
the investigation of the cytotoxic properties of gold(I) complexes
of phosphane and thiolate ligands [14-30]. Structural studies of
these complexes support the strong tendency of gold(l) ions to
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form stable complexes with polarizable soft donor atoms, such as
phosphorus and sulfur [20-22,27-30].

Phosphanogold(I) dithiocarbamate complexes have been con-
sidered as a novel class of potential anticancer agents because of
their remarkable cytotoxicity and tumor specificity [20,26-29].
Keter et al. [20] reported the anticancer properties of a series of
phosphanogold(I) complexes of dithiocarbamates (L), namely
[AuL(PPhs)] and [Au,L,(diphosphanes)]. The stability of these com-
plexes depends on the nature of the phosphane ligand used. Triph-
enylphosphane and diphenylphosphanoalkyl ligands with alkyl
chains longer than ethyl produced stable gold dithiocarbamates
in solution, but the (diphenylphosphano)ethanegold(l) complexes,
being unstable, were found to transform into an Au,g cluster. The
complexes, which were stable in solution displayed activity against
HeLa cancer cells, suggesting the importance of the P-Au-S moiety
in conferring activity to the compounds [9,16,20]. These investiga-
tions were motivated by the desire to tailor the lipophilicity of the
gold(I) complexes so as to target mitochondria [5,26,31].

It has been established that gold compounds, such as auranofin,
act against cancer cells via mitochondria by inhibiting its enzyme
thioredoxin reductase (TrxR) with high potency and specificity
[10,26,31,32]. The inhibition of TrxR activity demonstrated for gold
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compounds is evidently based on the covalent binding of the gold
center to a selenocysteine residue in the active site of the enzyme
[4,5,31].

Recently, our group has reported the structural elucidation and
anticancer activity of several gold(I) dithiocarbamate complexes
[28-30,33]. In these complexes the gold(I) atom possesses a linear
geometry and most of the complexes displayed significantly supe-
rior in vitro cytotoxic effects against A549, HelLa or HepG2 cell
lines, as compared to cisplatin. To further improve our knowledge
on the coordination chemistry and cytotoxicity of such complexes,
we report here the synthesis, spectroscopic characterization and
antiproliferative properties of four novel gold(I) complexes derived
from a phosphane, 2-(diphenylphosphanyl)-1-aminocyclohexane
(ACP), and three dithiocarbamate ligands. The X-ray structure of
one of the compounds, [Au(ACP)CI] (1), is also presented. The pos-
sible structures of the other complexes and the resonance assign-
ments are shown in Scheme 1.

2. Experimental
2.1. Materials

Sodium tetrachloridoaurate(Ill) dihydrate (NaAuCls-2H50),
sodium salts of dimethyldithiocarbamate dihydrate, diethyldithio-
carbamate and dibenzyldithiocarbamate, ethanol, acetone
and dichloromethane were purchased from Sigma Aldrich, Co.,
United States. (RqR;)-2-(diphenylphosphanyl)-1-aminocyclohex-
ane (ACP) was purchased from Strem Chemicals Inc.,
Massachusetts, United States, while dimethylsulfide was pur-
chased from Fluka AG, St. Gallen, Switzerland. All solvents were
of analytical grade and were used without further purification.

2.2. Instrumentation

Elemental analysis was carried out on a Perkin Elmer Series 11
(CHNS/O) Analyzer 2400. The solid-state FTIR spectra of the free
ligands and their gold(I) complexes were recorded on a
Perkin Elmer FTIR 180 spectrophotometer over the range
4000-400 cm™! at a resolution of 4.0 cm~!. The 'H, 3C and 3'P
NMR spectra were recorded on a JEOL-LA 500 NMR spectropho-
tometer, operating at 500.0, 125.65 and 200.0 MHz respectively,
corresponding to a magnetic field of 11.74 T. The '*C NMR spectra
were obtained using 'H broadband decoupling with the following
spectral conditions: 32 k data points, 1 s acquisition time, 2.5 s
pulse delay, and 5.12 ps pulse width. All spectra were recorded
at 297 K in CDCls. For the 'H and '3C NMR spectra, tetramethylsi-
lane (TMS) was used as an internal standard, while the 3'P NMR
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Scheme 1. The structures of the prepared gold(I) complexes along with the
resonance assignments.

chemical shifts were measured relative to an external reference
(H3PO4 in D,0) at § 0.00 ppm.

2.3. Synthesis of the complexes

The parent compound, (CH3),S-AuCl, was prepared by the pre-
viously reported method [34]. The white product was washed
twice with ethanol (5.0 mL) and three times with diethyl ether
(10 mL), then dried in the dark and stored in a fridge. Yield = 91%.
Calc. for CoHgAuUCIS (294.55 g/mol): C, 8.35; H 2.13. Found: C, 8.12;
H, 1.83%. 'H NMR (CDCls, ppm) &: 2.75 (s, 6H). 3*C NMR (CDCls,
ppm) é: 25.3 [34].

Complex 1 was synthesized by adding 0.5 mmol of
2-(diphenylphosphanyl)-1-aminocyclohexane (ACP) in 10 mlL
dichloromethane dropwise to a solution of 0.5 mmol (CH3),S-AuCl
in 5.0 mL of dichloromethane. Mixing resulted in a colorless solu-
tion that was stirred for 30 min. The solution was then concen-
trated by slow evaporation at room temperature. The product,
obtained as a white solid, was recrystallized from a dichloro-
methane/ethanol mixture and dried overnight in a vacuum.
Yield = 87%.

Calc. for 1, C1gH,NPAuCI (515.77 g/mol): C, 41.91; H, 4.30; N,
2.72. Found: C, 41.17; H, 3.85; N, 2.34%. IR (cm™'): v(N-H) 3461,
3324; V(CHy) 2935.5ym, 2850sym, V(C-H) 1315penq, 3(N-H) 1572, v
(P-C) 1242. "H NMR (CDCls, ppm) é: 1.97 (s, NH), 2.54 (m, C(1)
H), 3.15 (m, C(2)H), 1.74 (m, C(3)H), 1.33 (m, C(4)H), 1.22 (m, C
(5)H), 1.42 (m, C(6)H), 7.47-7.94 (m, 10H, CgHs). 1*C NMR (CDCls,
ppm) J: 43.54 C(1), 56.01 C(2), 37.65 C(3), 25.65 C(4), 24.73 C(5),
28.10 C(6), 128.96-134.84 C(CgHs). 3'P NMR (CDCls, ppm) 6: 41.84.

For compounds 2-4, to a 1:1 stirred solution of (CH3),S-AuCl
and phosphane (ACP) in 15 mL dichloromethane, the correspond-
ing sodium dithiocarbamate ligand (0.5 mmol) in 10 mL ethanol
was added at room temperature with continuous stirring for 2 h.
The mixture was filtered, and the clear colored solution was kept
at room temperature for slow evaporation. The yellow or orange
solids obtained were recrystallized from acetone/dichloromethane
and dried overnight in a vacuum. Yield = 85-88%.

2.3.1. Analysis

Calc. for 2, C;oH3AuN,PS, (600.53 g/mol): C, 42.00; H, 4.69; N,
4.66; S, 10.67. Found: C, 41.64; H, 4.77; N, 4.40; S, 10.40%. IR
(cm™"): v(N-H) 3461, 3334; V(CH,) 2927.5ym, 2851sym, V(C-H)
1246pend, S(N-H) 1615, v(C-N) 1486, v(C=S) and v(P-C) 1134,
1099. 'H NMR (CDCls, ppm) d: 1.92 (s, NH), 3.35 (m, C(1)H), 3.38
(m, C(2)H), 1.87 (m, C(3)H), 1.30 (m, C(4)H), 1.29 (m, C(5)H), 1.45
(m, C(6)H), 3.52 (m, C(8)H), 7.47-8.06 (m, 10H, CgHs). 13*C NMR
(CDCl5, ppm) 6: 45.29 C(1), 54.55 C(2), 40.96 C(3), 25.18 C(4),
24.04 C(5), 30.92 C(6), 207.51 C = S(7), 50.53 C(8), 128.97-134.05
C(CgHs). 3'P NMR (CDCls, ppm) &: 41.68.

Calc. for 3, C,3H3,AuN,PCS, (640.59 g/mol): C, 44.99; H, 5.03; N,
4.37; S, 10.01. Found: C, 44.64; H, 4.77; N, 4.40; S, 10.40%. IR
(cm™1): v(N-H) 3461, 3334; V(CH,) 2927 36ym, 2851gym, V(C-H)
1264pend, S(N-H) 1610, v(C-N) 1496, v(C=S) and v(P-C) 1068,
984. '"H NMR (CDCls, ppm) 6: 1.93 (s, NH), 2.93 (m, C(1)H), 3.46
(m, C(2)H), 2.32 (m, C(3)H), 1.35 (m, C(4)H), 1.41 (m, C(5)H),
1.83 (m, C(6)H), 3.54 (s, C(8)H), 1.33 (s, C(9)H) 7.46-8.12 (m,
10H, CgHs). '*C NMR (CDCls;, ppm) &: 44.12 C(1), 54.87 C(2),
39.55 C(3), 25.11 C(4), 24.15 C(5), 29.65 C(6), 204.16 C = S(7),
52.25 C(8), 12.1 C(9), 128.38-134.65 C(CgHs). >'P NMR (CDCls,
ppm) é: 40.15.

Calc. for 4, C33H36AuUN,PS, (752.72 g/mol): C, 52.65; H, 4.82; N,
3.72; S,8.51. Found: C, 52.04; H, 4.25; N, 3.81; S, 8.06%. IR (cm™'): v
(N-H) 3461, 3334; v(CH3) 2923,6ym, 2852sym, V(C-H) 1210pend, &
(N-H) 1600, v(C-N) 1437, v(C=S) and v(P-C) 1099, 973. 'H NMR
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(CDCls, ppm) &: 1.7 (s, NH), 3.25 (m, C(1)H), 3.88 (m, C(2)H), 2.02
(m, C(3)H), 0.88 (m, C(4)H), 1.46 (m, C(5)H), 1.84 (m, C(6)H),
4.71, 5.11 (d, C(8)H), 7.48-8.11 (m, 20H, CgHs). '3C NMR (CDCls,
ppm) 6: 43.65 C(1), 55.88 C(2), 37.06 C(3), 25.74 C(4), 24.45 C(5),
27.89 C(6), 210.17 C = S(7), 58.40 C(8), 127.82-135.92 C(C¢Hs).
31p NMR (CDCls, ppm) 6: 39.18.

2.4. Single crystal structure determination

Suitable crystals of complex 1 were obtained as colorless rods
from a dichloromethane/ethanol mixture. The X-ray data were col-
lected at 173 K on a Stoe IPSD 2 Image Plate Diffraction System [35]
connected with a two-circle goniometer and using a MoKo gra-
phite monochromator (A = 0.71073 A). The structure was solved
by the SHELXS-2014 program [36]. The refinement and further cal-
culations were carried out with SHELXL-2014 [36]. A semi-empir-
ical absorption correction was applied using the MUL scan ABS
routine in PLATON [37]. The crystal structure and crystal packing
were drawn using Mercury software [38]. The crystal data and
refinement details are given in Table S1 (Supporting Information).

2.5. Antiproliferative study

The cell growth inhibition effects of complexes 1-4 and cis-
platin were measured by a Cell Titer-Glo® luminescence-based
assay against the A549 (human lung carcinoma), HeLa (human cer-
vical cancer) and HepG2 (human liver cancer) cell lines according
the manufacture’s protocol. Briefly, cell suspensions were added
to each well of a 384-w plate at a suitable density (total volume
40 pL). The margin wells of the plate were filled with PBS buffer.
The gold compounds were added at various concentrations in trip-
licate (added 10 pL compound solutions to the plate) then the plate
was incubated for 72 h in a 5% CO, incubator at 37 °C. After that,
the Cell Titer reagent was added to each tested well and stirred
for 2 min on an orbital shaker. The plate was shortly centrifuged
for 30 s and incubated at room temperature for an additional
10 min to stabilize the luminescent signal. Luminescence signals
were detected on PHERAstar Plus. Data acquisition and analysis
were performed using the Microsoft Excel (version 2003) program
and GraphPad Prism 6. The potential effect of the testing com-
pounds on cell growth inhibition, expressed as ICsq values, was
calculated by the formula below: Cell growth inhibition % =
100-100 * (Luminescence compound)/(Luminescence puso). Cell
viability % = 100 * (Luminescence compound)/(Luminescence pmso).

3. Results and discussion

The reaction of 2-(diphenylphosphanyl)-1-aminocyclohexane
(ACP) with (CH3),S-AuCl in a 1:1 M ratio yielded the complex
[Au(ACP)CI] (1) as colorless crystals. The mixed ligand complexes
2-4 were prepared by addition of one equivalent of a dithiocarba-
mate ligand to a 1:1 mixture of (CHs),S-AuCl and the phosphane.
The collected products have the composition [Au(phosphane)
(dithiocarbamate)], as indicated by elemental analysis. The struc-
ture of complex 1 was established by single crystal X-ray diffrac-
tion, while complexes 2-4 are assumed to be mononuclear
molecules possessing a linear geometry at the gold center
[20,26-29]. The procedure for the synthesis of the complexes is
explained in Scheme 2.

Selected IR frequencies of the synthesized gold(I) complexes are
given in the experimental section. In IR spectra of all the complexes
(1-4), the N-H stretching bands of the amino group of the phos-
phanes were observed around 3400 and 3340 cm . The NH, bend-
ing vibrations were detected at about 1600 cm~'. The v(P-C)
band of ACP [39] and the band due to the -C=S moiety of the

(CH3),S + NaAuCly 2H,0 — = (CHy),SAUCI
CH,Cl,
0-5°C

Ph Ph
\_/

DMD:C/ 6 1 W/NHz

2 87%
85%
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3
lDBDTC 86%

4
88%

Scheme 2. Synthetic summary of the gold(I) complexes 1-4.

dithiocarbamate ligands [39] are overlapped and appear as a single
peak around 1100 cm™'. The C-N stretching vibration of the dithio-
carbamate (N-CSS") group is observed near 1500 cm™' [28-30].
This value defines a carbon-nitrogen bond order that is intermedi-
ate between a single bond (v = 1350-1250 cm~') and a double
bond (v = 1690-1640 cm™!) [40]. The aromatic and aliphatic C-H
stretching bands of medium intensity are observed in the regions
of 3000 and 2900 cm~! respectively.

In 'H NMR spectra of the complexes, the C-H hydrogens of ACP
attached to the nitrogen and phosphorus atoms resonate around
2.5-3 and 3 ppm respectively. The benzylic methylene protons in
4, being diastereotopic, give two signals at § = 4.7 and 5.1 ppm.
The other aliphatic protons appear as multiplets between 1 and
2 ppm. The aromatic hydrogens are observed between 7 and
8 ppm. In >C NMR spectra of complexes, the carbon atoms
attached to the phosphorus atom appeared as doublets due to cou-
pling with the 3!P nuclei. The C=S resonances of the dithiocarba-
mate ligands were observed at the most downfield position,
above 200 ppm. The appearance of this peak indicates the com-
plexation of the dithiocarbamates to the gold(I) center. The next
upfield resonances are for the alkyl carbon atoms attached to the
dithiocarbamate moiety. The remaining methyl or methylene moi-
eties are detected between 10 and 30 ppm. The aromatic signals of
the ACP phosphane and dibenzyl groups were observed in the
region of 120-135 ppm. The 3'P NMR chemical shifts for com-
plexes 1-4 are observed near 40 ppm.

3.1. X-ray structure of complex 1

The molecular structure of complex 1 is depicted in Fig. 1.
Selected bond lengths and bond angles are given in Table 1. The
asymmetric unit of the complex consists of two independent
mononuclear molecules. The stereochemistry of the two indepen-
dent molecules is the same and the structure is pseudo centrosym-
metric with the space group P2;. In each complex molecule ([Au
(C1gH22NP)CI]), the Au(l) atom is almost linearly coordinated to
the phosphorus atom of a phosphane molecule and a Cl~ ion, with
a /P1-Au-CI1 angle of 176.93(17)°. The single crystal structure
analysis of a CysP (Cy = cyclohexyl) complex, [CysP-Au-
(thiourea)]Cl [41] revealed that the geometry at gold(I) ion devi-
ated significantly from linearity, with a P-Au-S bond angle of
168.54(9)°. The deviation from linearity was ascribed to an
intramolecular Au---NHy(thiourea) contact with a distance of
3.418(3) A. No such contact of the Au(l) ion with the NH, group
was observed in the case of complex 1. The phosphane ligand binds
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Fig. 1. ORTEP diagram of complex 1 with the partial atomic labelling scheme,
showing 30% probability ellipsoids.

Table 1
Selected bond lengths and bond angles for complex 1.

Bond Lengths (A) Bond Angles (°)

Aul-Cl1 2.297(5) P1-Aul-Cl1 176.93(17)
Aul-P1 2.243(4) Au1-P1-C1 110.5(5)
P1-C1 1.825(16) Aul-P1-C7 114.0(5)
P1-C7 1.817(13) Aul-P1-C13 113.2(5)
P1-C13 1.812(12) C1-P1-C7 109.6(7)
C2-N1 1.413(17) C1-P1-C13 106.0(6)
C7-P1-C13 103.0(6)

only through the phosphorus atom, while the NH, group remains
uncoordinated. The amino cyclohexane group adopts a chair con-
formation. The tertiary phosphine has a common propeller-type
arrangement, characteristic for this type of ligand [42]. The phos-
phorus atom in the complex has the usual tetrahedral environ-
ment. The Au1-P1 and Aul-Cl1 bond distances are 2.243(4) and
2.297(5) A respectively, and fall in the range of other chloridophos-
phanegold(I) complexes [43,44], such as PhsP-AuCl (2.235(3) and
2.279(3) A) [43]. However, the Au-P bond is particularly short
when compared with some other phosphanegold(l) complexes
[42,45-48]. For example, it is: 2.2542(13) A in [PhsP-Au-SCN]
[42], 2.278 A in [Ph3P-Au-CN] [46], 2.287(3) A in [CysP-Au-CN]
[47], 2.2533(6) A in [PhsP-Au-(indazolyldithiocarbamate)] [20],
2.2623(9) A in [PhsP-Au-(thiosaccharinate)] [48] and 2.274(2) A
in [CysP-Au-(thiourea)]Cl [41]. The shorter distance reflects the
greater donation of electron density by the phosphane due to the
presence of an amino group. However, in [TPA-Au-(2-pyridylbenz-
imidazolate)] (TPA = 1,3,5-triaza-7-phosphaadamantane), where
the phosphane contains three nitrogen atoms, the Au-P distance
is even shorter (2.205(4) A) [21]. The structure of complex 1 can
be compared with the quite similar of phosphanegold(I)-chloride
complexes [44].

Intermolecular hydrogen bonds in 1 are observed between the
NH, group of the phosphane and CI~ ions of neighboring molecular
species. No Au---Au (aurophilic) interaction was detected in the
crystal packing of compound 1. As shown in Fig. ST (Supporting
Information), the Au---Au distance between the neighboring gold
centers ranges from 7.668 to 9.778 A, which is much longer than
3.5 A, the minimum distance required for the existence of an
attractive aurophilic interaction in compound 1 [49]. A closer
gold-gold contact is probably hindered by the steric bulk of the
phosphane ligands. This observation is consistent with some of
our previous studies on such a type of gold(I) complex [28-30].
However, in two cases ([{Au(CEP);}{Au(CN),}] [50] and
[MesP-Au-Seu],Cl, [51] where CEP = tris(2-cyanoethyl)phosphane
and Seu = selenourea), we found that the aurophilic interactions
led to the formation of dinuclear complexes.

3.2. Cytotoxic activity of the complexes

The gold(I) complexes 1-4 and cisplatin were examined for
their cell growth inhibition effects against A549, HeLa and HepG2
human cancer cell lines using a Cell Titer-Glo® luminescence-based
assay. The dose-dependent inhibition of cell proliferation was
obtained by specific increases of the complex concentrations
against a fixed number of three cell lines, as shown in Fig. 2. The
ICs values (Table 2) were obtained from the plot of the complex
concentrations against the percentage of cell viability. The ICsq val-
ues of the complexes were in the range 2.2->100 puM, compared to
that of the cisplatin ICsq values of 13.75, 21.39 and 9.6 puM for
A549, HelLa and HepG2 cell lines, respectively. The data clearly
show that the complexes 1, 2 and 4 show excellent inhibition of
cell proliferation; complex 2 having the best. Their ICso values
are several fold better than that of cisplatin. Specifically, the effec-
tiveness of 1 is greater for HeLa cells, while 2 and 4 are more effec-
tive towards HepG2 cell lines. Complex 3 showed less activity with
respect to cisplatin. The higher potency of the inhibition of cell pro-
liferation of the investigated compounds can be related to the pres-
ence of the labile phosphane and dithiocarbamate ligands around
the gold(I) ion, which enhances the activity and selectivity of the
complexes [23].

IC50 Values for All cell lines

100
s 80
a3
£ ml
o 60
8 m2
40 3
20 J 4
. [ - - . ‘ M Cisplatin
A549 HeLa HepG2
Cell line

Fig. 2. Effect of the concentration of the gold(I) complexes 1-4 and cisplatin on the
percentage viability of A549, HeLa and HepG2 cancer cell lines.

Table 2

Half-maximal inhibitory concentrations (ICsq) values (M) of gold(I) complexes and
cisplatin against A549, HeLa and HepG2 cell lines. The values of cisplatin are different
for each group.

Compound A549 Hela HepG2

1 8.26 + 0.52 221+025 6.19 + 0.15
2 3.50 + 0.53 4.6 + 0.20 3.11+0.13
3 >100 44.50 + 0.27 >100

4 15.30 + 0.40 514+ 0.11 4.06 + 0.08
Cisplatin 13.75 + 0.40 21.39 £0.72 9.60 + 0.90
1a* 6.79 - 5.76

2a 4.87 - 7.41

3a 6.58 - 6.90

4a 6.64 - 8.35

5a 7.06 - 6.21
Cisplatin 29.76 - 30.53

1b* 14.30 £ 0.81 16.03 £ 1.01 -

2b 26.90 + 1.04 2.11+043 -

3b 19.40 + 0.64 3.18 £+ 0.54 -

Cisplatin 41.60 £ 3.00 19.40 + 1.85 -

*The values of the complexes marked with ‘a’ are taken from Ref. [29], while those
marked with ‘b’ are from Ref. [28].
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The cytotoxicity profile of the complexes is comparable to the
related alkylphosphanegold(I) dithiocarbamates [28,29]. We have
previously investigated the anticancer properties of analogous
alkylphosphanegold(I) dithiocarbamate complexes against A549
and HepG2 cancer cells [29]. The studied complexes, [Au(PMes)(S,-
CNMe,)] (1a), [Au(PMes)(S2CNEt,)] (2a), [Au(PEt3)(S2,CNMe,)] (3a),
[Au(PEt3)(S,CNEt,)] (4a) and [Au{P(i-Pr)3}(S,CNMe;)] (5a), were
found to be more active against the tested tumor cell lines as com-
pared to cisplatin (Table 2). Complexes with (ter-Bu)sP ([Au{P
(ter-But)s}Cl] (1b), [Au{P(ter-But)s}(S,CNMe;)] (2b) and [Au{P
(ter-But)s}(S,CNEt,)] (3b)) were tested towards A549 and HelLa cell
lines [28]. The cytotoxicity of the gold(I) complexes 2b and 3b
against HeLa cells is six to eight times better than cisplatin
(Table 2). Auranofin is also highly effective (ICsq = 1.67 + 0.03 uM)
against A549 cells [52]. The greater cytotoxic effect of the above
complexes could be related to the presence of labile phosphane
ligands and non-ionic nature of the complexes. The better activities
of the complexes than cisplatin supports the conception that a
P-Au-S motif enhances the anticancer effect of phosphine gold(I)
compounds [15,26,53].

Gold(I) complexes containing PPh; and dithiocarbamates
{L, = pyrazolyldithiocarbamate, L, = 3,5-dimethylpyrazolyldithio-
carbamate, L3 = indazolyldithiocarbamate} displayed somewhat
poor antitumor activity as compared to cisplatin against the HeLa
cells, but still they are very effective [20]. The complexes ([Au
(PPh3)(Ly)], [Au(PPhs)(Ly)], [Au(PPhs)(L3)] and cisplatin) showed
IC50 values of 2.56 + 0.12, 2.63 + 0.10, 2.56 + 0.17 and
0.45 = 0.09 UM respectively.

Regarding the mechanism of action, it has been proposed on
the basis of substantial volume of experimental evidence that
mitochondria, in particular the enzyme thioredoxin reductase
(TrxR), represent the most relevant target for anticancer gold(I)
compounds [10,14,31,54-56]. Mitochondrial and cytosolic iso-
forms of thioredoxin reductase play an important role in regulat-
ing cellular events, such as cell signalling, apoptosis and cell
proliferation [10]. In addition, the thioredoxin system is markedly
expressed in tumor cell lines [57]. The inhibition of thioredoxin
reductase can shift the redox balance towards a more oxidized
state and appears as the initiating event leading to apoptosis.
The oxidized TrxR can act on several different membrane targets
leading to increased permeability of the mitochondrial
membranes, release of cytochrome c and eventually cell death
[10,54,55,58].

Abs (A)

250 300 350 400 450 500 550
A (nm)

Fig. 3. UV-Vis spectra of 0.1 M gold(I) complexes 2 and 4 at the initial time and
after 24 h (2’ and 4’) in a DMSO solution (10 mL) at 25 °C.

3.3. Stability of complexes 2 and 4

The stability of gold(I) complexes 2 and 4 was studied by
UV-Vis spectrophotometry using their 0.1 M solutions in DMSO
(10 mL) at room temperature for 24 h. The complexes did not
undergo decomposition or a reaction with some other species,
indicating their high stability in DMSO solution. The spectra are
shown in Fig. 3.

4. Conclusions

The present paper describes the synthesis and spectral charac-
terization of four gold(I) complexes of 2-(diphenylphosphanyl)-1-
aminocyclohexane (ACP) and dithiocarbamates, as well as their
anticancer activity against A549, HeLa and HepG2 human cancer
cell lines. The crystal structure of complex 1 was determined by
X-ray crystallography, which reveals that the complex is mononu-
clear, exhibiting a linear geometry at the gold center. We have
observed that these gold compounds are extremely effective in
inhibiting the growth of all three types of cell lines. The significant
cytotoxicity of the complexes recommends their further explo-
ration in order to develop suitable anticancer agents.
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Crystallographic data of complex 1 have been deposited with
the Cambridge Crystallographic Data Center via the CCDC Number
1960931. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,
e-mail: deposit@ccdc.cam.ac.uk or www.ccdc.cam.ac.uk. Supple-
mentary data to this article can be found online at https://doi.
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