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Abstract 19 

A gold(I)-carbene complex, [Au(IPr)(Seu)]PF6 (1), where Seu = Selenourea and IPr = 20 

1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene, was prepared using [Au(IPr)Cl] and 21 

characterized by elemental analysis, IR, and NMR (
1
H, 

13
C, 

77
Se) methods. The crystal 22 

structure of 1 was determined by single-crystal X-ray diffraction analysis, which shows 23 

that the complex (1) adopts a linear geometry about gold(I). The structures of the 24 

[Au(IPr)(Seu)]PF6 monomer as a model of 1 and that of the dimer, {[Au(IPr)(Seu)]PF6}2 25 

were optimized at the B3LYP-D3 level of theory. The DFT results give support to the 26 

experimentally determined monomeric structure. The in vitro cytotoxic activity of 27 

[Au(IPr)Cl] and complex 1 was investigated against three human cancer cell lines; 28 

A549(lung carcinoma), HCT15(colon cancer) and MCF7(breast cancer). The IC50 values 29 

showed that the selenourea-containing complex (1) was less potent than cisplatin in 30 
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inhibiting the growth of cancer cells. The stability of complex 1 in phosphate buffered 31 

aqueous solution and its interaction with amino acids; glutathione and L-cysteine were 32 

studied using square wave stripping voltammetry. 33 

 34 
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Introduction 38 

Gold(I) complexes of N-heterocyclic carbenes (NHCs) have been studied extensively in 39 

recent years as prospective anticancer drug candidates. Several of them were found to 40 

exhibit remarkable cytotoxic properties, particularly in cisplatin-resistant cell lines [1-16]. 41 

The advantage of employing carbenes is that they make the resulting complexes more 42 

lipophilic and more stable with respect to ligand exchange reaction [17-19]. The 43 

lipophilicity of complexes can be tuned by varying the substituents on imidazole group. 44 

The presence of an ancillary ligand such as chloride, phosphine or thiol makes the 45 

complex more prone to ligand substitution reactions required for binding to the cellular 46 

targets [6,9,21-23]. With respect to the mechanism of antitumor action of gold(I) 47 

complexes, mitochondria involving selenoenzyme, thioredoxin reductase (TrxR) have 48 

been identified as the potential target sites [3,6-9,22,23]. The inhibition of the activity of 49 

thioredoxin reductase (TrxR) is associated with the induction of apoptosis in cancer cells. 50 

Several gold-NHC complexes as potent inhibitors of TrxR show strong antiproliferative 51 

effects on a broad spectrum of tumor cells [8,9,22-24]. 52 

 The crystal structure studies on gold(I)-carbene complexes reveal a typical linear 53 

(quasi-) geometry for the central gold atom [4,12-16,25-32]. A number of gold(I) 54 

complexes based on diisopropylphenyl derivative of carbene (1,3-Bis(2,6-di-55 

isopropylphenyl)imidazol-2-ylidene, Ipr) have been reported [2,15,25,29-32] and some of 56 

them were investigated for the anticancer properties [2,15]. The presence of isopropyl 57 

groups on carbene is expected to increase the lipophilicity of the resulting complex and 58 

thereby could enhance its cytotoxicity [2,6,22]. Therefore, we are interested in 59 

investigating the antitumor properties of gold(I) complexes of this particular carbene. In 60 

this regard, we have recently reported the crystal structures and anticancer properties of 61 

Ipr-Au-Dithiocarbamate complexes [15]. Here, we report the synthesis, spectral 62 

characterization and crystal structure of a new gold(I)-IPr complex having selenourea 63 

(Seu) as a co-ligand, [Au(Ipr)(Seu)]PF6 (1). The cytotoxic activity of 1 against three 64 

human cancer cell lines; A549, HCT15, and MCF7, and its interaction with amino acids, 65 

L-tyrosine and L-tryptophan, were also investigated. So far, there is no known report in 66 

the literature on preparation of Au-carbene complexes having a selenium donor ligand. 67 

The structure of complex 1 and resonance assignment is shown in scheme 1. 68 

 69 
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 70 

 71 

Scheme 1. Structure of [Au(IPr)(Seu)]PF6 (1) and its resonance assignment 72 

 73 

Experimental 74 

 75 

Chemicals 76 

The gold(I) precursor, chlorido[1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(I) 77 

{[Au(Ipr)(Cl)]}, selenourea, L-cysteine, enriched 99.9 % L-Cysteine (
13

C), NaOD, DOCl  78 

glutathione and AgPF6 were obtained from Sigma-Aldrich, St. Louis, USA. 79 

 80 

Preparation  of Complex 1 81 

The complex 1 was prepared by mixing a solution of 0.127 g (0.500 mmol) AgPF6 in 5 82 

mL ethanol and 0.311 g (0.5 mmol) chlorido[1,3-Bis(2,6-diisopropylphenyl)imidazol-2-83 

ylidene]gold(I), [Au(Ipr)(Cl)] in 5 mL CH2Cl2. After stirring for 5 minutes at room 84 

temperature the solution was filtered. To the filtrate, 0.0615 g (0.5 mmol) Seu was added. 85 

The solution was stirred for 1 hour and filtered. After three days, colorless crystals were 86 

obtained from the filtrate. Yield = 75%. Melting point = 195─198 ºC. 87 

Analysis: Calcd. for C28H40AuF6N4PSe (853.53 g/mol); C 39.60, H 4.72, N 5.56. Found; 88 

C 40.04, H 5.23, N 6.04. 89 
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 90 

Instrumentation 91 

The solid state FTIR spectra were recorded on a Perkin-Elmer FTIR 180 92 

spectrophotometer using KBr pellets over the range, 4000-400 cm
-1

at resolution 4.0 cm
-1

. 93 

The solution 
1
H, 

13
C and 

77
Se NMR spectra in CDCl3 were recorded on a LAMBDA LA-94 

500 NMR spectrophotometer operating at the frequencies of 500.01, 125.65 and 200.0 95 

MHz respectively. The spectral conditions for 
13

C NMR were: 32 k data points, 0.967 s 96 

acquisition time, 1.00 s pulse delay and 45° pulse angle. The 
77

Se NMR chemical shifts 97 

were recorded relative to an external reference (NaHSeO3 in D2O) at 1308.00 ppm using 98 

spectral condition: 2.00 s pulse delay and 0.311 s acquisition time.  99 

The X-ray data of 1 was collected at 173K on a STOE IPSD II Image Plate 100 

Diffraction System connected with a two-circle goniometer and using MoK graphite 101 

monochromator (= 0.71073 Å). The structure was solved by SHELXS-2014 program 102 

[33]. The refinement and further calculations were carried out with SHELXL-2014 [34]. 103 

The N-H H atoms were located in a Difference Fourier map and refined with a distance 104 

restraint of N-H = 0.88(2) Å and H…H = 1.40(2) Å. The C-bound H-atoms were included 105 

in calculated positions and treated as riding atoms: C-H = 0.95 - 1.0 Å with Uiso(H) = 106 

1.5Ueq(C) for methyl H atoms and = 1.2Ueq(C) for other H-atoms. The non-H atoms were 107 

refined anisotropically using weighted full-matrix least squares on F2. A semi-empirical 108 

absorption correction was applied using the MULscanABS routine in PLATON [35]. The 109 

F atoms of the PF6
-
 anion are disordered. The best solution was found by distributing the 110 

electron density over a total of 11 positions, which were refined with various fixed 111 

occupancy ratios to give a total of six F atoms. A summary of crystal data and structure 112 

refinement is given in reference [36]. 113 

 114 

Theoretical (DFT) calculations 115 

Theoretical studies were performed for two model complexes, [Au(IPr)(Seu)]PF6 (1) and 116 

its dimer, {[Au(IPr)(Seu)]PF6}2. In the case of both complexes, the fragments of the 117 

crystallographic structure were used as the initial geometries in the optimization 118 

procedures. The calculations were performed by using B3LYP-D3 method (standard 119 

hybrid density functional B3LYP
 
[37,38]

 
method with dispersion correction D3) [39]

 
 and 120 

combined basis sets LanL2DZ [40] for Au, Se and P atoms in conjunction with the 121 

D95V(d,p) [41] basis set for all other atoms. The atomic charges were calculated with 122 

file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
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DFT method using the NBO program [42,43]. All computations were carried out with 123 

Gaussian 09 set of programs [44]. 124 

 125 

Measurement of Anticancer Activity 126 

The complexes, [Au(IPr)Cl] and [Au(IPr)(Seu)]PF6 (1) were tested for their, in vitro 127 

cytotoxic effects against human cell lines; MCF7 (breast cancer), HCT15 (colon cancer) 128 

and A549 (lung carcinoma) as reported previously [15]. The cells were seeded at the 129 

concentration of 3 x 10
3
 cells/well in 100 μL of DMEM containing 10 % Fetal Bovine 130 

Serum (FBS) in a 96-well tissue culture plate and incubated for 72 h at 37 
o
C, 5% CO2 131 

and 90% relative humidity in a CO2 incubator. After that 100 μL of 100, 50, 25 and 12.5 132 

μM solutions of cisplatin and gold(I) complexes prepared in DMEM were added to the 133 

cells and the cultures were incubated for 72 h. The medium in the wells was cast off, and 134 

100 μL of DMEM containing MTT (0.5 mg/ml) was added to the wells, with subsequent 135 

incubation in the CO2 incubator at 37 
o 

C in the dark for 4 h. After incubation, purple-136 

colored formazan produced by the cells appeared as dark crystals in the bottom of the 137 

wells. The culture medium was carefully removed from each well to prevent disruption of 138 

the monolayer, and 100 μL of dimethylsulfoxide (DMSO) was added to each well. The 139 

solution in the wells was thoroughly mixed to dissolve the formazan crystals, which 140 

produce a purple solution. The absorbance of the 96 well-plates was measured at 570 nm 141 

with LabSystems Multiskan EX-ELISA reader against a reagent blank. The experimental 142 

results are calculated as the micromolar concentration of 50% cell growth inhibition 143 

(IC50) of each drug. The MTT assay was carried out in three independent experiments for 144 

each analysis. 145 

 146 

Electrochemical Measurements 147 

Electrochemical (Square wave stripping voltammetry, SWSV) measurements were 148 

performed on a CH Instrument (CHI 1232A) potentiostat. Electrochemical cell comprises 149 

of; a platinum wire as a counter electrode, an Ag/AgCl saturated with KCl as reference 150 

electrode and glassy carbon electrode (GCE; 3.0 mm diameter, Model CHI104, CH 151 

Instruments, Austin, TX) as a working electrode inserted into 2.0 mL glass cell containing 152 

phosphate buffer solution, pH 7.0 as supporting electrolyte. 0.1 M buffer solution was 153 

prepared by mixing appropriate volumes of 0.2 M monosodium phosphate and disodium 154 
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phosphate prepared with double distilled water. Stock solutions of the complex prepared 155 

in methanol, while glutathione and L-cysteine were prepared with double distilled water. 156 

GCE was polished with 0.05 μm alumina, rinsed with distilled water prior to every 157 

SWSV measurements at room temperature in a quiescent condition at potential windows 158 

between -0.20 V and 1.20 V for the stability and interaction studies. Working conditions 159 

are; pulse width (increment) 4 mV, pulse height (amplitude) 25 mV and frequency, 15 160 

Hz. 161 

 162 

 163 

Results and Discussion 164 

 165 

Spectroscopic Studies 166 

The experimental IR spectrum of [Au(IPr)(Seu)]PF6, in the range 4000 - 500 cm
-1

 is 167 

shown in Figure 1S. The vibrational frequencies and IR intensities were computed for the 168 

model [Au(IPr)(Seu)]PF6 complex investigated. The B3LYP-D3 calculated vibrational 169 

frequencies and IR intensities as well as the bands observed in the experimental IR 170 

spectrum along with their assignments are collected in Table 1S. The vibrational 171 

assignment of the experimental spectrum was performed by examination of the calculated 172 

atomic displacements and visualization of the normal modes of the model 173 

[Au(IPr)(Seu)]PF6 complex. As follows from the Table S1 and Figure S1, the band at 607 174 

cm
-1

 is assigned to C═Se stretching vibration, which is shifted towards lower wave 175 

number with respect to its position in free Seu (736 cm
-1

). This shift indicates a decrease 176 

in the double bond character of C═Se bond upon coordination. The calculated value of 177 

this mode in the complex is 635 cm
-1

. The N─H stretching shows a shift to higher 178 

frequency region (3468, 3363 Vs 3453, 3265 cm
-1

 for free Seu). The N-H bending 179 

vibration of Seu in 1 was detected at 1635 cm
-1

. Weak signals at 2960 & 3073 cm
-1

 for 180 

[Au(IPr)Cl] and 2960 & 3160 cm
-1

 for [Au(IPr)(Seu)]PF6 due to C–H stretching 181 

vibrations of IPr were also observed. 182 

The 
1
H and 

13
C NMR chemical shifts of the complexes are given in Tables 2S and 183 

1 respectively. The values for [Au(Ipr)Cl] are close to those reported in the literature 184 

[15,30] and are presented here for comparison. The 
1
H chemical shifts associated with IPr 185 

part of 1 fall in nearly the same region as observed for [Au(Ipr)Cl]. However, the N-H 186 

resonance of Seu in 1 shifted downfield by about 0.6 ppm compared to its value in the 187 
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free state. In 
13

C NMR of [Au(IPr)(Seu)]PF6 (1), the carbene carbon resonance shifted 188 

downfield by 10 ppm with respect to its position in [Au(IPr)Cl]. The downfield shift is 189 

consistent with the transfer of electron density from carbon to metal atom upon 190 

coordination. The other resonances of IPr ligand remained almost unchanged. On the 191 

other hand, the C=Se resonance in [Au(IPr)(Seu)]PF6 appeared upfield by 9 ppm 192 

compared to that in uncoordinated Seu. This upfield shift is in accordance with the 193 

literature data [45-48]. 194 

In 
77

Se NMR the coordination of Seu with gold(I) shifted the signal significantly 195 

upfield by more than 45 ppm (δ
77

Se = 154.2 ppm in 1 Vs δ
77

Se = 200.7 ppm in Seu). This 196 

very large shielding appears to be the characteristic of gold(I) binding to the selenium of 197 

Seu. This observation is consistent with the data of our previous studies [46-48]. 198 

 199 

 200 

Table 1 
13

C NMR chemical shifts (ppm) for Seu and gold(I) complexes in CDCl3. 201 

Compound C1 C2 C3 C4 C5 C6 C7 C8 C=Au C=Se 

[Au(Ipr)Cl] 145.5 133.9 124.2 130.7 28.8 24.5 24.0 123.0 175.3 - 

1 541.8 133.8 124.2 131.6 28.8 24.5 23.8 123.5 185.3 173.2 

Seu - - - - - - - - - 182.2 

 202 

Description of X-ray Structure 203 

The molecular structure and crystal packing of [Au(Ipr)(Seu)]PF6 (1) are depicted in 204 

Figures 1 and 2 respectively. The selected bond lengths and angles for complex 1 are 205 

given in Table 2. The gold(I) atom in 1 is two-coordinate in a nearly linear environment 206 

with the C-Au-Se bond angle of 177.39(9)
o
. The Au–C bond length (2.005(3) Å) falls in 207 

the range observed for other gold(I)-carbene complexes [25-32], while the Au–Se bond 208 

length (2.4089(6) Å) is somewhat shorter than that observed in the analogous phosphine 209 

complexes ((2.4360(6) Å [Me3P-Au-Seu]2Cl2 [49] and 2.412(2) Å for [Ph3P-Au-Seu]Cl 210 

[50]). The slightly shorter Au-Se bond suggests the stronger π-accepting ability of Seu in 211 

the presence of a carbene coordinated to gold. The complex 1 exists in the monomeric 212 

form similar to [Ph3P-Au-Seu]Cl [50]. On the other hand, [Me3P-Au-Seu]2Cl2 is a 213 

dinuclear complex assembled through aurophilic interactions (Au-Au = 3.0386(5) Å) 214 

[49]. In the case of 1 and [Ph3P-Au-Seu]Cl, the dimerization is probably hindered by the 215 

steric effect of the bulky ligands. The C-Se bond length in 1 is slightly longer, while the 216 

file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
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C-N distance is shorter than in the free Seu ligand (1.86(2) and 1.36 Å respectively) [51]. 217 

This observation is related to the NC(Se) shift of electron density upon coordination 218 

and is consistent with the spectroscopic data. The SeCN2 moiety of Seu attains a trigonal 219 

planar environment. The complex cation and PF6
-
 anion are associated with each other 220 

through electrostatic interactions. 221 

 222 

 223 

Figure 1 The molecular structure of [Au(Ipr)(Seu)]PF6 (1) with atomic labeling. The 224 

displacement ellipsoids are drawn at the 30% probability level (F atoms of the PF6
-
 anion 225 

are disordered). Selected structural parameters (interatomic distances in Å, bond angles in 226 

degrees) of [Au(IPr)(Seu)]PF6 (1). Interatomic distances: Au1─C2 = 2.005(3); 227 

Au1─Se1= 2.4089(6); Se1─C1 = 2.883(4); N1─C1= 1.308(6); N2─C1= 1.320(7). Bond 228 

angles : Se1—Au1—C2= 177.39(9); Au1—Se1—C1= 99.67(14); N1—C1—N2= 229 

119.80(4); Se1—C1— N1= 118.60(3); Se1—C1—N2= 121.50(3). 230 

231 

file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
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 232 

 233 

 234 

Figure 2 The crystal packing of [Au(Ipr)(Seu)]PF6 (1) viewed along the a axis. 235 

236 
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Table 2 Selected structural parameters (interatomic distances in Å, bond angles in 237 

degrees) of [Au(IPr)(Seu)]PF6 (1).  238 

Parameter Exp.
a 

Theory 

bond distances   

Au1-C2 2.005(3) 2.028 

Au1-Se1 2.4089(6) 2.538 

Se1-C1 2.883(4) 1.940 

N1-C1 1.308(6) 1.334 

N2-C1 1.320(7) 1.329 

bond angles 
  

Se1—Au1—C2 177.39(9) 173.03 

Au1—Se1—C1 99.67(14) 95.39 

N1—C1—N2 119.80(4) 119.91 

Se1—C1— N1 118.60(3) 118.17 

Se1—C1—N2 121.50(3) 121.87 

a
 Experimental values. 

b
 Theoretical values calculated at the DFT (B3LYP-D3) level of 239 

theory. 240 
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DFT Calculations 241 

Figure 2S shows the fully DFT optimized structure of [Au(IPr)(Seu)]PF6 as the model 242 

complex of 1. It has been found quite similar to that obtained in the experiment (see 243 

Figure 1). 244 

The selected, experimentally determined and B3LYP-D3 calculated interatomic 245 

distances and bond angles of the [Au(IPr)(Seu)]PF6 (1) complex are listed in Table 2. 246 

According to the results presented in Table 2, all but one of the calculated interatomic 247 

distances are slightly overestimated with respect to that determined experimentally. The 248 

only exception is the Se1-C1 interatomic distance, where the calculated value is shorter 249 

by 0.0.943 Å than the X-ray determined value. As follows from the results presented in 250 

Table 2, the calculated values of the bond angles are similar to these found in the X-ray 251 

structure. 252 

The complex 1 exists in the monomeric form. On the other hand, the analogous 253 

phosphine complex, [Me3P-Au-Seu]2Cl2 is a dinuclear complex assembled through 254 

aurophilic interactions (Au-Au = 3.0386(5) Å) [49]. In this work, the question arises, 255 

whether the 1 complex is able to form a dimer stabilized by the Au-Au interaction. To 256 

answer this question we tried to form a dimer similar to the [Me3P-Au-Seu]2Cl2 dimer. In 257 

Figure S3, the two structures of the {[Au(IPr)(Seu)]PF6}2 dimers are shown. One of them 258 

is optimized. In this case the fragment of the crystallographic structure was used as the 259 

initial geometries in the calculations. In this complex the Au-Au distance is 6.817 Å. The 260 

second structure was constrained as in [(Me3P-Au-Seu)2
2+

 2Cl
-
] dimer. Unfortunately, the 261 

dimer of 1 stabilized by the Au-Au interaction (where the Au-Au distance is 3.039 Å) is 262 

impossible due to ligand overlap (see Figure 3S).  263 

 264 

NBO charges 265 

The NBO charges on selected atoms of the studied complex as well as of the isolated 266 

ligand are reported in Table 3S. As follows from this table the charge on the Au1 ion is 267 

0.21 e. This value is similar to that calculated on the gold(I) ion in the Au(I) complex 268 

with 1,3-dioxane and P(OMe)3 [18]. In this complex, the NBO charge on the metal center 269 

calculated with M06 functional is equal to 0.23 e [18]. In the complex (1), the natural 270 

electron configuration of the Au(I) is: [core] 6S
0.92 

5d
9.72 

6p
0.13

. Thus, 68 core electrons, 271 

10.77 valence electrons (on 6s, 5d and 6p orbitals) and 0.02 e on the Rydberg orbitals 272 

file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
file:///L:/Documents%20and%20Settings/ITC/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/KMP43K61/m41%20_geom_bond_distance
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(6d
0.01 

7p
0.01

) give the total of 78.79 electrons on the Au cation. This is consistent with the 273 

calculated NBO charge on this cation (the difference between the nuclear charge (Z ) 79 274 

and 78.79 e). 275 

According to the DFT calculations, the charges on the Se1 and C2 atoms bound to 276 

the central cation are -015 and 0.17 e, respectively (see Figure S2). These charges are 277 

more positive than those calculated in the isolated ligands by 0.05 and 0.01 e, 278 

respectively. With respect to the carbon atom (C1) of Seu ligand, the charge on it is 0.37 279 

e. Upon complexation, the charge on this atom increases by 0.12 e. As follows from the 280 

Table S3, the charges on the N1 and N2 atoms also increase upon complexation. An 281 

increase on each of these nitrogen atom amounts to 0.05 e. 282 

According to the NBO results, in the [Au(IPr)(Seu)]PF6 model complex (1) there 283 

are weak interactions between gold(I) and four H atoms of the methyl groups. The 284 

strength of each of these interactions estimated by the second-order interaction energy E
2
 285 

is about 0.17 kcal mol
-1

. 286 

 287 

Evaluation of Anticancer Activity 288 

The complexes, [Au(Ipr)Cl] and [Au(Ipr)(Seu)]PF6 (1), as well as cisplatin (standard 289 

anticancer drug), were tested for in vitro cytotoxicity against three human cancer cell 290 

lines; A549 (lung carcinoma), HCT15 (colon cancer cells) and MCF7 (breast cancer 291 

cells) using MTT assay. The IC50 values (as μM) obtained from the plot of the 292 

concentration of compounds against the percentage of cell viability are given in Table 3. 293 

The dose-dependent inhibition of cell proliferation was obtained by a specific increase in 294 

the concentration of cisplatin and gold complexes against a fixed number of three human 295 

cancer cell lines as illustrated in Figure 3. The data in Table 3 showed that the gold 296 

complexes with higher IC50 values were less effective than cisplatin in inhibiting the 297 

growth of cancer cells in all cases. However, complex 1 is more active than [Au(IPr)Cl]. 298 

The greater activity of 1 compared to [Au(IPr)Cl] suggests that the binding of Seu 299 

increases the inhibition efficiency of the gold(I) complex. This may be due to the ionic 300 

nature of the complex that favors its aqueous solubility. The effectiveness of the 301 

complexes is almost same for the three cells. Recently, we reported the cytotoxic 302 

properties of gold(I) complexes of 2-aminoethyldiphenylphosphine (AEP), [Au(AEP)Cl] 303 

and [Au(AEP)2]Cl against the same cell lines [52]. A comparison of the activities reflects 304 

that complex 1 is less effective. Among the AEP complexes, the ionic complex is more 305 
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active, which indicates that the ionic nature along with the lipophilic properties of the 306 

ligands make the complex better a anticancer agent. The lower activity of 1 may be due to 307 

the steric bulk of the IPr ligand. Therefore, it is assumed that the activity of the complexes 308 

is related to the structure and composition of the complexes. 309 

 310 

Table 3  IC50 values (μM) of gold(I) complexes against HCT15, A549 and MCF7 cancer 311 

cell lines 312 

Complex HCT15 A549 MCF7 

Cisplatin 32 ± 2 42 ± 2 23 ± 4 

[Au(Ipr)Cl] 122 ± 1 180 ± 2 110 ± 2 

1 76 ± 2 82 ± 1 75 ± 3 

[Au(AEP)Cl]
a
 51.21 ± 0.83 53.97 ± 0.94 38.34 ± 0.22 

[Au(AEP)2]Cl]
a 

34.19 ± 2.49 34.42 ± 1.02 51.73 ± 2.25 

a
 Data from ref. 52 313 

 314 
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 315 

 316 

 317 

Figure 3  The survival of the cells as a function of concentration of the complexes 318 
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 319 

Electrochemical Studies 320 

Stability and Electrochemical behavior 321 

The stability and electrochemical behavior of complex 1 were examined by its 322 

electroactive properties in phosphate buffer solution of pH 7.0 using SWSV technique 323 

(Square wave stripping voltammetry). In order to obtain the best electrochemical 324 

response, a preliminary study was carried out using relevant reference solutions 325 

(phosphate buffer aqueous solution and methanol).  Two oxidized peaks on the surface of 326 

a glassy carbon electrode (GCE) at about 0.20 V and 0.60 V were observed for complex 1 327 

as shown in Figure 4. These peaks may likely be the result of free electron transfer from 328 

the solution of the complex to the surface of the electrode by applying potential. 329 

Intensities of both peaks were observed to raise with the presence of successive addition 330 

of 100 µL of 25, 50, 75 and 100 µMs concentrations of complex 1 in 0.1 M phosphate 331 

buffer (pH 7.0) complex solution in 2.0 mL total solution. The complete solubility of the 332 

studied concentrations of the complex in the medium is responsible for the increase in 333 

peak height with an estimation of 8.53 mg/100 ml solubility of complex 1 in phosphate 334 

buffer based on the highest soluble concentration. A stock solution of 0.5mM of the 335 

complex in methanol stored for about 8 weeks at room temperature without coagulation 336 

of the complex and the perseverance of peaks at different concentration levels in 337 

phosphate buffer solution is an evidence of the stability of the complex. 338 

 339 
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 340 

Figure 4 SWS voltammograms of 0.1 M phosphate buffer aqueous solution (2.0 mL) at 341 

GCE (a) and in the presence of 0.10 mL, 25.0 µM (b), 0.20 mL, 50.0 µM (c), 0.30 mL, 342 

75.0 µM (d) and 0.40 mL, 100.0 µM (e) of the complex.  343 

 344 

Interaction Study of Complex 1 with Glutathione and L-Cysteine 345 

However, drug-protein interaction seems ambiguous due to structural 346 

complexability of protein. Interaction studies of the drug are essential to investigate the 347 

binding of the drug with protein and its transportation to the target site. Consequently, 348 

physicochemical properties of amino acids and small sizes peptide bond molecule have 349 

been used to understand drug-protein interaction [53], which makes glutathione and L-350 

cysteine a good choice as model compounds for drug-protein interaction due to their role 351 

in cancer diagnosis and therapy [54,55]. 352 

Voltammograms obtained for the interaction studies of the complex (1) with 353 

glutathione and L-cysteine are shown in Figure 5 and 6 respectively. Figure 5A shows the 354 

effect of the addition of methanol in the absence of complex 1 on 0.2 mM glutathione as a 355 

control experiment for Figure 5A
l
. Continuous reduction in the peak of glutathione 356 

(Figure 5Ab) can be observed in Figure 5Ac – 5Af as a result of the subsequent addition 357 

of 100 µL methanol to the solution. These reductions in the peak can be attributed to 358 

dilution of the glutathione concentration. However, when the same volumes of methanol 359 
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in the presence of 25, 50, 75 and 100 µMs concentrations (Figure 5A
l
d - 5A

l
g) of the 360 

complex were added, shift towards a positive potential and increase in current peaks of 361 

both peaks attributed to complex 1 (Figure 4) were observed when compared with the 362 

position and current peak 100 µM concentration of the complex (Figure 5A
l
c). These 363 

behaviors clearly show that interaction between glutathione and complex 1 is responsible 364 

for the shift in peak position and change peak height of the complex and that methanol 365 

does not contribute to the interaction. To further justify the interaction, another control 366 

experiment involving the serial addition of 40 µL double distilled into 100 µM complex 1 367 

is shown in Figure 5B for 5B
l
 to investigate the effect of glutathione concentration on 368 

complex 1. Reduction in the peaks of 100 µM complex 1 (Figure 5Bb) can be observed in 369 

Figure 5Bc – 5Be as a result of the dilution in complex 1 concentration. Besides, when 370 

the same volume containing 0.2, 0.4 and 0.6 mM concentrations (5B
l
d - 5A

l
f) were added 371 

subsequently to 100 µM complex 1, huge increase in the current peaks compared to 372 

Figure 5B
l
c (100 µM complex 1) was observed to confirm the interaction of glutathione 373 

and complex 1. 374 

Another form of interaction of complex 1 was observed when similar studies were 375 

performed with L-cysteine (Figure 6). Obvious dilutions of 0.2 mM L-cysteine were 376 

observed with methanol control experiment (Figure 6A). Drastic reductions in the peak of 377 

L-cysteine (Figure 6Ab) can be observed in Figure 6Ac – 6Af as a result of the 378 

subsequent addition of 100 µL methanol to the solution. In contrast to the interaction 379 

pattern of glutathione observed in figure 5A
l
, there is a reduction in the peak of L-380 

cysteine with the appearance of two new peaks of a wider potential shift when compared 381 

with Figure 6A
l
c of 100 µM complex 1. Interestingly, the peak at about 0.15 V was 382 

showing a reduction in peak current, and the other peak at about 0.70V was showing an 383 

increase in a number of peaks as the concentration of complex 1 from 25 - 100 µM as 384 

shown in Figure 6A
l
d - 6A

l
g. This complexity of complex 1 peak in the presence of L-385 

cysteine is also a proof of it interaction with complex 1. The interaction was further 386 

investigated with different concentration of L-cysteine with a control experiment with 387 

double distilled water (Figure 6B, same as 5B). Equal volume of distilled water used in 388 

the control experiment but containing 0.2, 0.4 and 0.6 mM concentrations of L-cysteine 389 

(6B
l
d - 6A

l
f) were added subsequently to 100 µM complex 1, an increase in the current 390 

peaks compared to Figure 6B
l
c (100 µM complex 1) were observed to confirm the 391 

interaction of L-cysteine and complex 1. 392 
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 Multiple isoenzymes (IE) which are a significant evidence of polymorphic 393 

variation functionality is the main constituent of glutathione S-transferases (GSTs). 394 

Expression pattern of IE is a determining factor in cancer treatment and susceptibility 395 

[54,55). Interaction of complex 1 with glutathione is an evidence of its ability to bind 396 

with protein and thereby aid the regulation of mitogen- activated protein kinases (MAPK) 397 

for the transportation of drug to the target site. The interaction can initiate S-398 

glutathionylation which is the addition of glutathione to the residue cysteine in the target 399 

protein. Apart from the binding of the complex with protein, the possibility of its 400 

efficiency is demonstrated by its interaction with L-cysteine. 401 

402 
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 403 

 404 

Figure 5. SWS voltammograms of 0.1 M phosphate buffer (pH 7.0) aqueous solution (2.0 405 

mL) at a GCE surface;(A) effect of solvent (methanol) on glutathione as a control 406 

experiment for A 
I 
, (A 

I 
) effect of  complex  on glutathione; blank solution (a), 0.04 mL, 407 

0.2 mM glutathione(b), 0.40 mL, 100 µM complex  without glutathione (c) , 0.10 mL, 408 

25.0 µM (d), 0.20 mL, 50.0 µM (e), 0.30 mL, 75.0 µM (f) and 0.40 mL, 100.0 µM (g) of 409 

the complex in the presence of 0.04 mL, 0.2 mM glutathione. (B ) effect of solvent 410 

(water) on complex  as a control experiment  for B 
I 

, (B 
I 

) effect of  different  411 

concentrations of glutathione  on 0.40 mL, 100 µM complex ; blank solution(a) 0.04 mL, 412 

0.2 mM glutathione (b), 0.40 mL, 100 µM complex  without glutathione (c) ,  0.04 mL, 413 

0.2 mM (d), 0.08 mL, 0.4 mM (e) and 0.12 mL, 0.6 mM (f) of glutathione in the presence 414 

of 0.40 mL,100 µM complex. 415 

 416 

 417 
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 418 

Figure 6. SWS voltammograms of 0.1 M phosphate buffer (pH 7.0) aqueous solution (2.0 419 

mL) at a GCE surface;(A) effect of solvent (methanol) on L-cysteine as a control 420 

experiment for A 
I 
, (A 

I 
) effect of  complex  on L-cysteine; blank solution (a), 0.04 mL, 421 

0.2 mM L-cysteine (b), 0.40 mL, 100 µM complex  without L-cysteine (c) , 0.10 mL, 422 

25.0 µM (d), 0.20 mL, 50.0 µM (e), 0.30 mL, 75.0 µM (f) and 0.40 mL, 100.0 µM (g) of 423 

the complex in the presence of 0.04 mL, 0.2 mM L-cysteine. (B ) effect of solvent (water) 424 

on complex  as a control experiment  for B 
I 
, (B 

I 
) effect of  different  concentrations of 425 

glutathione  on 0.40 mL, 100 µM complex ; blank solution(a) 0.04 mL, 0.2 mM L-426 

cysteine (b), 0.40 mL, 100 µM complex  without L-cysteine (c) ,  0.04 mL, 0.2 mM (d), 427 

0.08 mL, 0.4 mM (e) and 0.12 mL, 0.6 mM (f) of L-cysteine in the presence of 0.40 mL, 428 

100 µM complex. 429 

  430 
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Interaction Study of Complex 1 with enriched L-Cysteine using 
13

C NMR 431 

Spectroscopy 432 

 433 

Interaction of complex 1 with 99.9 % 
13

C-enriched L-Cysteine was carried out in D2O at 434 

pH 7.5 using different concentrations of L-Cysteine. The reaction products were 435 

monitored by 
13

C and NMR as shown in Figure 7. Fig. 7A shows the 
13

C NMR spectrum 436 

of 8.5 mg (1.0 eq.) of complex 1, and Fig. 7B that of L-Cysteine (
13

C-enriched) with 437 

chemical shifts at 167.58, 41.59, 27.47 ppm for a, b and c respectively. When enriched L-438 

Cysteine (1.21 mg, 1.0 eq.) was added to (1.0 eq.) of complex 1, the color of the solution 439 

changed to faint yellow and the 
13

C NMR peaks of enriched L-Cysteine were observed 440 

downfield at 171.28, 43.30, 34.98 ppm for a, b and c respectively (Fig. 7C) due to 441 

complexation. Whereas, the peak observed at 180.81 ppm represent the free Seu ligand 442 

and the species [Au(Ipr)(L-Cys)]. Upon addition of L-Cysteine to complex 1 at complex: 443 

L-CysH (1:2) equivalent, a yellow solution was observed that later changed to red color 444 

after 72 hours due to the reduction of Seu to metallic Selenium as shown in Fig.7D. All 445 

13
C NMR peaks of IPr moiety shifted downfield. The signal due to L-Cysteine moiety 446 

remained constant, the C=Au resonance was observed more shielded. Three new peaks at 447 

175.78 ppm, 187.32 ppm, and 188.39 ppm, which appeared in the spectrum may be due 448 

to different coordination geometry around Au(I) ion [56]. The 
13

C NMR chemical shifts 449 

of different species in the interaction progress are shown in Table 4. 450 

 451 

Table 4 
13

C NMR chemical shifts (ppm) for the reaction  complex 1 with Seu in D2O. 452 

Molar ratio  Specie  C=Au C=Se -C(O)(OH) ˃C-S- ˃⃰C-NH2 

- [Au(Ipr)Cl] 175.3 - - - - 

Complex 1 (1:0) [Au(Ipr)(Seu)]
+
 185.3 173.2 - - - 

(1:1) [Au(Ipr)(L-Cys)] 

 

185.2, 

184.8 

180.8 171.2 34.9 43.3 

(1:2) [Au(Ipr)(L-Cys)] 

 

188.3, 

187.3 

- 172.5, 

175.7 

32.4 

31.6 

43.0 

L-Cysteine  - - - 167.5 27.4 41.5 

 Free Seu  - - 182.2 - - - 
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  453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

Chemical shift (ppm) 461 

Figure 7. 
13

C NMR spectra for: free complex 1 (A), free enriched L-Cysteine (B), 462 

reaction of complex 1 with enriched L-Cysteine at 1:1(C), and at 1:2 (D).  All spectra 463 
were recorded in D2O at pH 7.5 and at ambient room temperature.  464 

 465 

466 

 

B 

C 

D 

A 
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Conclusion 467 

In this study, we have reported the first crystal structure of an adduct formed between 468 

gold(I)-carbene compound and selenourea, [Au(IPr)(Seu)]PF6 (1). The spectral 469 

characterization and in vitro cytotoxicity of complex 1 was described. Single crystal X-470 

ray diffraction revealed that complex 1 exhibited a distorted linear geometry at gold. The 471 

DFT calculations support that the experimentally determined structure (1) is more stable 472 

in comparison to the dimeric structure, {[Au(IPr)(Seu)]PF6}2. The complex (1) was found 473 

to be less potent as an anticancer agent than cisplatin against A549, HCT15, and MCF7 474 

human cancer cell lines. It is stable in aqueous solution within 72 h and shows a clear 475 

interaction with glutathione and L-cysteine due to Au (I) soft lewis acid property for 476 

effective S-glutathionylation. 477 

 478 
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