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The dinuclear complex [AgAu(PPhjs),cpa] (Hycpa = 2-cyclo-
pentylidene-2-sulfanylacetic acid) was prepared by treating
the precursor [Au(PPhs)(Hcpa)] with Ag(PPh3)NO3. The com-
plex was characterised by spectroscopic methods (IR; 'H,
13C, 3P NMR) and mass spectrometry, and the structure was
solved by a single-crystal X-ray diffraction study. Lumines-

cence and theoretical studies were carried out, and the anti-
tumor activity was studied in vitro against HeLa-229, A2780
and A2780cis cell lines. The related gold(I)-gold(l),
[(AuPPhgs),cpa], and silver(I)-silver(I), [(AgPPhjs),cpal, com-
pounds were also prepared and studied in the solid state and
in solution.

Introduction

Gold and gold-containing compounds have been used in
medicine for centuries and, as a result of their potential
usefulness, such compounds have been widely investigated
and knowledge of their mechanism of action is increas-
ing.['"41 As our understanding of these compounds has in-
creased, new and interesting properties have been identified
and studied.

One such property is luminescence, which has the poten-
tial to enable investigations into the intracellular distribu-
tion of gold complexes, as highlighted recently.l! This prop-
erty was identified in compounds in which a gold—-gold (au-
rophilic) interaction[®” is present and also in compounds
where metal centres other than gold can establish gold—
metal (metallophilic) interactions.®*! These interactions
have been studied in compounds in which the two metals
have a direct interaction (i.e. without other atoms being in-
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volved) or, alternatively, where the interaction is supported
by ligand atoms — situations that give rise to unsupported
or supported interactions, respectively. In the specific case
of gold(I)-silver(I) interactions, several polymeric structures
with different nuclearities have been identified (vide infra),
but the number of dinuclear complexes studied is limited.[®!

Interesting from a biological point of view are (thiolato)-
gold(I) compounds of the type [Au(PR;3)(SR)],1'% the lumi-
nescent properties of which have recently been reviewed.['!]
The gold—gold interaction in these compounds, where pres-
ent, is unsupported, and Au atoms from neighbouring
[Au(PR5)(SR)] molecules are directly bonded to give supra-
molecular chains.

We recently described dinuclear (thiolato)gold(I) com-
pounds of the type [(AuPPhs),(SR)] [H,SR = (3-aryl-)2-
sulfanylpropenoic acids], in which two Au atoms form an
interaction which is supported by an S atom bridging the
two metal centres.['”l These compounds have interesting in
vitro antitumor propertiest'?l and were prepared by treating
gold(I) precursors of the type [Au(PPh;)(HSR)] with
Au(PPh;)CL

Bearing in mind the limited number of dinuclear gold(I)-
silver(I) compounds studied to datel® and the lack of com-
pounds of this type that are S-supported, we treated a sim-
ilar precursor with a silver(I) compound to obtain an equiv-
alent dinuclear gold(I)-silver(I) compound in which the S
atom, which supports the interaction, comes from the dou-
bly deprotonated 2-cyclopentylidene-2-sulfanylacetic acid
(Hxcpa) ligand.

The preparation, structural characterisation, lumines-
cence and theoretical studies for this compound,
[AgAu(PPh;),cpal, are described, and the in vitro antitu-
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mor activity is also reported. The equivalent gold(I)-
gold(I), [(AuPPhs),cpa], and silver(I)-silver(I), [(AgPPhs),-
cpa], compounds were also prepared and structurally iden-
tified for comparative purposes.

Results and Discussion

Synthesis and Structural Characterisation

A summary of the reactions that led to the complexes
described in this paper is provided in Scheme 1. As can be
seen, [(AuPPhjs),cpa] (2) was synthesised from the reaction
between [Au(PPhs)(Hepa)] (1), Au(PPh;)Cl and NaOH in
methanol/water, as described previously for other dinuclear
(sulfanylcarboxylato)(triphenylphosphane)gold(I) com-
plexes.'? In an effort to confirm the incorporation of Ag
into 1, the reaction of this compound with Ag(PPh;)NO;
was monitored by ESI/MS. The formation of a complex
containing Ag and Au was confirmed by the presence, in
the mass spectrum, of a peak at m/z = 986.0 resulting from
[AgAu(PPh;),cpa]*. The presence of both metals in the
isolated solid 3 was confirmed by X-ray fluorescence and
chemical analysis. Heterogeneous conditions were used to
obtain [(AgPPhs).cpa] (4), as described previously for
other sulfanylsilver(I) complexes containing triphenylphos-

;
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[(AuPPhs);cpa] (2)
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phane,['*13] but in this case Ag(PPh;)NO; was used directly
instead of silver nitrate and triphenylphosphane. The com-
plexes are soluble in MeOH, EtOH, acetone, DMSO and
CHCI; but are insoluble in water and Et,O.

The IR spectrum of 1, in contrast to that of uncoordi-
nated H,cpa, does not contain the v(SH) band at
2578 cm™!, thus confirming the deprotonation of the SH
group. The COOH bands (1659 vs, 1425 vs, 1283 vs) are
only shifted slightly when compared with those in uncoor-
dinated H,cpa, which shows that this group is not depro-
tonated. These latter bands in the IR spectra of 2 and 3 are
absent and are replaced by a strong band close to
1570 cm™!, which can be assigned to the v,gm(COO") vi-
bration of the carboxylato group. This band appears at
1534 cm™! in 4. As in 1, the presence of the PPh; ligand in
2, 3 and 4 is confirmed by the two strong bands close to
1430 and 1480 cm .

The molecular structure of [(AuPPhs),cpa] (2) is shown
in Figure 1, and selected distances and angles for this com-
pound are shown in Tablel along with data for
[AgAu(PPh;),cpal. The crystal of 2 contains dinuclear
(AuPPhj),cpa units. As shown in Figure I, the two Au
atoms in the unit, Au(1) and Au(2), have different coordina-
tion environments. Au(2) is bonded to the S atom of the
deprotonated SH group of the ligand and to the P atom of
PPh;. In addition to these Au-P and Au-S bonds, Au(1) is

PhyP

Au(PPh;)Cl + NaOH

[Au(PPhg)(Hcpa)] (1)

MeOH/H,0
2 Augpshggf Au(PPhs)C
+ a
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Scheme 1.
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also coordinated to one of the O atoms of the carboxylato
group. The Au(1)-O(11) bond length [2.537(12) A], as well
as the Au-S and Au-P bonds, is similar to those previously
found in other dinuclear (sulfanylcarboxylato)gold(I) com-
plexes.'?! As in the previously reported complexes the O-
coordinated gold atom, Au(1), has longer Au-S and shorter
Au-P bonds than the gold atom that is not O-coordinated.
As far as the angles are concerned, the P-Au-S bond angle
is significantly narrower for Au(l) than for Au(2). The
Au(1)--Au(2) distance [3.0338(10) A] is also close to those
previously described for similar dinuclear Au complexes!'?]
and shorter than the sum of the van der Waals radii for this
metal (3.70 A).l6]

Figure 1. Structure of [(AuPPhs),(cpa)] (2) showing the numbering
scheme. Ellipsoids are drawn at the 30% probability level.

The molecular structure of [AgAu(PPhs),cpa] (3) is
shown in Figure 2 together with the numbering scheme, and
selected distances and angles for this compound are listed
in Table 1. The crystal contains AgAu(PPh;),cpa units in
which the Au and Ag atoms have different coordination en-
vironments, as can be seen in Figure 2. Au(2) is bonded to
the S atom of the deprotonated SH group of the ligand and
to the P atom of PPhs. Apart from the two similar bonds
with S and P atoms, the Ag(1) atom is also bonded to one
of the O atoms of the carboyxlato group of the cpa ligand.
In this way, the structural arrangement in 3 is equivalent to
that found in 2, where Ag(1) in 3 plays the role of Au(1l) in
2.

The Ag(1)-O(11) bond length of 2.374(8) A is similar to
those found previously in (sulfanylcarboxylato)silver(I)
complexes with different nuclearities!"! and, even though
it is longer than equivalent distances found in other silver
complexes,!!7-181 it only exceeds the sum of the covalent radii
of Ag and O (2.11 A)' by 0.26 A, thus showing a signifi-
cant interaction. This interaction has a marked effect on
the S-Ag(1)-P angle of 159.81(10)°, which is narrower than
the S-Au(2)-P angle of 176.78(10)° in this complex, and is
also narrower than the equivalent S-Au(1)-P angle in 2 of
166.21(15)° because of the weak M—O interaction in 2.
1324
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Table 1. Selected interatomic distances [A] and angles [°] for com-
plexes [(AuPPhs),(cpa)] (2) and [AgAu(PPhs),(cpa)] (3).

[(AuPPh;)y(cpa)] (2)

[AgAu(PPh;)(cpa)] (3)

(a) Au/Ag environment

Au(1)/Ag(1)-P(1) 2.230(4) 2.315(3)
Au(2)-P(2) 2.264(4) 2.269(3)
Au(1)/Ag(1)-S(1) 2.356(4) 2.431(3)
Au(1)/Ag(1)-O(11) 2.537(12) 2.374(8)
Au(1)/Ag(1)-Au(2) 3.0338(10) 3.0463(10)
S(1)-Au(2) 2.333(3) 2.312(3)
P(1)-Au(1)/Ag(1)-S(1) 166.21(15) 159.81(10)
P(1)-Au(1)/Ag(1)-O(11) 117.2(3) 121.9(2)
S(1)-Au(1)/Ag(1)-O(11) 76.6(3) 78.3(2)
P(1)-Au(1)/Ag(1)-Au(2) 123.37(10) 121.9(2)
S(1)-Au(1)/Ag(1)-Au(2) 49.36(9) 48.35(6)
O(11)-Au(1)/Ag(1)-Au2) 99.2(2) 100.9(2)
Au(2)-S(1)-Au(1)/Ag(1) 80.62(12) 79.87(8)
P(2)-Au(2)-S(1) 177.41(15) 176.78(10)
P(Q2)-Au2)-Au(l)/Ag(1) 132.38(11) 131.38(7)
S(1)-Au(2)-Au(1)/Ag(1) 50.01(10) 51.78(7)
(b) cpa

S(1)»-C(2) 1.787(15) 1.820(10)
C(1)-0(12) 1.191(18) 1.231(13)
C(1)-O(11) 1.215(17) 1.238(12)
0O(12)-C(1)-0O(11) 125.7(19) 122.1(11)

Figure 2. Structure of [AgAu(PPh;),(cpa)] (3) showing the number-
ing scheme. Ellipsoids are drawn at the 30% probability level.

The Ag(1)-Au(2) distance of 3.0463(10) A, is only
slightly longer than the Au(1)-Au(2) distance found in 2 of
3.0338(10) A. To the best of our knowledge, isolated dinu-
clear units containing an S-supported Ag-Au interaction
have not previously been reported in the literature. How-
ever, equivalent and shorter metal-metal distances were de-
scribed for the dinuclear complexes [AuAg{CH;im-
(CH,py)}2](BF4), [CH3im(CH,py) = 1-methyl-3-(2-pyridin-
ylmethyl)imidazole]?®! and [(dpim);AuAg](BF,), [dpim =
2-(diphenylphosphanyl)-1-methylimidazole], respectively.*!!
Shorter distances were also found in the trinuclear complex
[AuAg>{(pyCH,),im}>(NCCHj3),J(BFy);  [(pyCHy)oim =
1,3-bis(2-pyridylmethyl)imidazole],?? in the tetranuclear
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cation [{(Ph;P)Au(u-mes)Ag(thz)},]**,?* in the clusters
[AugAg{p-CsHo(CHMe,)3} 6], 24 [AusAg(ps-O)-
(PPhypy);]**, 12 [AusAgs(u-dppm)s{1,2,3-Co(CHs)s} -
(C=CCeHs); "2 and  (BuyN),[Au(3,5-C¢F3Cl),A g,
(CF3;C00)5],27281 and in polymers such as [{Au(u-mes)-
AsPh;},Ag](ClO,),?! [AgAu(mtp),] (mtp = diphenylmeth-
ylenethiophosphinato),?%  {[AuAg(Meimpy)>(L)|(BF4)>} .,
{[AuAg(Meimpy),(NO3)]NOs},, (Meimpy = methylimid-
azolepyridine; L = CH;CN, C¢HsCN, C4HsCH,CN),B!
[Au,Agy(CeFs)4(OCMe,),],.22 [AuAgy(CsFs)4(NC-
CHg)z]mBS] or Ag([Au(u-Cz,NS-bZim)]3)2'BF4'CH2C12,[34’35]
[AuAgy(mes)(CF;CO,)4(tht)],,, [AuAgy(mes)(CF;CF»-
CO,)4(tht)],, [AuAgy(mes)(CF;CF,CO,)4(tht)s],, {[AuAgs-
(mes)(CF3CO,)4(tht)(H,0)] H,0-CHCLy 7 [AuAgs-
(CsFs)(CF3C0,)3(CH,PPh3)],.B%  [AgAu(CeFs)(CF5CO,)-
(thy)],,  [AgAu(CeCLF;)(CF;CO,)x(tht)],, and [AgAu-
(C6Cls)(CF5CO,)(tht)],.['¥

Single crystals obtained by slow concentration of an ace-
tone solution of 4 were identified as [(AgPPhs).cpal
(CH;3),CO. The tetranuclear [(AgPPhs),cpa], unit present
in the crystal is shown in Figure 3 together with the num-
bering scheme, and selected distances and angles are listed
in Table 2. As in 2 and 3 the S atom of the cpa ligand is
bonded to two metal atoms, in this case two Ag atoms. One
of these atoms, Ag(1), is also bonded to the O(1) atom of
the carboxylato group [Ag(1)-O(1) 2.402(3) A]. However, in
contrast with complexes 2 and 3, the O(1) and the O(2)
atoms of the carboxylato group of this cpa ligand both
bond in a slightly anisobidentate mode to Ag(2) [Ag(2)-
O(1) 2.456(2) A; Ag(2)-0(2) 2.562(3) A]. These latter bonds
create the tetranuclear [(AgPPhs),cpa], unit shown in Fig-
ure 3, in which an eight-membered Ag,O(1),S, ring is pres-
ent. In addition to the bonds that form this ring, each Ag
atom is involved in an Ag-P bond, and the O(2) atom of
the carboxylato group also participates in highly asymmet-
ric Ag-O-+Ag bridges [Ag(1)-O(2)*' 2.712(3) A]. This
structural feature was previously detected in other (sulfanyl-
carboxylato)silver compounds!'®! and, as in those com-
pounds, in the case reported here there are (i) two types of
Ag atoms with different environments [essentially tri-,
Ag(1), and tetracoordinated, Ag(2),], (il) Ag(1)-Ag(2) dis-
tances shorter than twice the van der Waals radius of silver
(3.44 A),1' (iii) asymmetric Ag-S-Ag and Ag-O--Ag brid-
ges, and (iv) longer Ag—P bonds for the PPhj; ligand bonded
to Ag(2) than for the equivalent ligand bonded to Ag(1).

The crystal of [(AgPPhs);(cpa)(NO3)]«(CH;),CO, [5¢
(CH;5),CO], contains hexanuclear [(AgPPhs)s;(cpa)(NO3)],
units, and these are shown in Figure 4 together with the
numbering scheme, and selected bond lengths and angles
are listed in Table 3. These units can be regarded as the
result of two Ag(PPh3)NO; fragments being added to the S
atoms of the tetranuclear core previously discussed for 4.
Even though the essential features of this core remain unal-
tered after the addition of these two new fragments, there
are slight structural changes that affect the distances and
angles. The Ag(1)-S(1) and Ag(2)-S(1)*' bonds in 4
[2.4402(12), 2.4822(14) A] are only slightly longer in 5
[2.4819(12), 2.5139(11) A], whereas the Ag(1)-S(1)-Ag(2)*!

Eur. J. Inorg. Chem. 2011, 1322-1332
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Figure 3. Structure of the dimeric unit present in [(AgPPhjs),-
(cpa)]"(CH3),CO [4:(CH3),CO], showing the numbering scheme.
Ellipsoids are drawn at the 30% probability level. For the sake of
clarity the phenyl groups of PPh; are not shown.

Table 2. Selected interatomic distances [A] and angles [°] for com-
plex [(AgPPhs),(cpa)]-(CH;),CO [4+(CH3),CO].[

(a) Ag environment

Ag(1)-P(1) 2.3604(13)
Ag(1)-0(1) 2.402(3)
Ag(1)-S(1) 2.4402(12)
Ag(1)-0Q2)#1 2.712(3)
Ag(1)-Ag(2)#1 3.1439(9)
Ag(2)-P(2) 2.3982(13)
Ag(2)-0(1) 2.456(2)
Ag(2)-S(1)#1 2.4822(14)
Ag(2)-0(2) 2.562(3)
S(1)-Ag2)#1 2.4822(14)
P(1)-Ag(1)-0(1) 118.56(7)
P(1)-Ag(1)-S(1) 159.50(4)
O(1)-Ag(1)-S(1) 80.36(7)
P(1)-Ag(1)-Ag2)#1 130.83(3)
P(1)-Ag(1)-OQ2)#1 89.75(6)
Ag(1)-0(1)-Ag(2) 142.02(12)
Ag(1)-S(1)-Ag(2)#1 79.38(3)
P(2)-Ag(2)-S(1)#1 132.49(4)
P(2)-Ag(2)-0(1) 121.01(7)
P(2)-Ag(2)-0(2) 106.40(7)
S(H#1-Ag(2)-0(2) 103.38(6)
O(1)-Ag(2)-S(1)#1 106. 47(7)
0(1)-Ag(2)-0(2) 52.50(8)
(b) cpa

S(H-C(2) 1.770(4)
0o(1)-C(1) 1.275(4)
C(1)-0(2) 1.258(4)
0(2)-C(1)-0(1) 122.5(4)

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] #1: —x, —p, —z + L.

angle of 79.38(3)° in 4 is slightly narrower in 5 [78.02(3)°].
The Ag(1)-O(1) distance is now shorter [2.379(3) A vs.
2.402(3) A in 4], and the Ag(2)-O(1) and Ag(2)-O(2) dis-
tances [2.456(2), 2.562(3) A, respectively, in 4] are 2.557(3)
and 2.452(3) A in 5, respectively. These distances signify a
different anisobidentate behaviour for the carboxylato
group, with the shortest Ag-O distance linking the O(2)
1325
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Figure 4. Structure of the hexanuclear units present in [(AgPPhs);-
(cpa)(NO3)]"(CH3),CO [5+(CH3),CO]. Ellipsoids are drawn at the
30% probability level. For the sake of clarity the phenyl groups of
PPh; are not shown.

Table 3. Selected interatomic distances [A] and angles [°] for com-
plex [(AgPPhs);(cpa)(NO3)](CH;),CO [5+(CH;),CO].1

(a) Ag environment

Ag(1)-P(1)  2.3606(12) P(1)-Ag(1)-S(1) 153.90(5)
Ag(1)-S(1)  2.4819(12) P(1)-Ag(1)-O(1) 125.56(8)
Ag(1)-O(1)  2.3793)  S(1)-Ag(1)-O(1) 80.05(7)
Ag(1)-Ag2)  3.1449(5)  P(1)-Ag(1)-Ag(2) 117.41(3)
Ag(1)-Ag(3)  3.1527(6)  O(1)-Ag(1)-Ag(2) 88.87(7)
Ag2)PQ)  2.4001(12) S(1)-Ag(l)-Ag?2) 51.44(3)
Ag2)-S(1)  2.5139(11) P(1)-Ag(l)-Ag(3) 115.71(4)
Ag2)-OQ)#l 24523)  O(1)-Ag(l)-Ag(3) 107.07(7)
Ag2)-O(D#l 2.5573)  S(1)-Ag(1)-Ag(3) 51.62(3)
Ag(3)-S(1)  2.5263(12) Ag(2)-Ag(l)y-Ag(3)  95.563(15)
Ag(3)-P(3)  2.3844(13) P(2)-Ag(2)-S(1) 132.88(5)
Ag(3)-0(12)  2427(5)  S(1)-Ag(2)-OQ2)#l 106.43(7)
Ag(3)-O(11)  2.468(5)  S(1)-Ag2)-O(1)#l 102.00(7)
P(2)-Ag(2)-Ag(l) 142.79(3)
OQ)#1-Ag(2)-Ag(l)  59.44(7)
O(l)#1-Ag(2)-Ag(l)  86.88(6)
PQ2)-Ag2)-O(D)#l  120.28(7)
PQ2)-Ag2)-OQ)#l  115.24(7)
OQ)#1-Ag(2)-O(1)#1 52.42(9)
P(3)-Ag(3)-S(1) 129.55(5)
P(3)-Ag(3)-0(12) 127.21(14)
P(3)-Ag(3)-O(11) 120.88(12)
0(12)-Ag(3)-O(11)  50.07(15)
0(12)-Ag(3)-S(1) 100.74(13)
O(11)-Ag(3)-S(1) 100.58(11)
P(3)-Ag(3)-Ag(l) 109.35(4)
0(12)-Ag(3)-Ag(l)  89.28(13)
O(11)-Ag(3)-Ag(l)  127.86(12)
Ag(1)-S(1)-Ag(2) 78.02(3)
C(2)-S(1)-Ag(3) 109.59(14)
Ag(1)-S(1)-Ag(3) 78.02(3)
Ag(2)-S(1)-Ag(3) 135.44(5)
(b) cpa
S-C(2) 1.7854)  O(2)-C(1)-O(1) 122.4(4)
O(1)-C(1) 1.276(5)
0(2)-C(1) 1.251(5)
C(1)-C(2) 1.514(6)
C(2)-C(3) 1.339(5)

[a] #1: —x + 2, -y + 2, —z.

1326
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instead of the O(1) atom. As a result, the Ag(1)-O(1)-Ag(2)
unit [for which the Ag-O-Ag angle changes from
142.02(12)° in 4 to 149.52(12)° in 5] is now less symmetric.
These structural changes do not significantly affect the dis-
tances between the two S-supported Ag atoms, which re-
main practically unchanged, but they do affect the distance
between the two silver atoms that are bridged by the O(1)
atom: 4.5935(11) A in 4 vs. 4.7626(6) A in 5.

In compound 5 the two Ag atoms in the core, Ag(1) and
Ag(2), retain the coordination mode found in 4. Ag(1) is
essentially SPO-tricoordinate [although with Ag(2) at
3.1449(5) A and O(2)*! at 2.839(3) A] and Ag(2) is essen-
tially SPO,-tetracoordinate [with Ag(1) at 3.1449(5) A]. The
Ag(3) atom is also SPO,-tetracoordinate, although the pa-
rameters for the coordination kernel are slightly different
from those found for Ag(2). It is worth noting the shorter
Ag-O bond lengths with the almost symmetrical bidentate
nitrato ligand. Ag(3) is located 3.1527(6) A from Ag(1) and,
as discussed above, Ag(2) is at 3.1449(5) A. The Ag(3)-
Ag(1)-Ag(2) bond angle is 95.563(15)°, and the S atom,
which acts as a triple bridge between these atoms, is located
0.94(1) A from the Ags plane.

It can be seen from Figure 5 that in the crystal structure,
two of these hexanuclear units and two molecules of ace-
tone interact through a C-H--O hydrogen bond [C(214)-
H(214)--021)#1 0.93, 2.63, 3.553(9) A, 170.5% C(335)-
H(335)-+0(21) 0.93, 2.52, 3.380(10) A, 154.8°] between the
phenyl ring of the PPh; ligand and the O atom of
(CH3),CO.

Figure 5. Hydrogen-bonding interactions between the [(AgPPhs);-
(cpa)(NO3)], units and two molecules of (CH3),CO in [(AgPPhs);-
(cpa)(NO3)](CH3),CO [5+(CH;)>CO].

Luminescence and Theoretical Studies

Complex 3 shows an emission at 374 nm (4., = 273 nm)
in a glassy EtOH/MeOH/CH,Cl, (8:2:1) medium at 77 K
but it does not show luminescence in the solid state or in
solution, neither at room temperature nor at 77 K (see Fig-
ure 6). The emission band has a structured profile begin-
ning at 358 nm (vibronic progression ca. 1100 cm™'), and
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this is consistent with the stretching frequencies of the li-
gands. This fact, together with the asymmetry of the emis-
sion band, suggests that an intraligand transition is respon-
sible for the excited state that gives rise to the emission.
More specifically, this process probably involves the phenyl
rings or the carboxylato groups in the excited state.

273 374

1.0

0.8
g
& 064
2
2
£ 04

0.2

0.0

T b T ” T . T . T b T . 1
250 300 350 400 450 500 550
A (nm)

Figure 6. Excitation and emission spectra of complex 3 in a glassy
EtOH/MeOH/CH,Cl, (8:2:1) medium at 77 K.

Single-point DFT calculations were carried out on a
model system of complex 3 built up from the X-ray diffrac-
tion coordinates. The electronic structure calculated by
using the B3LYP functional shows that the HOMO orbital
is mostly located on oxygen atoms of the cpa ligand, with
some contribution from the thiolato moiety. Orbitals
HOMO-1 to HOMO-5 are also mostly centred on the cpa
ligand and on the gold(I) and silver(I) centres. The results
of a population analysis, which show the contribution of
each part of the molecule to the highest occupied molecular
orbitals, are given in Table 4, and the shapes of the frontier
orbitals are shown in Figure 7. The lowest unoccupied mo-
lecular orbitals LUMO to LUMO+6 are located on the
phenyl rings of the triphenylphosphane ligands bonded to
Au' and Ag!, with the first metal-based empty molecular
orbital being LUMO+11. Taking into account these theo-
retical results and the photophysical measurements, it seems
plausible that intraligand electronic transitions are the ori-
gin of the luminescent behaviour of complex 3. A possible
SLMCT origin!'!1 from the thiolato moiety of the cpa ligand

e
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Table 4. Population analysis for the model system representing
complex 3. Contribution from each part of the molecule to the
occupied orbitals.

Molecular orbital % Au %Ag % cpa ligand®
HOMO 1.1 4.2 85.6
HOMO-1 1.0 1.8 88.8
HOMO-2 1.3 6.4 83.1
HOMO-3 39 4.2 82.4
HOMO-4 14.0 27.2 48.1

[a] The contribution from PPh; ligands to these molecular orbitals
is not relevant.

to the gold(I) centre can be ruled out since the orbitals in-
volved in this transition are markedly different in energy,
and a preference for an IL intraligand transition involving
the cpa ligand and the phenyl rings of the triphenylphos-
phane ligands is more likely in view of the shapes of the
frontier orbitals.

NMR Spectroscopic Studies

'H and 3C NMR spectroscopy was used to investigate
the coordination of the cpa and PPh; ligands. The 'H
NMR spectrum of 1 shows a very broad signal at § =
12.30 ppm, and this can be assigned to the CO,H proton.
This signal is not observed in the spectra of 2, 3 and 4 due
to the deprotonation of this group upon formation of the
three complexes. A multiplet can be observed at = 7.5 ppm
in the spectra of the four complexes due to the PPh; ligand.
In the 3C NMR spectra of 2, 3 and 4 the position of the
C(1) signal, § = 170 ppm, is typicall®”! of a monodentate
carboxylato group, suggesting that the interaction of the
metal atoms with the O atom persists in solution. The slight
deshielding of C(2) with respect to that in the free ligand,
together with the shielding experienced by C(3), indicates
that the S atom also remains coordinated to the metal atom
in solution.?® The C-ipso signal of the PPh; ligand is
shifted to higher field in the complexes, and the 'Jiicaip
value is also higher, providing evidence that this ligand also
remains coordinated in solution.[?")

3IP NMR spectroscopy was used to gain additional in-
formation about the coordination number of the Ag atom
in 3 and 4. The 3'P NMR chemical shift has previously
been used as a diagnostic tool for the Ag coordination

13

Figure 7. Frontier occupied and empty orbitals for the model system of complex 3.
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number in PPh; complexes by relating the shielding with
the increase in the metal coordination number.[***!1 How-
ever, the magnitude of 'Jups.i074, has proven to be more
appropriate for structural studies due to the fact that the
coupling constants decrease substantially as the coordina-
tion number increases.[*>43]

The high kinetic lability of monodentate phosphanes
generally leads to rapid ligand exchange on the NMR time-
scalel®] and, as a result, most of the spectra obtained at
25°C (see Figure S1, Supporting Information) contain
broad peaks. Low-temperature 3'P{'H} NMR experiments
were therefore used, and the appropriate solvent was se-
lected for each compound (see Experimental Section and
Table S1, Supporting Information). The appropriate tem-
perature to obtain the characteristic 3'P-19%197Ag doublet
of doublets for each P environment, which results from the
coupling of the P atom to each of the spin 7 = 1/2 silver
isotopes (1°’Ag, 51.8% natural abundance; '“°Ag, 48.2%
natural abundance), was determined. The data for these ex-
periments are given in Table S1, Supporting Information.

The spectrum of 3 at room temperature in CD,Cl, (Fig-
ure S1, Supporting Information) consists of two very broad
peaks located at ¢ = 37.2ppm (w;, = 1230 Hz) and
16.1 ppm (w;,», = 1560 Hz). On the basis of the data for 2
and 4, as well as previous data,!'>!3 these signals were at-
tributed to the Au and Ag atoms bonded to PPhjs, respec-
tively. At a temperature of 213 K, the low-field peak ap-
peared as a singlet at = 36.2 ppm, but the high-field signal
was split into the characteristic doublet of doublets due to
the coupling of the P nucleus with the two Ag natural iso-
topes, centred at 6 = 14.3 ppm (Figure 8). This observation
confirms that this signal is due to the PPh; ligand bonded
to the Ag atom and also that the Ag-P interaction is re-
tained in solution. The 'Jiipiwira, values of 672 and
582 Hz are comparable to those reported in the literature
(ref.[*¥ and references cited therein) for triphenylphosphane
complexes containing silver(I) with a coordination number
= 3.[42.4445]

The behaviour of compound 4 in solution is more com-
plicated. The room-temperature 3'P{'H} NMR spectra in
the solvents used (see Table S1, Supporting Information)
each contain a single signal for the two PPh; ligands, which
are more shielded than those in compound 3. The spectrum
in [D7]DMF solution at 209 K reveals two broad doublets
centred at & = 9.66 and 3.93 ppm with "Jip 5, values of 333
and 291 Hz, respectively. The chemical shifts are indicative
of two different environments for the ligand, and the cou-
pling constants are compatible with a tetrahedral arrange-
ment around the metal centre.*>4443 The spectrum re-
corded at 193 K ([D7]DMF/CD,Cl,, 1:1) consists of two
well-resolved doublets of doublets at 6 = 7.75 ppm
[1J31R109.107Ag = 258 and 224 HZ] and 4.72 ppm [1']3'P,1°9-107Ag
= 315 and 272 Hz]. The !J values are consistent with a tet-
rahedral environment for the silver atoms, although the dif-
ferences in the 'J values could be associated with a slightly
different environment for the two silver atoms.[*>4+46l [n
CD,Cl, solution at 213 K only one doublet of doublets,
centred at 0 = 5.18 ppm [1J31p’m9‘m7Ag = 257 and 223 HZ],
1328
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Figure 8. 3'P{'H} NMR spectra (J scale in ppm; referenced to ex-
ternal 85% H;PO,) of [(AgPPhs),(cpa)] (4): (a) measured in [D,]-
DMF/CD,Cl, at 193 K; (b) measured in [D;]DMF at 209 K; (c)
measured in CD,Cl, at 213 K and (d) of [AgAu(PPhs),(cpa)] (3)
measured in CDCls at 213 K.

was detected, and the 6 and 'J values indicate the existence
of a unique environment for the silver(I) atom with a tetra-
hedral geometry.

Low-temperature measurements also enabled us to deter-
mine the coalescence temperature (7;) in each experiment,
and these data were subsequently used in thermodynamic
studies. Bearing in mind previously published equa-
tions,[*748] we were able to calculate the activation energy,
AG(T,)*, and the rate constants, k., for the ligand exchange
discussed above. The data are presented in Table S1, Sup-
porting Information. The activation-energy values, which
are between 41.5 and 45.5 kJmol™!, are comparable with
values reported previously for (diphenylphosphane)silver(T)
complexes.™® On the other hand, the k. values (see
Table S1, Supporting Information) indicate that the PPhs
ligand lability in [AgAu(PPhs),cpa] is higher than that in
[(AgPPh;),cpa] in the same solvent.

Cytotoxicity in Human Cervix Carcinoma and Human
Ovarian Carcinoma Cells

The difference between compounds 2 and 3 is the re-
placement of an Au atom by an Ag atom. The influence of
this substitution on cytotoxicity was assessed by comparing
the activity of each compound against the human Hela-229
cervix carcinoma cell line and the A2780 ovarian carcinoma
cell line along with its cisplatin-resistant mutant A2780cis.

Eur. J. Inorg. Chem. 2011, 1322-1332
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For comparative purposes, the cytotoxicity of cisplatin was
also evaluated under the same experimental conditions.
We previously studied the activity of the free Hcpa li-
gand, which has only a small effect on cell growth. At 50 um
the cell-growth inhibition percentages are 1 (HeLa), 6
(A2780) and 3 (A2780cis) and, as a result, the correspond-
ing ICso values were not calculated. The values obtained
against these three lines are shown in Table 5 for com-
pounds 2 and 3. The values are in the low uM range, and
both compounds are similar, with 2 being only slightly bet-
ter than 3. In both cases the activity follows the general
trend A2780 > A2780cis > HeLa, which was previously
found for (thiolato)gold complexes!!**% and is in contrast
with the results obtained for cisplatin, which is less active
against the A2780cis line. These data show that compounds
2 and 3 are able to avoid the multifactorial resistance
mechanism that in the latter cell line affects cisplatin and
other platinum-based anticancer agents, as demonstrated by
the values (< 2) of the resistance factor [RF =
I1Cso(A2780cis)/ICso(A2780)] listed in Table 5.1

Table 5. In vitro cytotoxicity (ICso [uM]) against HeLa, A2780 and
A2780cis cell lines.

A2780™1  A2780cis™® RFI
0.77 (0.1)  3.10 (0.6)  4.05

Compound HeLaldl

[Au(PPhs)(Hepa)] (1) 4.0 (0.5)
[(AuPPhs),cpa] (2) 2.2 (0.4)  1.09 (0.07) 1.51(0.08) 1.4
[AgAu(PPhs),cpa] (3) 3.1 (0.03) 1.65(0.02) 1.99 (0.04) 1.2
Cisplatin 0.53 (0.06) 0.4 (0.06) 3.6 (0.5 8.2

[a] 48 h incubation. [b] 96 h incubation. [c] The resistance factor:
RF = IC5o(A2780cis)/ICso(A2780).

Conclusions

The reaction of [Au(PPhs)(Hcpa)] with Ag(PPh;)NO;
and NaOH gave the complex [AgAu(PPhjs),cpa], which is
dinuclear and has S- and P-bonded Au and Ag atoms. The
latter metal centre is also O-bonded. Theoretical studies
suggest that intraligand electronic transitions give rise to
the luminescence behaviour of this compound, and in vitro
studies showed significant cytotoxicity against HelLa,
A2780 and A2780cis cell lines. This cytotoxicity was equiva-
lent to that found for [(AuPPhs),cpa], which was prepared
for comparative purposes. This gold(I) compound is also
dinuclear, but the equivalent silver(I) compound [(AgPPhs),-
cpa], also prepared for comparative purposes, is tetranu-
clear and, as revealed by the structure of the hexanuclear
[(AgPPh3)3(cpa)(NO3)] unit, this could incorporate ad-
ditional metal atoms. 'H and '3C NMR spectroscopic data
suggest that the S, O and P atoms of the cpa and the phos-
phane ligands remain coordinated in solution. The rapid
ligand exchange (on the NMR time scale) of the coordi-
nated phosphanes was identified by room-temperature 3'P
NMR spectroscopy. Thermodynamic parameters related to
the kinetic lability of the phosphane ligands were calculated
on the basis of low-temperature experiments.
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Experimental Section

Materials and Methods: Cyclopentanone (99%), rhodanine and
(triphenylphosphane)gold(I) chloride (all from Aldrich) were used
as supplied. Ag(PPh;)(NO3) was synthesised by treating AgNO;
with PPh; in CH;CN/methanol. 2-Cyclopentylidene-2-sulfanyla-
cetic acid, H,cpa, was prepared by condensation of cyclopentanone
with rhodanine, subsequent alkaline hydrolysis of the resultant 5-
substituted rhodaninel®? and acidification with aqueous HCLB3!
Elemental analyses were performed with a Fisons 1108 microana-
lyser. Melting points were determined with a Biichi apparatus and
are uncorrected. IR spectra (KBr pellets or Nujol mulls) were re-
corded with a Bruker IFS66V FTIR spectrophotometer and are
reported in the synthesis section by using the following abbrevi-
ations: vs. = very strong, s = strong, m = medium, w = weak, sh
= shoulder, br. = broad. Mass spectra were recorded in methanol
with a Hewlett Packard 1100 LC/MSD spectrometer by using posi-
tive or negative electrospray ionisation. 'H and '*C NMR spectra
were recorded in [Dg]DMSO, CDCl; or [D;]DMF at room tem-
perature with a Bruker AMX 300 spectrometer operating at 300.14
and 75.40 MHz, respectively, by using 5 mm o.d. tubes; chemical
shifts are reported relative to TMS by using the solvent signals
[6( "H) = 2.50 ppm, 6(}3C) = 39.5 ppm for [Dg]DMSO and 6('H) =
8.01 ppm, 6('3C) = 162.7 ppm in [D;]DMF] as references. 3'P
NMR spectra were recorded in [Dg]DMSO, CDCl;, CD,Cl, or
[D7]DMF at 202.46 MHz with a Bruker AMX 500 spectrometer
by using 5mm o.d. tubes and are reported relative to external
H;PO, (85%). Signals are described as follows: chemical shift; mul-
tiplicity (s = singlet, d = doublet, dd = doublet of doublets, m =
multiplet, br. s = broad singlet, v. br. s = very broad singlet); rela-
tive integral (for 'H); and coupling constants J in Hz. All the physi-
cal measurements were carried out by the RIAIDT services of the
University of Santiago de Compostela (USC).

Synthesis: The complex [Au(PPh;)(Hcpa)] was prepared by adding
Au(PPh;)Cl to a solution of Hocpa and KOH in a 1:1:1 molar ratio
in ethanol/water (4:1, v/v). The mixture was stirred for 1 h, and
the solvent was evaporated under vacuum. The resultant solid was
washed with water and dried under vacuum. The complex
[(AuPPh;),cpa] was prepared by adding Au(PPh3)Cl in a 2:1 molar
ratio to a solution of H,cpa and NaOH in methanol/water. The
mixture was stirred for 1h, and the solvent was evaporated. The
resultant solid was washed with water and dried under vacuum.
The complex [AgAu(PPhs),cpa] was synthesised by treating
[Au(PPh;s)(Hcpa)] with Ag(PPh3;)NO; in a 1:1 molar ratio in meth-
anol. The mixture was stirred at room temperature in the dark for
24 h, and the solid was filtered off, washed with water and dried
under vacuum.

[Au(PPhsz)(Hcepa)] (1): Hacpa (0.042 g, 3.0 X 104 mol), AuPPh;Cl
(0.15g, 3.0X10*mol), ethanol (12cm’), KOH (0.016g,
3.0 X 10# mol), H,O (3 cm?). Pale-brown solid. Yield: 0.12 g, 78 %.
M.p. 65 °C. C,5H,4AuO,PS (616.46): caled. C 48.71, H 3.92, S 5.20;
found C 48.53, H 3.82, S 4.94. IR: V = 1662 (s, v, C=0) 1436 (s,
8, OH) 1272 (m, v, C-O) 1479 (m), 1436 (s) (v, PPhs) cm'. Main
metallated ESI-MS (+) peaks: m/z (%) = 1409 (29) [(AuPPh;);S]*,
1075 (91) [(AuPPhs)cpa]®, 721 (28) [Au(PPhy),]*, 617 (3) [(M)]",
459 (4) [(AuPPhy)]*. NMR ([DgJDMSO): 'H: 6 = 12.30 [s, 1 H,
C(1)OH], 3.32 [m, 2 H, C(4)H,], 1.61 [m, 2 H, C(5)H,], 1.61 [m, 2
H, C(6)H.], 3.32 [m, 2 H, C(7)H,], 7.46-7.61 [m, 15 H, H(PPhs)]
ppm. 13C: 6 = 171.1 C(1), 121.2 C(2), 151.8 C(3), 35.5 C(4), 27.3
C(5), 25.4 C(6), 34.0 C(7), 129.1 [d, C{Phs), Jisc3p = 56.5 Hz],
133.7 [d, C,(Phs), Jiscamp = 13.7 Hz], 129.5 [d, C,(Phs). *Jisaip
= 122 Hz], 132.0 [s, C,(Phy)] ppm. (CDCly): 'P{'H}: 6 = 35.5 (5)
ppm.
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[(AuPPh3),cpa] (2): Hocpa (0.024 g, 1.5X 104 mol), Au(PPhs)Cl
(0.15g, 3.0X10*mol), methanol (12cm?®), NaOH (0.012g,
3.0 X 10 mol), H,O (3 cm?). White solid. Yield: 0.12 g, 73 %. M.p.
156 °C. C43H33Au,0,P,S (1074.71): caled. C 48.06, H 3.56, S 2.98;
found C 47.94, H 3.25, S 3.10. IR: ¥ = 1579 (vs, v,, CO,) 1481 (m),
1436 (s) (v, PPh;) cm™'. Main metallated ESI-MS (+) peaks. m/z
(%) = 1409 (97) [(AuPPh;);S]*; 1075 (8) [M]*; 721 (12) [Au-
(PPhs),]"; 459 (2) [(AuPPhs)]*. NMR ([Dg]DMSO): 'H: § = 3.00
[m, 2 H, C(4)H,], 1.68 [m, 2 H, C(5)H,], 1.68 [m, 2 H, C(6)H,],
2.80 [m, 2 H, C(7)H,], 7.35-7.59 [m, 30 H, H(PPhs)] ppm. *'P{'H}:
6 = 36.8 (s) ppm. ([D7]DMF): 'H: 6 = 2.61 [v. br. s, C(4)H,], 1.57
[br. s, C(5)H,], 1.57 [br. s, C(6) H,], 2.61 [v. br. s, C(7) H,], 7.55-
7.65 [m, H(PPh3)] ppm. 13C: § = 121.7 C(2), 153.4 C(3), 36.3 C(4),
26.0 C(5), 25.9 C(6), 34.6 C(7), 129.8 [d, C{Phs), "Jicap =
59.2 Hz], 134.7 [d, C,(Phs), ZJisc3p = 13.8 Hz], 130.3 [d, C,,(Phs),
3Jiscap = 11.6 Hz], 132.9 [s, C,(Ph;)] ppm. (CDCLy): *'P{'H}: d =
31.9 (s) (room temp.), 31.1 (s) (low temp., 213 K) ppm. Single crys-
tals of 2 were grown by slow concentration of the mother liquor.

[AgAu(PPhs),epa] (3): [Au(PPh;)(Hepa)] (0.10 g, 0.16 X 104 mol),
Ag(PPh;))NO; (0.07 g, 0.16X10*mol), NaOH (6.49 103 g,
0.16 X 10~* mol), methanol (15cm?). White solid. Yield: 0.11 g,
68%. M.p. 178 °C. C43H33AgAuO,P,S (985.61): caled. C 52.40, H
3.89, S 3.25; found C 51.94, H 3.90, S 3.40%. IR: ¥ = 1577 (vs, V.
COO) 1480 (s), 1436 (vs), (v, PPh;3) cm!. Main metallated ESI-MS
(+) peaks: m/z (%) = 1409 (0.5) [(AuPPh;);S]*, 1075 (6) [(AuPPhs),-
cpalt, 986 (5) [(M)]*, 721 (100) [Au(PPhs),]*, 631 (0.8) [(PPhs),-
Ag]", 459 (0.3), [(PPh3)Au]™, 369 (1) [(PPh3)Ag]". NMR ([Dgl-
DMSO): 'H: 6 = 2.74 [m, 2 H, C(4)H,], 1.55 [m, 2 H, C(5)H,],
1.55 [m, 2 H, C(6) H,], 2.60 [m, 2 H, C(7) H,], 7.27-7.74 [m, 30
H, H(PPh3)] ppm. '3C: 6 = 171.1 C(1), 122.7 C(2), 152.2 C(3), 36.8
C(4), 27.4 C(5), 25.5 C(6), 34.7 C(7), 130.0 [d, C{(Phs), "Jiscap =
43.9 Hz], 133.5 [d, Co(Phs), 2Jiscs1p = 15.5 Hz], 129.1 [d, C,,(Phs),
3Jiseap = 10.3 Hz], 131.2 [s, C,(Phs)] ppm. *'P{'H}: § = 16.0 (s),
39.9 (s) ppm. Single crystals of 3 were grown by slow concentration
of an acetone solution.

[(AgPPhs),cpa] (4): Hocpa (0.018 g, 1.16 X 104 mol), Ag(PPh;)NO;
(0.10 g, 1.16 X 10~* mol), NaOAc (0.014 g, 1.71 X 10~* mol), CHCl;
(10 cm?), H,O (22 cm?®). White solid. Yield: 0.079 g, 65%. M.p.
165 °C. C43H33A2,0,P5S (896.52): caled. C 57.61, H 4.27, S 3.58;
found C 57.91, H 4.60, S 3.45. IR: ¥ = 1534 (vs, v,5, COO) 1479
(s), 1435 (vs) (v, PPhs) cm™!. Main metallated ESI-MS (+) peaks:
mlz (%) = 897 (2) [(M)]*, 631 (19) [(PPhs),Ag]*, 369 (1)
[(AgPPhs3)]". NMR ([D¢]DMSO): 'H: 6 = 2.59 [m, 2 H, C(4)H,],
1.35 [m, 2 H, C(5)H,], 1.29 [m, 2 H, C(6)H,], 2.48 [m, 2 H, C(7)
H,] 7.20-7.55 [m, 30 H, H(PPh;)] ppm. 13C: 6 = 170.8 C(1), 122.3
C(2), 155.9 C(3), 38.3 C(4), 27.6 C(5), 25.4 C(6), 35.3 C(7), 132.7
[Cl7 Co(Ph3), 2]13(:’31]) = 125 HZ], 129.3 [d, C,,,(Ph3), 3]13(:‘31]) =
9.8 Hz], 130.1 [s, C,(Phs)] ppm *'P{'H}: 6 = 9.7 (s) ppm. Single
crystals of [(AgPPhs),cpal-(CH;),CO, (4)<(CHj3),CO, were grown
by slow concentration of an acetone solution of 4. In an attempt
to purify an impure sample of 4 by using acetone as solvent a
minimal amount of crystals was obtained. These crystals proved to
be [(AgPPhs);(cpa)(NO3)]-(CH;)-CO, (5)«(CH3).CO.

Crystallography:  Single crystals of [(AuPPhs),cpa] (2),
[AgAu(PPhs)scpa] (3) [(AgPPhs),cpa]-(CH;3)>CO [4+(CH;3)>CO] and
[(AgPPh;3)3(cpa)(NO3)]*(CH;3),CO [5:(CH3),CO] were mounted on
glass fibres for data collection with a Bruker Smart CCD automatic
diffractometer at 293 K using Mo-K, radiation (1 = 0.71073 A).
The crystal data, experimental details and refinement results are
summarised in Table 6. Corrections for Lorentz effects, polarisa-
tionP* and absorption>>* were made. The structures were solved
by direct methods and refined by full-matrix least squares on F?
by using SHELXL.® Data for the compounds presented a low
numbers of reflections at higher angles than expected although the
data are ca. 95% at 20 = 50°. The refined goodness-of-fit values
for compounds 2, 4 and 5 are close to the lower limit of the range
expected (0.8-2.0). However, the model seems correct (in every
case), and optimisation of every weighting scheme was performed
in the last stage of the refinement. The two effects are not signifi-
cant and can be attributed to the low quality of the crystals. In the

Table 6. Crystal data for [(AuPPhs),(cpa)] (2), [AgAu(PPhs),(cpa)] (3), [(AgPPhs),(cpa)]-(CH;),CO [4:(CH3),CO] and [(AgPPhjs)s-

(cpa)(NO3)](CH3).CO [5+(CH;),COl.

2 3 4-(CH;),CO 5-(CH3),CO
Empirical formula C43H38AuZ02P28 C43H38AgAu02st C46H44Ag203st C64H59Ag3NO6P3S
M 1074.67 985.57 954.55 1386.70
T [K] 293(2) 293(2) 173(2) 293(2)
Crystal system triclinic triclinic monoclinic triclinic
Space group Pl Pl P2,/n Pl
a[A] 12.4085(18) 12.498(3) 15.549(5) 14.7303(9)
b [A] 12.5619(17) 12.515(3) 16.072(5) 14.7933(9)
c[A] 13.9127(19) 13.894(3) 18.371(5) 17.1408(10)
a[°] 76.745(3) 77.919(4) 114.2530(10)
Bl 74.162(3) 73.641(4) 110.390(5) 98.1500(10)
7 [°] 76.554(3) 77.316(4) 110.6810(10)
V(A3 1997.0(5) 2009.0(7) 4303(2) 3000.5(3)
zZ 2 2 4 2
D, [Mgm3] 1.787 1.629 1.473 1.535
u [mm™] 7.505 4.300 1.071 1.135
Crystal size [mm] 0.17 x0.09 X 0.06 0.27xX0.24 X0.14 0.36<0.19 x0.09 0.15x0.27 x0.28
0 range for data collection [°] 2.24-28.12 1.55-28.10 1.89-28.04 1.57-28.03
Index ranges -16=h=15 -15=h=16 20=h=15 -19=h=15
-13=k=16 -6=k=16 20=k=21 -17=k=19
-17=1=18 -18=/=18 -18=/=23 2l =/=22
Reflections collected 10892 13405 23794 17178

Unique reflections (R)
Final Ry, wR, [I > 2o(])]
Final R indices (all data)

7696 (Rine = 0.0695)

0.0539, 0.0839
0.2003, 0.1055

9289 (Rip = 0.0721)

0.0608, 0.1477
0.1259, 0.1688

9611 (Rip = 0.0654)

0.0416, 0.0464
0.1510, 0.0582

12020 (R;y,, = 0.0298)

0.0402, 0.0678
0.1077, 0.079399
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case of [(AuPPhs),cpa] (2), the refinement includes a temperature
factor that is common to the C(5) and C(6) atoms. The presence
of solvent in the net was studied with the SQUEEZE routine of
PLATON?! due to the presence of accessible voids. However, the
low electron count/cell (10) calculated and the worse discrepancy
factors obtained in the refinement precluded the inclusion of
SQUEEZE corrections in the model. The cyclopentylidene frag-
ment is disordered in the structure of 3. This disorder was modelled
by including two alternative positions for the carbon atoms, except
C(3), with occupancy factors of 48 and 52%. CCDC-779238 (2),
-779239 (3), -779240 [4-(CH;),CO], and -779241 [5-(CH3),CO] con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Luminescence and Theoretical Studies

Luminescence Measurements: Excitation and emission spectra at
77 K were recorded with a Jobin—Yvon Horiba Fluorolog 3-22
Tau-3 spectrofluorimeter.

Computational Details for DFT and TD-DFT Calculations: The
model system used in the theoretical studies of complex
[AgAu(PPh;),cpa] (3) was taken from the X-ray diffraction data
for complex 3. Keeping all distances, angles and dihedral angles
frozen, single-point DFT calculations were performed on this
model system. In the ground-state calculations, the B3LYP func-
tionall®”! as implemented in TURBOMOLE!®®! was used. In all cal-
culations, the Karlsruhe split-valence quality basis sets®”! aug-
mented with polarisation functions(®® were used (SVP). The Stutt-
gart effective core potential in TURBOMOLE was used for Au
and Ag.[o!]

In vitro Antitumor Activity

Cell Line and Growth Conditions: The human cervix carcinoma cell
line HeLa-229 used in this study was kindly provided by Dr. Gua-
dalupe Mengod (CSIC-IDIBAPS of Barcelona, Spain). Human
ovarian cancer cell line A2780 and its cisplatin-resistant mutant
A2780cis were obtained from the European Collection of Cell Cul-
tures through Sigma-Aldrich. The cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM, HeLa-229) or RPMI 1640 me-
dium (A2780, A2780cis) supplemented with 10% foetal calf serum
(FCS) and 2 mM L-glutamine. Cells were maintained in continuous
growth in a humidified atmosphere of 5% CO, at 37 °C and were
harvested by using trypsin-ethylenediaminetetraacetic acid. All
media and supplements were purchased from Sigma-RBI, Spain.

In vitro Chemosensitivity Assay: The cells were seeded into 96-well
plates (Beckton-Dickinson, Spain) at a volume of 100 pL with a
number of 4000 cells per well, and the samples were incubated for
4-6 h (HeLa-229) or 24 h (A2780, A2780cis) prior to dosage. Solu-
tions of the complexes in ethanol were added to the cells by using
the same concentration of ethanol per well (1%). After the appro-
priate incubation time, i.e. 48 h for HeLa-229 and 96 h for A2780
and A2780cis, the cells were fixed by adding 10 pL of 11% glutaral-
dehyde per well for 15 min. The fixative was then removed, and the
wells were washed four times with distilled water. Cell biomass was
determined by a crystal violet staining techniquel®? and the optical
density was measured at 595 nm with a Tecan Ultra Evolution
microplate reader. Each complex was tested by using six or seven
consecutive dilutions ranging from 50 pm to 0.025 um. The com-
pound concentration able to inhibit cell growth by 50% with re-
spect to controls, /Csy, was then determined from semi-logarithmic
dose-response sigmoid curves by using GraphPad Prism Ver. 2.01
software (GraphPad Software Inc.).[°¥ The cytotoxicity of the free
ligand, Au(PPh;)Cl, and that of cisplatin (dissolved in water) were
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evaluated for comparative purposes under the same experimental
conditions. All compounds were tested in three independent experi-
ments with quadruplicate points. The studies were performed in
the unit for the evaluation of pharmacological activities of chemical
compounds of the RIAIDT services of the USC.

Supporting Information (see footnote on the first page of this arti-
cle): Table S1 and Figure S1 including 3'P{'H} NMR spectroscopic
data.
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