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Abstract
The reaction of new dinuclear gold(I) organometallic complexes containing mesityl ligands and
bridging bidentate phosphanes [Au2(mes)2(μ-LL)] (LL = dppe: 1,2-Bis(di-
phenylphosphano)ethane 1a, and water-soluble dppy: 1,2-Bis(di-3-pyridylphosphano)ethane 1b)
with Ag+ and Cu+ lead to the formation of a family of heterometallic clusters with mesityl
bridging ligands of the general formula [Au2M(μ-mes)2(μ-LL)]A (M = Ag, A = ClO4

−, L-L =
dppe 2a, dppy 2b; M = Ag, A = SO3CF3

−, L-L = dppe 3a, dppy 3b; M = Cu, A = PF6
−, L-L =

dppe 4a, dppy 4b). The new compounds were characterized by different spectroscopic techniques
and mass spectrometry The crystal structures of [Au2(mes)2(μ-dppy)] 1b and [Au2Ag(μ-mes)2(μ-
dppe)]SO3CF3 3a were determined by a single-crystal X-ray diffraction study. 3a in solid state is
not a cyclic trinuclear Au2Ag derivative but it gives an open polymeric structure instead, with the
{Au2(μ-dppe)} fragments “linked” by Ag(μ-mes)2 units. The very short distances of 2.7559(6) Å
(Au-Ag) and 2.9229(8) Å (Au-Au) are indicative of gold-silver (metallophillic) and aurophilic
interactions. A systematic study of their luminescence properties revealed that all compounds are
brightly luminescent in solid state, at room temperature (RT) and at 77 K, or in frozen DMSO
solutions with lifetimes in the microsecond range and probably due to the self-aggregation of
[Au2M(μ-mes)2(μ-LL)]+ units (M= Ag or Cu; LL= dppe or dppy) into an extended chain
structure, through Au-Au and/or Au-M metallophylic interactions, as that observed for 3a. In solid
state the heterometallic Au2M complexes with dppe (2a–4a) show a shift of emission maxima
(from ca. 430 to the range of 520–540 nm) as compared to the parent dinuclear organometallic
product 1a while the complexes with dppy (2b–4b) display a more moderate shift (505 for 1b to a
max of 563 nm for 4b).

More importantly, compound [Au2Ag(μ-mes)2(μ-dppy)]ClO4 2b resulted luminescent in diluted
DMSO solution at room temperature. Previously reported compound [Au2Cl2(μ-LL)] (L-L dppy
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5b) was also studied for comparative purposes. The antimicrobial activity of 1–5 and AgA (A=
ClO4

−, OSO2CF3
−) against Gram-positive and Gram-negative bacteria and yeast was evaluated.

Most tested compounds displayed moderate to high antibacterial activity while heteronuclear
Au2M derivatives with dppe (2a–4a) were the more active (MIC 10 to 1 μg/mL). Compounds
containing silver were ten times more active to Gram-negative bacteria than the parent dinuclear
compound 1a or silver salts. Au2Ag compounds with dppy (2b, 3b) were also potent against fungi.
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Introduction
The photophysical and luminescent properties of closed-shell d10 gold(I) compounds have
been widely investigated over the last decades.[1] The studies have focused on finding a
correlation between the emission properties of polynuclear gold(I) derivatives and aurophilic
interactions. Aurophilicity[2] or the weak Au(I)-Au(I) interaction displayed in most
polynuclear gold(I) derivatives has been attributed to relativistic effects (increase in the
effective nuclear charge when high-speed electrons are moving close to a heavy atomic
nucleus).[2,3] This relativistic effect involves a contraction of the less-diffuse orbitals(s- and
p- orbitals) and an expansion of the more difusse orbitals (d- and f- orbitals) and it reaches
the maximum for gold.[2–4] The tendency in gold(I) to form metal-metal interactions with
other Au(I) centers or other metals of similar charge (e.g. Ag(I), Cu(I), Tl(I)) is attributed to
the sub-bonding interaction introduced through the stabilization of the filled 5d-orbital-
based molecular orbitals with the empty molecular orbitals of appropriate symmetry derived
from the 6s and 6p orbitals by configuration mixing.[1–3] Polynuclear homometallic gold(I)
and heterometallic gold(I)-M (e.g. M = Ag(I), Cu(I), Tl(I)) derivatives constitute an
important family of luminescent metal compounds.[1] The presence of gold in these
derivatives enhances the spin-orbit coupling of the system, which in turn facilitates the
access to triplet excited states by intersystem crossing. Relaxation of the triplet excited state
by radioactive decay would usually result in phosphorescence with large Stokes shifts.[1a]

Since the first reports[4,5] on the photoluminescence of [Au2(μ-dppm)2]2+, di and
polynuclear gold(I) phosphane derivatives have been widely studied,[1,6] including
organometallic compounds,[7] compounds with sulfur-[6g,n,8] and nitrogen-containing[9]

ligands and chalcogenide centred gold derivatives.[10] In some cases the short gold(I)…
gold(I) distances in these derivatives may not play a decisive role in determining the
emission energy, as the auxiliary counter anion or solvent can dramatically affect their
photophysical properties.[6h,g,m] Other luminescent polynuclear gold(I) complexes without
phosphanes incorporating carbeniate,[11] sulfur ligands,[12] ylide,[13] stibinne,[14] and most
recently N-heterocyclic carbene[15] ligands have been described. Examples of luminescent
gold-containing polymers and gold nanoparticles are also known.[16]

Heterometallic di and polynuclear gold(I)-M (M = Ag, Cu) with[1c,17,18] and
without[1c,19,20] phosphane ligands have also displayed interesting luminescent properties.
These properties may be associated with different factors such as the nature of the ligand
and the heterometal, or the presence or absence of metallophilic interactions. In general for
Au-M (M = Ag, Cu) compounds with weak Au-M interactions (not clusters) the
metallophilic interactions are mainly responsible for the photophysical properties observed.
The number of polynuclear homometallic[4,6a,c,f,m–p,r,7b,c,e,f,8b,f,9a,c,11,14,15] or
heterometallic[1c,17b–e,h,18b,c,19a,b,d,f,h,j,l,20c] gold(I) compounds luminescent in solution at
room temperature is more limited. Most of these complexes are only brightly emissive in the
solid state at room temperature.[e.g: 1a,6h] The measurements in solution are mostly
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performed in degassed solvents like CH2Cl2, CHCl3, CH3CN, Me2CO or THF. Examples of
polynuclear gold(I) compounds luminescent in DMSO or aqueous solution at RT are limited
to [Au2(μ-G).(μ-dmpe)](KBr)0.75.2H2O (G = guaninato dianion, dmpe = 1,2-
bis(dimethylphosphano)ethane)[9b] and some N-heterocyclic dinuclear gold(I) carbene
compounds.[15b] Interestingly, some of these carbene gold(I) derivatives which also
displayed potential antitumor properties (targeting mitochondria) were used in luminescence
studies of intracellular distribution.[15b] More recently, Au-Ag alkynyl phosphane
aggregates (encapsulated by silica nanoparticles) which exhibit intense phosphorescence
free from oxygen quenching, have been applied in two-photon imaging in human
mesenchymal stem cells.[17b]

Gold(I)[21] and silver(I)[22] derivatives have been studied in the last few decades for their
potential applications in medicine. While silver(I) derivatives are used mainly as
antibacterial agents,[22,23] gold(I) compounds (especially those containing thiolates and
phosphanes) have been used in the treatment of rheumatoid arthritis.[21a] More recently,
gold(I)-phosphane and carbene complexes have been studied as potential antitumor,[15,24]

antiparasitic[25] and antimicrobial agents.[26,27] Silver carbene derivatives have also
displayed high activity against selected tumor cancer cells in vitro[27] and Gram-positive and
Gram-negative bacteria.[27,28] It is however surprising that the biological activity of
heterometallic gold-silver derivatives has been scarcely investigated[29] when a synergistic
or cooperative effect of the two metals (as described for other heterometallic systems like
Ti-Ru or Ti-Au in anticancer therapy)[30] could be anticipated.

We report here on the preparation of organo-heterometallic derivatives with mesityl and bis-
phosphane bridging ligands of the general formula [Au2M(μ-mes)2(μ-LL)]A (M = Ag, A =
ClO4

−, L-L = dppe 2a, dppy 2b; M = Ag, A = SO3CF3
−, L-L = dppe 3a, dppy 3b; M = Cu,

A = PF6
−, L-L = dppe 4a, dppy 4b) (Scheme 1) from new organometallic dinuclear

complexes [Au2(μ-mes)2(μ-LL)] (L-L = dppe 1a, dppy 1b). These compounds display very
short Au-Au and Au-M distances that imply metallophylic interactions and, as a result, are
luminescent in solid state at room temperature and at 77 K, or in frozen solutions. The
compounds seem to aggregate into polymers (Scheme 1) in the solid state or concentrated
solutions. The compounds are soluble in DMSO and mixtures of DMSO /H2O and their
antimicrobial activity against Gram-positive and Gram-negative bacteria and yeast has been
evaluated. Most tested compounds display moderate to high antibacterial activity while
heteronuclear Au2M derivatives with dppe (2a-4a) are the more active (MIC 10 to 1 μg/mL)
and more active than the dinuclear Au2 parent compound (1a) against Gram-negative
bacteria. Compounds containing silver, Au2Ag (2a, 3a) are also more active than silver salts
(AgX; X = ClO4

−, OSO2CF3
−) against both Gram-negative and Gram-positive bacteria.

Au2Ag compounds with dppy (2b, 3b) are also potent against fungi. Compound 2b is
luminescent in diluted DMSO solutions at room temperature and could potentially be used
in the future in studies of fluorescence microscopy to track these types of derivatives inside
yeast or mammalian cells.

Results and Discussion
1. Chemistry and characterization

Some years back we and others reported on the use of mesityl gold complexes of the type
[Au(mes)L] (L = AsPh3, PPh3) as precursors to polynuclear homo and heterometallic gold(I)
derivatives.[31–34] The mesityl group (2,4,6-Me3C6H2) can act as a terminal ligand or as a
bridge between two or more metal centres, affording different bonding modes (the most
common one a three-centre-two-electron bond). Thus dinuclear Au2,[35] Au-Ag[31] and
trinuclear Au2M (M = Ag, Cu)[32] gold(I) derivatives with mesityl bridging ligands were
prepared by addition of weakly coordinated gold, silver or copper compounds (such as
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Ag(OSO2CF3), Ag(OClO3), [{Au(PPh3)}2(μ-Cl)2]ClO4 or [Cu(CNMe)4]PF6 to derivatives
of the type [Au(mes)L] or [Ag(mes)]4.[35] Some of the compounds were structurally
characterized and displayed supported metal-metal interactions (some of them can be
considered formally as metal-metal bonds). The cluster [Au(mes)]5 was prepared by
different ways[33,35–37] and addition of Ag+ and Cu+ ions to this and the related cluster
[Au(trip)]6 (trip = 2,4,6-{(CH3)CH]3C6H2))[34] resulted in heterometallic gold(I)
compounds with very interesting structural features and unsupported Au-Ag bonds like that
of [Au6Ag(trip)6](CF3SO3).[34] More recently, the addition of silver perfluorocarboxylates
to [Au(mes)]5 afforded heterometallic complexes of the type [AuAg4(RCO2)4(tht)x]n with
supported Au…Ag interactions and the mesityl ligands bridging 3 centers in an
unprecedented situation.[38] We also prepared Au(I) mesityl derivatives with the bidentate
phosphane dppm (1,2-Bis(diphenylphosphano)methane)[31] and dppe (1,2-
Bis(diphenylphosphano)ethane).[39] In the case of dppm we obtained the mononuclear
derivative [Au(mes)(dppm)] which was used as a precursor to Au-Ag compounds with
terminal mesityl and bridging dppm which did not display formal Au-Ag bonds.[40] In the
case of dppe dinuclear [Au2(mes) 2(μ-dppe)] 1a was obtained instead.[39] The addition of
AgA (A = OSO2CF3; OClO3) or [Cu(CNMe)4]PF6 to 1a lead to the formation of
heterometallic compounds (Scheme 1) with mesityl bridging ligands of the general formula
[Au2M(μ-mes)}2(μ-dppe)]A (M = Ag, A = ClO4

−, 2a; A = SO3CF3
−, 3a; M = Cu, A =

PF6
−, 4a). These cationic air-stable heterometallic compounds are soluble in DMSO and

could potentially be used in biological studies. Besides, we noticed that they are brightly
luminescent in the solid state under a common vis-UV lamp. Although the synthesis and
partial characterization of 1a-4a had been described before by one of us,[39] the results were
never published and crystallographic, luminescence and biological studies of these
complexes had not been undertaken.

Complexes 1a–4a are air- and moisture-stable white (1a) or yellow solids (2a–4a). Acetone
solutions of cationic compounds 2a–4a display conductivities typical of 1:1 electrolytes.
The IR spectra show absorptions arising from the anions ClO4

− (2a) at 1088 (br, vs), 623 (s)
cm−1, CF3SO3

− (3a) at 1262 (br), 1221 (s), 1154 (s) cm−1 and PF6
− (4a) at 839 (br, vs)

cm−1. The 31P{1H} NMR (CDCl3) of 1a shows a singlet at 42.5 ppm. In 2a (44.9 ppm), 3a
(45.2 ppm) and 4a (44.0 ppm) the signal is down-field displaced from that of 1a as in other
polynuclear gold phosphane complexes with mesityl bridges. The single signal indicates that
all phosphorous in the molecule are chemically equivalent. The 1H NMR spectra of 2a–4a
show three singlets for the mesityl ligands, slightly displaced from the resonances of the
starting material 1a, and in a consistent ratio with the phenyl and methylene resonances of
the ancillary ligands. There is only one type of mesityl ligand for every compound. The
mass spectra (FAB+) for 1a does not show the parent peak but signals that can be assigned
to polynuclear fragments of similar and higher molecular weight could be observed instead:
[Au2(mes)(dppe)]+ [M – mes]+ at m/z = 911 (100%) and [Au3(mes)2(dppe)]+ [M + Au]+ at
m/z = 1227 (42%). This is an indication that, the preparation of trinuclear derivatives from
1a, is feasible. The mass spectra (FAB+) show, for all the heterometallic compounds, the ion
peak [M – A]+ with 100% intensity at m/z 1136 (2a, 3a) and at m/z 1092 (4a).

The structure of compound 3a has been determined by an X-ray diffraction study (Figure 1);
selected bond lengths and angles are given in table 1.

The crystal structure of 3a consists of an “open” polymer of the type [(μ-Ag){Au2(μ-
mes)2(μ-dppe)}]n(CF3SO3)n·1.6n(H2O). Crystals of 3a were highly unstable when removed
from their mother liquor. The structure was solved by direct methods (more details in the SI
section), which revealed the positions of the heavy atoms and of a subset of the C, O and F
sites.
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The remainder of the structure was located and refined in an alternating series of least-
squares refinements and difference Fourier maps. The crystallographic asymmetric unit was
found to include 2.5 units of the building block of the cationic polymer, [(μ-Ag)
{Au2(mes)2(μ-dppe)}]+, 2.5 triflate anions, CF3SO3

−, and six water sites, of which four
were assigned occupancies of 0.5. The section of the complex polymer in the chosen
asymmetric unit is bounded at one end by a silver atom, Ag1, located on a crystallographic
two-fold axis at (0.25, y, 0.5). Beginning at this point, the chain extends with two gold
atoms, Au1 and Au2, each of which is ligated by one mesityl ligand and one P atom of a
dppe ligand that bridges the two gold centers. The basic three-metal unit, Ag…Au…Au, is
repeated (Ag2, Au3, Au4) with all three metal centers on general positions. Finally, the part
of the chain in the asymmetric unit ends with Ag3 and Au5, which belong to a third link
whose Au5…Au5ii component straddles a crystallographic two-fold axis at (0.75, y, 1.0).
The dppe ligand that bridges the Au5…Au5ii unit is disordered about the two-fold axis. For
the asymmetric unit we chose a chemically connected dppe, of which one P atom, P5, is
bonded to Au5 with no symmetry applied and P6 is bonded to Au5ii (ii: 1.5-x, y, 2-z). The
atoms of this dppe ligand, P5, P6 and C53 through C78, were assigned occupancies of 0.5 in
line with the two-fold disorder. Two of the triflate sites were found to be fully occupied and
the third, which includes atoms S3 and C153, was found near a crystallographic two-fold
axis at (0.5, y, 0.25) and was assigned occupancy of 0.5. Six single-atom sites were located
in intermolecular space and modeled as water sites. Based on considerations of the refined
displacement parameters and chemically unreasonable contacts, four of these sites were
refined with occupancies fixed at 0.5. These may not represent the exact stoichiometry of
the crystal, and indeed we cannot guarantee that the stoichiometry remained constant in the
brief time between when the highly unstable sample was removed from its mother liquor
and when it was placed in the cold stream of the diffractometer.

Every silver center is bonded to the ipso carbon atoms of the mesityl groups and also bridges
two {Au2(μ-dppe)} fragments with an Ag-Au distance which ranges from 2.7560(6) to
2.8506(13) Å (Table 1). The shorter distances (ca. 2.75 to 2.78 Å) are of the same order as
those found in complexes with formal supported silver-gold bonds,[41] especially in the most
closely related example with mesityl ligands [{Au(μ-mes)AsPh3}2Ag](ClO4)[32] (2.7758(8)
Å). The longer distances Ag-Au found in 3a of 2.80 to 2.85 Å are of the same order of
distances found in complexes where a formally nonbonding Ag….Au interaction has been
proposed like in related mesityl complexes such as [{(Ph3P)Au(μ-mes)Ag(tht)}2](SO3CF3)2
[2.8245(6) Å][31] or [AuAg4(mes)(RCO2)4(tht)x]n (x = 1, R = CF3, CF2CF3, x = 3,
CF2CF3)[38] which range from 2.8140(8) to 3.0782(6) Å (depending on the carboxylate). In
some of these latter complexes one mesityl ligand is bridging one Au and two silver
centers[38] and this is one of the reasons the Ag-Au distances are considerably longer. Thus,
we can postulate appreciable silver-gold bonding interactions in 3a. In general the distances
Ag-Au in compounds with supported silver-gold interactions are longer than those with
unsupported ones and usually the derivatives with those supported gold-silver interactions
do not display luminescence attributable to the metallophilic interactions. The distances Au-
Au in 3a of 2.9226(8) and 2.9228(8) Å are quite short indicating a strong aurophilic
interaction.[42] Similar and mostly longer distances have been found in luminescent
polynuclear gold(I) derivatives with bis-phosphanes like [Au2(dppm)2]2+ (2.931(1)–
2.962(1) Å depending on the counter ion),[5] [Au2(dmpe)2]2+ (dmpe =
bis(dimethylphosphano)ethane; 2.9265(5)-2.974(3) Å depending on the counter ion),[6r]

[Au3(dmmp)2]3+ (dmmp = bis(dimethylphosphanomethyl)methylphosphane; 2.962(1) and
2.981(1) Å),[6p] [Au2(dpephos)]2+ (dpephos: bis-(2-diphenylphosphano)phenylether);
2.9764(13)-3.0038 (6) Å depending on the counter ion),[6f] [Au2(xantphos)Cl2] (xantphos =
9,9-dimethyl-4,5-bis(diphenylphosphano)xanthene; 2.9947(4) Å), [6a] or [m-
C6H4(OCH2CCAu)2(μ-dppm)] (3.049(1) Å).[7d] The Au2Ag derivatives described here
(2a,b; 3a,b) which display quite short Ag-Au and Au-Au distances (as demonstrated for 3a)
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are pale yellow and brightly yellow emissive in solid state as described next. Gold atoms are
in almost linear environments. The M-C bond lengths (Au-C distances range from 2.069(14)
to 2.098(15) Å and Ag-C from 2.252(14) to 2.368(14) Å) are similar to those found in the
mesityl heterometallic complexes mentioned above.[31,32,38]

We prepared the analogue di- (1b) and trinuclear (2b–4b) mesityl organometallic gold
compounds with water soluble diphosphane dppy: 1,2-Bis(di-3-pyridylphosphano)ethane
(Scheme 1). All complexes are air- and moisture-stable white (1b), pale yellow (2b–3b) or
green solids (4b) which crystallize with molecules of water (see experimental). The
heterometallic complexes 2b–4b are not soluble in CHCl3 or CH2Cl2 but they are soluble in
CH3CN and DMSO. CH3CN solutions of cationic compounds 2b–4b display conductivities
typical of 1:1 electrolytes. The IR spectra show absorptions arising from the anions ClO4

−

(2b) at 1082 (br, vs), 616(s) cm−1, CF3SO3-− (3b) at 1257 (br,vs), 1158 (m) cm−1 and PF6
−

(4b) at 839 (br, vs) cm−1. The 31P{1H} NMR (CDCN3) of 1b shows a singlet at 34.2 ppm.
In 2b (32.9 ppm), 3b (32.9 ppm) and 4b (33.9 ppm) the broad signals are high-field
displaced from that of 1b. However, in the 1H NMR spectra in CH3CN of 2b–4b the three
singlets for the mesityl ligands are slightly displaced from the resonances of the starting
material 1b (like in other heterometallic complexes with bridging mesityl ligands) and in a
consistent ratio with the pyridyl and methylene resonances of the ancillary ligands. Like in
the previous case only one type of phosphorous atom is observed in the 31P{1H} NMR
spectra and only one type of mesityl ligand in the 1H NMR spectra for compounds 1b–4b in
CH3CN. More detailed NMR experiments of these complexes are explained later on. The
mass spectra (ESI+) for 1b shows the parent peak [M] at m/z: 1057 [100%] as well as
signals that can be assigned to polynuclear fragments of similar molecular weight like:
[Au2(mes)(dppy)]+ [M – mes]+ at m/z = 915 (14%). The mass spectra (ESI+) show, for all
the heterometallic compounds the ion peak [M – A]+ with 100% intensity at m/z 1141 (2b,
3b) and at m/z 1097 (4b).

The structure of compound 1b has been determined by an X-ray diffraction study (Figure 2);
selected bond lengths and angles are given in the legend of figure 2. The molecule is a dimer
with two symmetric units (see Figure 2). The gold atoms are in a nearly linear environment
(C(1)-Au(1)-P(1) 178.0(1)) and the distance Au-C is similar to the distances in other
compounds where the mesityl group acts as a terminal ligand like in [Ag(μ-
dppm)2{Au(mes)2}]ClO4 (2.083(10) and 2.080(9) Å).40 The distance Au-P is quite common
for Au(I)-phosphane derivatives (including dinuclear complexes with bisphosphanes) and
does not deserve further comment. No intra- or intermolecular gold-gold interactions are
observed. Since the molecular conformation would be expected to be flexible, with
unhindered rotation possible about either the Au1---P1 or Au1---C1 bond, it is pertinent to
ask what factors contribute to the observed centric linear molecular topology, in which the
torsion angle Au1…P1…P1′…Au1′ is 180° but in which the planes of the mesityl ligand
and one of the pyridyl groups are parallel to each other to give a torsion angle C6---C1…
P1---C17 of 2.9°. The extended topology mitigates for relief of steric effects, while the
parallel orientations of the two rings brings the methyl group at C9 as close as possible to
the C18---H18 bond of the pyridyl ring. We can identify both intra- and intermolecular
interactions that serve to explain these observations.

As the positions of hydrogen atoms are important to this discussion, we point out here that,
while all H atoms were located at calculated positions and refined as riding atoms (with free
rotation for the methyl groups), the final locations of the relevant H atoms were confirmed
to be correct through the use of omit maps – difference Fourier maps in which the
contribution of the atom or atoms in question is omitted from F(calc). Contoured maps were
made for the two unique pyridyl rings to confirm their correct orientations, and for the
methyl groups at C7 and C9. Most relevant is that the methyl group at C7 was thus
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confirmed to be correctly oriented. With that orientation, H7A makes its closest possible
approach to Au1, 2.71 Å (no standard uncertainty is provided, since the local C---H distance
was constrained during refinement). On the opposite side of Au1, H18 of the pyridyl ring
that is parallel to the mesityl ligand, and the position of which is not in doubt, makes its
closest possible approach to Au1, 2.89 Å. The observed molecular conformation brings the
methyl group at C9 as close as possible to the C18---H18 unit of the nearby pyridyl group,
although the H…H contacts thus formed are both greater than 2.6 Å and thus not indicative
of steric problems. We note that an omit map for the methyl group at C9 showed that the H
atoms are located at positions between two closely-spaced low maxima, with one H parallel
to the plane of the mesityl phenyl ring but distal to Au1, and with the other two H atoms
thus straddling the extended pyridyl plane containing the neighboring C18---H18 bond.

Whether the two Au1…H contacts are important in establishing the molecular conformation
observed in the crystal is open to discussion, but these contacts must serve as stabilizing
influences. The recent unambiguous observation by neutron diffraction of an O---H…Pt
hydrogen bond with an H…Pt distance of 2.885(3) Å[43] demonstrated that such interactions
are bona fide hydrogen bonds and are potentially important in molecular solids.[44] As for
intermolecular contacts in this Van der Waals’ solid, the shortest ring…ring contact has a
Cg…Cg distance of 4.695(3) Å; and we conclude that these are of no structure-directing
importance. There are four C---H…π contacts, of which one has clearly a stablizing
influence; one is within the limits normally considered for establishing the potential
importance of such contacts, and two are borderline and of dubious importance (see Table in
SI).

The nitrogen atoms in the pyridyl groups of the dppy phosphane could potentially coordinate
metallic centers when 1b interacts with silver or copper salts. In the IR spectra of the Au2Ag
complexes (2b and 3b) in solid state we observe broad signals at ca. 1640 cm−1 that seem to
correspond to the coordination of metal fragments to the nitrogen of the 3-pyridyl group.
This band appears in the IR spectra of the free phosphane dppy at 1568 cm−1 and in
compound 1b (both as solids) at 1571 cm−1. In the IR spectra (of the solid 2b and 3b) we
observe a broader band at 1576 (2b) or 1570 cm−1 (3b) and a new broad band at 1642 cm−1

for both complexes. Both similar bands are observed for the Au2Cu complex (4b), with that
at 1575 cm−1 being weaker. The presence of these two bands could indicate the existence of
two types of pyridyl groups in these compounds, with or without coordination to the metallic
centers. Similar displacement of the pyridine band has been described in cyclo- and
polyphosphazene with pyridine side groups after the coordination of the nitrogen atom to Au
and Ag centers.[45] In our case we believe that these N-Ag or N-Cu interactions do not occur
in solution since we do not observe a change in the 1H NMR signals of the protons from the
pyridyl ring and we just observe one signal in the 31P{1H} NMR spectra for the compounds
(in CD3CN or d6-DMSO). This signal is, however quite broad (as opposed to the sharp
signal for 1b) which may indicate a fluxional behavior of the compounds at RT. These
complexes (2b–4b) are not soluble in deuterated CHCl3, CH2Cl2, acetone, MeOH or THF.
The low temperature 31P{1H} NMR for these complexes in CD3CN only displays one broad
signal. Unfortunately with acetonitrile we only could get reliable data up to −35 °C due to
the relatively high freezing point of this solvent. It is very reasonable to assume than in
solution the polar solvent CH3CN or DMSO (media where the heterometallic complexes are
soluble) may facilitate the metal decoordination to the nitrogen atom. A similar effect has
been described for heterocyclic carbene silver compounds containing pendant pyridyl
groups. In this case the interactions of the Ag atoms with the N of the pendant pyridyl
groups are lost in CD3CN solutions.[19i]

In order to obtain more information we performed an X-ray analysis of crystals obtained
while crystallizing compound 2b in a dichloromethane-acetone-DMSO solution by slow
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diffusion of n-hexane at −5°C. We have to mention that the crystals obtained (2c) are
colorless and non luminescent, as opposed to compound 2b itself which is pale yellow and
brightly yellow luminescent at RT in solid state and in solution. In the crystallization tube a
yellow, luminescent non crystalline powder was also observed which may correspond to
compound 2b, whose IR spectrum and powder-diffractogram are different to those of
compound 2c, as it will be mentioned later.

The structure of 2c was analyzed by single-crystal diffraction; and while the quality of the
data permitted an unambiguous determination of the connectivity and general geometrical
parameters, low resolution and weak diffraction prevented a full anisotropic refinement. A
detailed description of the analysis and of the results is given in the supplementary material.
The basic unit of the cationic polymer is a trinuclear (AgAu2) fragment of formula
[AgAu2(μ-mes)2(μ-dppy)], which crystallizes with one equivalent of perchlorate, ClO4

− and
two equivalents of DMSO. But the crystallographic asymmetric unit is comprised of three
links of the polymer chain along with the corresponding three units of ClO4

− and 6 DMSO
sites. One of this individual units is depicted in Figure 3. The individual units of the
polymer, labeled “A,” “B,” and “C” in the atoms list, are shown in a figure in the SI. The A
unit has a significantly shorter Au1…Au2 distance [Au1A…Au2A 3.3079(9) Å] than do the
B and C units [Au1{B,C}…Au2{B,C} 3.4533(10), 3.4720(9) Å]. Within the asymmetric
unit, the trinuclear core of the B fragment is rotated roughly 180° about the crystallographic
c-axis with respect to the orientation of the A and C fragments. The latter are roughly
parallel, although the difference in the Au1…Au2 distances between the A and C fragments
ameliorates the severity of the pseudo-symmetry to at least some extent. The distances Au-
Ag range from 2.822(1) to 2.998(1) Å with one Ag coordinated to two Au atoms in every
individual unit (in unit A: Au1-Ag= 2.998(1) Å, Au2-Ag = 2.917(1) Å; in unit B: Au1-Ag=
2.933(1) Å, Au2-Ag = 2.917(1) Å; in unit C: Au1-Ag= 2.931(1) Å, Au2-Ag = 2.822(1) Å).
These distances are similar or longer than the longest distances Ag-Au found in 3a of 2.80 to
2.85 Å. As commented before these values are of the same order of the distances found in
complexes where a formally nonbonding Ag….Au interaction has been proposed. The Au-
Au distances found in this structure are long enough for not being considered aurophilic
interactions. The lack of metallophilic interactions may be the reason why these colorless
crystals are not luminescent. There are two mesityl ligands acting as bridges between the Ag
and the two Au atoms in every unit and the distances M-C are similar to those found in
mesityl heterometallic complexes described before.[31,32,38] Importantly, in this case the
silver atom of every unit is coordinated to the nitrogen atom of one pyridyl group of the
dppy ligand of another unit (see Figure 3 and figures in the SI).

It seems plausible from the structure of 2c that the core {Au2Ag(μ-mes)2(μ–dppy)}+ is the
same as in compound 2b in solid state and in solution. However, and as mentioned before,
for 2b in solution an interaction between nitrogen atoms of the pyridyl groups and silver
atoms is not observed.

For luminescent 2b in the solid state, it seems more reasonable that the compound may be a
polymer which displays shorter Au-Au and/or Au-Ag interactions (as in 3a) as well as the
coordination of Ag atoms to one or more N atoms from the pyridyl groups (as indicated by
the IR spectrum of 2b and 3b). In fact, the powder-diffractogram of the luminescent and
yellow compound 2b indicates that its structure is completely different to that of 2c (see
supporting information). The IR spectrum of 2c is similar to that of 2b, (although it is not
exactly the same) showing also a band at ca. 1654 cm−1 due to the coordination of the silver
to the nitrogen of the 3-pyridyl group. Unfortunately we have not been able to obtain
crystals of enough quality from 2b to assess their structure in the solid state. In the
crystallization attempts to obtain monocrystals of 2b, white crystals of 2c are always
obtained instead. What it seems clear is that in all these luminescent heterometallic
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complexes the mesityl is acting as a bridging ligand between the gold and other metal (Ag or
Cu) centers in a 3c-2e− fashion and that the units {Au2M(μ-mes)2(μ–LL)} may assemble in
the space through metallophilic interactions (Scheme 1). The compounds with dppy have the
possibility of coordination of one or more nitrogen atoms to the silver or copper atom in the
solid state. Different counterions and solvents may have an effect also in the structure in the
solid state as they can also coordinate to the second metallic center. This effects may be the
reason for differences found in the luminescence studies between compounds with dppe and
dppy (a versus b) and even, in compounds with ddpy with different counterions (2b and 3b).

2. Luminescence Studies
We have studied the luminescence of all new compounds 1–4. Previously reported
compound [Au2Cl2(μ-L-L)] (L-L = dppy 5b[46]) was also studied for comparative purposes.
The luminescence of 5a (L-L = dppe[47]) in solid state at RT[8g,9a] had been reported before
(data in Table 3).

All new complexes are luminescent both at room temperature and at 77 K in solid state and
in frozen solutions. Although complexes 2b and 3b are brightly luminescent under a
common UV lamp (ex 365 nm) in concentrated solutions at RT, only 2b luminesces in a
diluted DMSO solution (5 × 10−4 M) at RT. The excitation and emission data as well as the
lifetimes for excited states are summarized in Table 3. The lifetimes are all relatively long
(7–57 μs), which indicate the emission transitions are all forbidden and phosphorescent. The
free phosphanes display a broad band with emission maxima at 433 (dppe) and 493 nm
(dppy) in solid state at RT, upon excitation between 270–310 nm and 300–410m,
respectively. Complexes 2a–4a, with dppe, are strongly luminescent in solid state or in
frozen solutions (dichloromethane or DMSO). All of these complexes display a similar
optical behavior both in solid state and in frozen solutions. The spectra show a simple
excitation profile with its maximum located between 401 (2a) and 414 nm (4a), leading to a
maximum emission band appearing between 522 (2a) and 533 nm (4a) in solid state at RT
(see figure 4a and 4b), which is lightly red shifted when the temperature is lowered to 77 K.
This last shift observed with decreasing temperature is a standard phenomenon in
luminescent gold complexes with metallophillic interactions and has been related to a
thermal contraction of the gold-gold interactions that leads to a reduction in the band gap
energy.[48] This result is indicative of transitions influenced by the gold-gold or gold-
heterometal interactions, as has also been observed in other gold(I)-heterometal compounds
displaying Au-M interactions.[19e,19f,19l]

In contrast, the luminescence profile and features (excitation and emission maxima) of gold
precursor 1a are very different, suggesting a different origin. For this dinuclear gold
compound, an emission pattern of four peaks is observed (see figures 4c), which become a
better resolved vibrational fine structure when the temperature is lowered to 77 K (figure
4d). This structured band is due to vibrations of phenyl groups (the energy difference
between neighboring bands being ca. 1330 cm−1) and is similar to that showed in the
emission spectrum of [AuCl(PPh3)][49] and other dinuclear gold complexes containing
phosphane ligands,[4,9a,9c] whose emission was attributed to the ligand based π-π*
transitions or to metal to ligand charge transfer (MLCT, Au 5d →PR3 π*). The energy of
the emission for this complex 1a resembles that obtained for the free phosphane, dppe (433
nm). Thus, an intraligand transition modified by the coordination to gold is probably
responsible for the luminescence in 1a. The same conclusion can be reasonably applied to
1b. Its spectrum shows very broad bands with emission maximum at 505 nm (excitation
maximum at 415 nm), which is also similar to that of free phosphane, dppy (493 nm), and
for which its crystalline structure show no intra- or intermolecular gold-gold interactions, as
mentioned before.

Frik et al. Page 9

Chemistry. Author manuscript; available in PMC 2013 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



On the other hand, unlike what we observed for 1a, the absorption spectra of the 2a-4a solid
also differ from those of its solutions, which is also indicative that the absorption and
emission properties of these heterometallic compounds are supramolecular in nature and that
the extended metallic interactions in the solids are crucial for the observation of
luminescence. The diffuse-reflectance UV (DRUV) spectrum of 1a in solid state displays
bands with maxima at λ < 300 nm and upon its coordination to heterometallic atoms in 2a–
4a, broad bands appear at ca. 400 nm (see also supporting information). These new bands
lead to the observed emissions and could correspond to charge transfer processes between
the metallic atom and the ligands or to metal centered transitions.[50]

In fact, none of the degassed solutions of compounds 2a–4a are luminescent at room
temperature, neither in dichloromethane nor DMSO, in which the molecular self-
aggregation of [Au2M(μ-mes)2(μ-LL)]+ units (M= Ag or Cu) through metallic interactions
could be lost. Taking into account the spectroscopic data shown in the Chemistry Section,
we assume that the simplest repeated unit in diluted solutions is [{Au2M(μ-mes)}2(μ-LL)]+,
which wouldn’t therefore give an emission as a result of the interactions between metals. We
have also carried out a study of the absorption and emission spectra at different
concentrations (from 5 × 10−4 until 10−2 M) for 2a in order to detect a possible deviation of
the Lambert-Beer’s Law, which would be consistent with the presence of molecular
aggregation through aurophilic interactions in fluid solution, as was first detected by Laguna
and coworkers,[19l] and which has also been observed in other Au-Ag complexes due to
argento-aurophilic bonding.[19k, 19f] Unfortunately, we have not been able to obtain
conclusive evidence from these studies at different concentrations. However, the observation
of a similar luminescence spectrum for 2a–4a in frozen solution (dichloromethane or
DMSO) and in solid state seems to be indicative that molecular aggregation through
metallophilic atractions is implicated, as observed in solid state for 3a. In fact, the blue shift
of the emission and excitation when measurements are carried out in frozen solution relative
to that in solid state can be explained by a higher aggregation in solid state, as has also been
observed in other gold(I)-heterometal compounds displaying extended Au-M
interactions [19e, 51]

Complexes 2b–4b, with dppy, are also strongly luminescent in solid state or in frozen
DMSO solutions. However, their behavior is not similar. The main facts we observed for
these compounds are as follows:

1) Complexes 3b and 4b show a similar behavior to those of analogue complexes 3a and 4a,
which have dppe instead of dppy. The only observed difference is that for complex 4b the
band seen at RT (range of emission 475–675 nm, with the maximum at 563 nm) unfolds into
two others which are not so well defined when the measurement is taken at 77 K (at 522 and
595 nm). For these complexes, the absorption spectra of the solid also differ from those of
the solutions. (In the supporting information section the DRUV spectra of compounds 1b–
4b and the excitation and emission spectra of 3b and 4b in the solid state at RT are shown).
These facts also indicate that the metallophilic interactions are crucial for the observation of
luminescence. 2) Complex 2b behaves differently depending on the aggregation state and
temperature. In the solid state at RT this compound exhibits two emissions, whose
intensities depend on the excitation wavelength and temperature (see figure 5). Thus, at 315
nm, it exhibits two emission bands with the maxima at 360 and 520 nm, respectively.
Excitation at a longer wavelength, 398 nm, gives only the emission band at 520 nm, which is
similar to that observed in the rest of heterometallic complexes 2a–4a and 3b–4b,
suggesting a similar origin. Thus, the metallophilic interactions between [Au2M(μ-mes)2(μ-
LL)]+ units are probably responsible for the luminescence in these heterometallic
complexes. In fact, as we have already mentioned, the colorless crystals 2c obtained from a
solution of 2b show no gold-gold or gold-silver interactions and are not luminescent.
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A similar behavior at room temperature was observed by Yoshida et al[52a], which was
attributed to the presence of two kinds of [Au(CN)2]n oligomers, the lower energy band
being associated to the larger oligomers. Thus, the emission band at 360 nm might be
assigned to oligomeric species including a small number of [Au2Ag(μ-mes)2(μ-dppy)]+

units such as dimer and trimer. The low energy band might originate from the larger
oligomers. Upon freezing, 2b display intense luminescence with a maximum at 522 nm,
which is comparable to the wavelength of the low energy band observed at RT. This result
gives further confirmation that the low energy band originate from the extended chain
structures.

Moreover, this complex 2b is the only one that luminesces in a diluted DMSO solution (5 ×
10−4 M) at RT showing an emission band with a maximum at 524 nm (excitation maximum
at 339 nm), which seems to indicate that for this complex the metallophilic interactions are
not lost in a diluted solution. We have also carried out a study of the absorption and
excitation spectra at different concentrations (from 5 × 10−5 to 10−3 M) for 2b in order to
detect a possible deviation of the Lambert-Beer’s law. Thus, an increase of concentration
from 5 × 10−4 to 10−3 M at RT produces the displacement of the excitation band to 366 nm.
The absorption spectra of 2b in DMSO show that the weak shoulder appearing near 325 nm
does not obey Lambert-Beer’s law, either, and appears at slightly lower energy when the
concentration increases (see supporting information).[52b] This deviation from Lambert-
Beer’s law is consistent with molecular aggregation in fluid solution because, as the number
of metallophilic interactions increase the HOMO-LUMO gap is reduced. These results are
consistent with an extended chain structure for the solid 2b, similar to that observed to 3a,
and in fact, similar spectral changes have also been previously reported in other gold-silver
complexes with extended chain structures with gold–gold or gold–silver
interactions [19f, 19k, 19l and refs. therein] The observed emission energy in diluted solution (524
nm) is similar to that of lower energy observed for the solid (520 nm), which seems to
indicate that the extended chain structure of 2b is kept in diluted solution.

In summary, all these results are consistent with an extended chain structure as that observed
for 3a. However, from these data it is not possible to assign the nature of the transition
associated because there are several possibilities, including metal to ligand charge transfer
(MLCT) or metal centered (MC).[52c] Both of them have been used to explain the
luminescent properties observed in other complexes with extended gold(I)-M interactions,
which have emission and excitation maxima similar to those of our
compounds. [19e,19f,19l,19m,20c]

3. Antimicrobial Activity
The antimicrobial activity of the new compounds (1–4) as well as that of previously
described compounds 5a, 5b and the silver salts AgOClO3 and AgOSO2CF3 were evaluated
against Gram-negative (Salmonella typhimurium and Escherichia coli), Gram-positive
(Bacillus cereus and Staphyloccocus aureus) bacteria and yeast (Saccharomyces cerevisiae)
(Table 4). A number of the compounds analyzed in this work exhibited Minimum Inhibitory
Concentration (MIC) values in the 1 ug/ml – 100 ug/ml range (Table 4). None of the
compounds tested showed significant activity against the eukaryotic S. cerevisiae at the
concentrations tested. The compounds with the dppe ligand (a) had greater activity against
bacteria than the compounds with the dppy ligand (b). The parent dinuclear compounds
[Au2(mes)2(μ-LL)] 1a, 1b were insoluble or inactive against Gram-negative bacteria at
concentrations of 100 μg/mL or lower. While compound 1a (with dppe) was toxic (10 μg/
mL) for Gram-positive bacteria, 1b (with dppy) was inactive at concentrations of 100 μg/
mL or lower. In the case of previously reported compounds [Au2Cl2(μ-LL)] 5a, 5b the
derivative with the water soluble phosphane (dppy) was active (100 μg/mL) against Gram-
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negative and Gram-positive bacteria while 5a (with dppe) was inactive for all bacteria and
yeast at the same concentration. The heretometallic compounds containing copper
[Au2Cu(μ-mes)2(μ-LL)]PF6 4a, 4b were toxic for Gram-positive bacteria. Derivatives
containing dppe (4a) were 10 times more active than those with dppy (4b) although their
toxicity was similar to that of parent dinuclear compound 1a. 4b was more toxic to Gram-
positive bacteria than parent compound 1b. The most toxic compounds were the
heterometallic gold-silver compounds [Au2Ag(μ-mes)2(μ-LL)]A (2, 3). All these complexes
were toxic to Gram-negative and Gram-positive bacteria. There were not significant
differences depending on the counterion (the toxicity may come from the heterometallic
Au2Ag cation). The derivatives with dppe (2a, 3a) were 10 (or even 100) times more active
than those with dppy. However the derivatives with dppy (2b, 3b) were active against yeast
at concentrations of 100 μg/mL.

Since we had observed that the heterometallic compounds decoordinate the “naked” metallic
center over time in DMSO solutions, we tested the activity of the silver salts AgOClO3 and
AgOSO2CF3 for comparison. We did not evaluate the activity of the air, moisture and light
sensitive Cu(I) derivative [Cu(CH3CN)4]PF6 since it would have decomposed in DMSO
solution immediately upon addition. The silver salts were toxic to Gram-positive and Gram-
negative bacteria and yeast (100 μg/mL) and especially to Gram- positive bacteria B. cereus
(10 μg/mL). The toxicity was the same for the Au2Ag derivatives with dppy (2a, 3a).
However compounds Au2Ag with dppe resulted more toxic (10 times) than the silver salts
for all Gram-positive and Gram-negative bacteria pointing out that, in this case, the toxicity
does not come from the dissociation of the silver perclorate or triflate from the
heterometallic derivative. The heterometallic compounds were also more toxic to Gram-
negative bacteria than parent dinuclear compounds 1a and 1b. In this case it is obvious that
there is a synergistic or cooperative effect between the gold and silver metals. The toxicity
for parent dinuclear compound (1a) is similar for Gram-positive bacteria but the compound
is not active for Gram-negative bacteria at concentrations of 100 μg/mL or lower. The
cationic heterometallic Au2Ag compounds 2a, 3a allow for a better solubilization in the cell
culture media and display high toxicity against Gram-negative bacteria (10 μg/mL) and
Gram-positive bacteria (10 μg/mL). Remarkably, the complex with ClO4

− (2a) displays a
much higher toxicity for Gram-positive bacteria B. cereus (1 μg/mL) that any other of the
compounds (parent dinuclear gold, silver salts or other heterometallic derivatives) tested.

The organometallic dinuclear gold(I) compound [Au2(mes)2(μ-dppe)] 1a resulted more
active against Gram-positive bacteria and also more active than previously described
coordination derivative [Au2Cl2(μ-dppe)] 5a. The fact that gold compounds are more toxic
for Gram-positive bacteria than Gram-negative or fungi has been noted previously with
auranofin[53a] and some other gold(I) phosphane derivatives including some described by
us.[24e,26a,53b–f] However the nature of other ancillary ligands coordinated to the gold
centers (besides the phosphanes) plays a decisive role. For instance a more complicated
pattern is found for gold-thiol-phosphane derivatives and the antimicrobial potency can be
higher for Gram-negative or fungi depending on the combination thiol-phosphane.[53a] We
thought that the incorporation of water soluble phosphane dppy in the polynuclear gold(I)
compounds would increase the solubility in DMSO and mixtures DMSO/water of the
organometallic analogue compound and thus the toxicity against microorganisms. We found
however that water-soluble derivative [Au2Cl2(μ-dppy)] 5b was more toxic than novel
organometallic compound [Au2(mes)2(μ-dppy)] 1b as opossed to what was seen for dppe
(5a vs 1a). Related complexes of gold(I) with dppe and pyridyl-substituted diphosphanes
like [Au(LL)2]Cl (LL= dppe, dppy) had been described in the literature as cytotoxic agents
against a panel of cisplatin-resistant human ovarian carcinoma cell lines.[54] Their
citotoxicity was strongly dependent upon their lipophilicity being more cytotoxic and
hepatotoxic those compounds more lipophilic (with dppe).[54a]
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As mentioned before, the heterometallic Au2Ag compounds with dppe (2a, 3a) were the
most active. They showed strong activity, MIC of 10 ug/ml or less, against both Gram-
positive and Gram-negative bacteria. Dinuclear silver(I)-oxygen bonding complexes derived
from camphanic acic ligands have displayed a wide spectrum of effective antimicrobial
activity.[23d] Some N-heterocyclic carbene Ag(I) complexes inhibit more efficiently the
growth of Gram-positive bateria including B. subtilis,[28b–d] Gram-negative E. coli,[28c–g]

and P. aeruginosa[28c,e,f] and even antibiotic resistant strains of S. aureus.[28a,d] Binuclear
and polymeric silver(I) complexes with a tridentate heterocyclic N- and S- ligand 8-
(9pyridin-3-yl)methylthio) quinoline were good inhibitors of Gram-positive bacteria and
some Gram-negative bacteria (P. aeruginosa) but they were very poor against E. coli.[55]

The behaviour of the gold-silver compounds 2a, 3a and AgA (A = OClO3 −, OSO2CF3 −) is
similar to that of silver-carbene derivatives,[28] silver fluorinated tris(pyrazolyl)borate
complexes[56] and AgNO3 and silver(I) sulfadiazine[56] inhibiting grow of both Gram-
negative and Gram-positive bacteria. However in the case of the tris(pyrazolyl)borate
complexes it was demonstrated that the effect on Gram-positive species was due to the
ligand whereas the activity for Gram-negative species was truly due to the silver ion.[56] In
our case it seems that the activity displayed is due to the presence of the metals. The MIC of
2a and 3a for Gram-negative E. coli and Gram-positive S. aureus of 10 μg/mL is very low,
in the order of those obtained recently for highly active antimicrobial silver nanoparticles
(12.5 μg/mL)[22b] and some silver heterocyclic carbenes (1–32 μg/mL)[28d–g] for the same
microorganisms. The value of 1 μg/mL of 2a (nanomolar range) for Gram-positive B.
cereus is quite remarkable.

We tested the ability of these two compounds in Minimun Bactericidal Concentration
(MBC) assays against E. coli and S. aureus (Figure 6). Both 2a and 3a showed strong
bactericidal activity, reducing cell counts by several orders of magnitude. We did not
observe complete killing within 24 hours with 2a and 3a which suggests that either longer
exposure times may be required to get complete killing or that the availability of active
compound has dropped sharply in the 24 hours of the assay. We cannot rule out the
development of some resistance within the bacterial population although this is very
unlikely given the short exposure time to the compounds. Overall the heterometallic Ag2Au
compounds behave as highly active antibacterial agents for Gram-positive and Gram-
negative bacteria with toxicity against Gram-negative bacteria much higher than that of the
parent dinuclear Au2 compound or the AgA salts alone.

Conclusion
In conclusion we have demonstrated that gold(I) organometallic complexes containing
mesityl ligands and bridging bidentate phosphanes can serve as excellent precursors to
highly luminescent heterometallic Au2M (M = Ag, Cu) derivatives and that the
luminescence displayed, whether in the solid state or in frozen solutions, results from the
formation of aggregated species that self-associate through metallophilic attractions. In
solution, where the ions are dispersed, the complexes are non luminescent except
compounds 2b and 3b in concentrated solutions which can be seen photoluminescent when
excited with a hand-held UV lamp. The compounds display moderate to high antibacterial
activity while heteronuclear Au2M derivatives with dppe (2a-4a) are very active (MIC 10 to
1 μg/mL) and more active than the dinuclear Au2 parent compound (1a) against Gram-
negative bacteria. They are also more active than silver salts (AgX; X = ClO4

−, OSO2CF3
−)

against both Gram-negative and Gram-positive bacteria. Au2Ag compounds with dppy (2b,
3b) are also potent against fungi. The new trinuclear Au2Ag compounds possess peculiar
chemicophysical properties with respect to their precursors responsible for the observed
biological effects. Compound 2b is also luminescent in diluted DMSO solutions at room
temperature and could potentially be used in the future in studies of fluorescence
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microscopy to track these types of derivatives inside yeast or mammalian cells. These
preliminary results warrant further studies on the synthesis of different luminescent
biologically active Au-Ag heterometallic complexes.

Experimental Section
1. Synthesis and Characterization of the Polynuclear Metal Complexes

Solvents were purified by use of a PureSolv purification unit from Innovative Technology,
Inc.; all other chemicals were used as received. Elemental analyses were carried out on a
Perkin-Elmer 2400-B microanalyser. Infrared spectra (4000-400 cm−1) were recorded on a
Nicolet 380 FT-IR infrared spectrophotometer on KBr pellets. The 1H, 13C{1H}
and 31P{1H} NMR spectra were recorded in CDCl3, CD3CN or d6-DMSO solutions at 25
°C on a Bruker 400 and spectrometer (δ, ppm; J, Hz); 1H and 13C{1H} were referenced
using the solvent signal as internal standard while 31P{1H} was externally referenced to
H3PO4 (85%). The mass spectra (FAB+, matrix: 3-nitrobenzylalcohol) were recorded from
CH2Cl2 solutions on a VG Autopsec spectrometer and the mass spectra (ESI+, matrix:
DCTB) on a MALDI-TOF MICROFLEX (Bruker) spectrometer. Conductivity was
measured in an OAKTON pH/conductivity meter in (CH3)2CO and CH3CN solutions.
Compounds [Au(mes)(AsPh3)], [31] 5a,[33] 5b,[34] and water-soluble phosphane dppy[57]

were prepared as previously reported. All other chemicals and solvents were purchased from
Sigma-Aldrich and Strem Chemicals.

[Au2(mes)2(μ-LL)] (LL = dppe 1a; dppy 1b)—To dppe (0.50 mmol, 0.199 g) or water-
soluble phosphine dppy (0.24 mmol, 0.098 g) in 15ml of CH2Cl2, [Au(mes)(AsPh3)][31] (0.5
mmol, 0.622 g, to obtain 1a or 0.489 mmol, 0.304 g to obtain 1b) was added and the mixture
stirred for 20 min at rt. The solution was then evaporated to 3 mL and 20 mL of n-hexane
was added. A compound precipitated which was filtered and dried in vacuo to afford pure 1a
(white solid) or 1b (pale yellow solid). 1a: Yield: 0.491 g, 91%. Anal. Calc. for
C44H46P2Au2 (1030): H, 4.55; C, 51.75; found H, 4.50; C, 51.3; MS(FAB+): [M/Z,
(100%)]: 911 [M – mes]+. 31P{1H} NMR (CDCl3): δ = 42.0 ppm, (d6-dmso): δ= 42.7
ppm. 1H NMR (CDCl3): 2.30 (p-Me), δ = 2.64 (o-Me), 2.85 ((CH2)2), 6.97 (m-H)
ppm. 13C{1H} (CDCl3): δ = 21.1 (p-Me), 24.2 ((CH2)2), 26.8 (o-Me), 126.6 (Mes, C3, C5),
127.8 (Mes, C1), 129.4 (Ph, C4), 131.5 (Ph, C3, C5), 133.3 (Ph, C2, C6), 135.5 (Ph, C1),
145.8 (Mes, C2, C4, C6) ppm. Conductivity (acetone): 4.8 S cm2 mol−1(neutral). 1b: Yield:
0.162 g, 93%. Anal. Calc. for C40H42N4P2Au2·H2O (1052): H, 4.21; C, 45.64; N, 5.33;
found H, 3.89; C, 45.27; N, 5.75. MS(ESI+) [M/Z, (100%)]: 1057 [M + Na]. 31P{1H} NMR
(CD3CN) δ = 34.4 ppm; (d6-DMSO): δ = 34.7 ppm. 1H NMR (CD3CN): δ = 2.23 (p-Me),
2.48 (o-Me), 3.02 ((CH2)2), 6.83 (m-H), 7.48 (H3), 8.09 (H4), 8.74 (H2), 9.01 (H6) ppm;
(d6-dmso) : δ = 2.16 (p-Me), 2.34 (o-Me), 2.51 ((CH2)2), 6.71 (m-H), 7.57 (H3), 8.23 (H4),
8.76 (H2), 9.08 (H6) ppm. 13C{1H} (CDCl3): δ = 21.3 (p-Me), 23.7 ((CH2)2), 27.2 (o-Me),
124.4 (Py, C3), 127.0 (Mes, C3), 136.4 (Py, C5), 140.9 (Py, C4), 145.4 (Mes, C1), 153.0
(Py, C2), 153.7 (Py, C6) ppm. Conductivity (CH3CN): 13.2 S cm2 mol−1(neutral).

[Au2Ag(μ-mes)2(μ-LL)]ClO4 (LL = dppe 2a; dppy 2b)—To a solution of [Au(mes)(μ-
dppe)] 1a (0.20 mmol, 0.206 g) for the preparation of 2a or [{Au(mes)}2(μ-dppy)] 1b (0.15
mmol, 0.155 g) for the preparation of 2b in 20 mL of CH2Cl2 was added to a solution of
AgClO4 (0.20 mmol, 0.415 g 2a, 0.15 mmol, 0.031g 2b) in 10 mL of Et2O. The solution
was stirred at 0°C protected from the light for 20 min. The solvent was then reduced to 2–3
mL and 20 mL of n-hexane was added. A yellow solid precipitated and was filtered and
dried in vacuo to afford pure 2a (yellow solid) or 2b (pale yellow solid). 2a: Yield 0.204 g,
82%. Anal. Calc. for C44H46P2Au2AgClO4 (1136): H, 3.75; C, 42.69; found H, 3.45; C,
42.25. MS(FAB+) [M/Z, (%)]: 1136 [M]+. IR: ν(ClO4

−) = 1088 (br, vs), 623(s)
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cm−1. 31P{1H} NMR (CDCl3) δ = 44.9 ppm. (d6-DMSO): δ = 46.9 ppm. 1H NMR(CDCl3):
δ = 2.30 (p-Me), 2.34 (o-Me), 3.07 ((CH2)2), 7.04 (m-H) ppm. 13C{1H} NMR(CDCl3): δ =
21.0 (p-Me), 23.2 ((CH2)2), 27.2 (o-Me), 127.9 (Mes, C3, C5), 129.6 (Ph, C2, C4, C6),
130.1 (Mes, C1), 133.6 (Ph, C3, C5), 136.6 (Ph, C1), 145.3 (Mes, C4), 154.3 (Mes, C2, C6)
ppm. Conductivity (acetone): 160 S cm2 mol−1 (1:1 electrolyte). 2b: Yield: 0.135 g, 72%.
Anal. Calc. for C40H42N4P2Au2AgClO43H2O (1296): H, 3.73; C, 37.07; N, 4.32; Found H,
3.34; C, 36.86; N,4.23. MS(FAB+) [M/Z, (%)]: 1141 [M]+. ν(ClO4

−) = 1082 (br, vs), 616(s)
cm−1. 31P{1H} NMR (CD3CN): δ = 32.7 ppm; 1H NMR (CD3CN): δ = 2.41 (o-Me), 2.24
(p-Me), 6.86 (m-H), 3.14 ((CH2)2), 7.53 (H3), 8.12 (H4), 8.74 (H2), 9.04 (H6)
ppm. 13C{1H} NMR (CDCN3): δ = 20.8 (o-Me), 21.3 (p-Me), 26.6 ((CH2)2), 127.0 (Mes,
C3, C5), 124.3 (Py, C3), 133.3 (Mes, C2), 141.1 (Py, C4), 153.0 (Py, C2), 153.4 (Py, C6)
ppm. Conductivity (CHCN3): 121.6 S cm2 mol−1 (1:1 electrolyte).

[Au2Ag(μ-mes)2(μ-LL)]SO3CF3 (LL = dppe 3a; dppy 3b)—To a solution of
[Au(mes)(μ-dppe)] 1a (0.20 mmol, 0.206 g) for the preparation of 3a or a solution of
[{Au(mes)}2(μ-dppy)] 1b (0.10 mmol, 0.103 g) for the preparation of 3b in 20 mL of
CH2Cl2 was added a solution of AgSO3CF3 (0.20 mmol, 0.514 g, 3a or 0.10 mmol, 0.026 g,
3b) in 10 mL of Et2O. The reaction mixture was stirred at 0°C protected from the light for
20 min (3a) or 90 min (3b). The solvent was then reduced to 2–3 ml and 20 mL of n-hexane
was added. A yellow solid precipitated and was filtered and dried in vacuo to afford pure 3a
(yellow solid) or 3b (pale yellow solid). 3a: Yield: 0.198 g, 76%. Anal. Calc. for
C45H46P2Au2Ag SO3F3 (1286): H, 3.60; C, 41.97; S, 2.49; found H, 3.6; C, 41.85: S, 2.9.
MS(FAB+) [M/Z, (%)]: 1136 [M]+. IR: ν(SO3CF3

−) = 1262 (br), 1221 (s), 1154 (s)
cm−1. 31P{1H} NMR (CDCl3): δ = 45.2 ppm. (d6-DMSO): δ = 47.0 ppm. 1H NMR
(CDCl3): δ = 2.35 (p-Me), 2.65 (o-Me), 3.13 (P-(CH2)2-P), δ=7.06 (m-H) ppm. 13C{1H}
NMR(CDCl3): δ = 21.4 (p-Me), 27.4 (o-Me), 30.9 ((CH2)2), 127.3 (Mes, C3, C5), 129.7
(Ph, C3, C5), 132.1 (Ph, C4), 133.6 (Ph, C2, C6) (Mes, C1 and Ph, C1 not showing) ppm.
Conductivity: 107 S cm2mol−1 (1:1 electrolyte). 3b: Yield: 0.105 g, 82%. Anal. Calc. for
C41H42N4P2Au2AgSO3F34H2O (1362): H, 3.55; C, 36.16; N, 4.11, found H, 3.11; C, 35.74:
N, 3.96. MS(FAB+) [M/Z, (%)]:1141 [M]+. IR: ν(SO3CF3

−) = 1257 (br,vs), 1158 (m)
cm−1. 31P{1H} NMR (CD3CN): δ = 32.5 ppm. 1H NMR (CD3CN): δ = 2.25 (p-Me), 2.40
(o-Me), 3.16 ((CH2)2), 6.89 (m-H), 7.53 (H3), 8.13 (H4), 8.75 (H2), 9.05 (H6) ppm (3-
pyridyl). 13C{1H} NMR (CDCN3): δ = 20.4 (p-Me), 20.7 ((CH2)2), 25.7 (o-Me), 127.0
(Mes, C3, C5), 124.6 (Py, C3), 141.4 (Py, C4), 153.1 (Py, C2), 153.7 (Py, C6) ppm.
Conductivity (CHCN3): 181.0 S cm2 mol−1 (1:1 electrolyte).

[Au2Cu(μ-mes)2(μ-LL)]PF6 (LL = dppe 4a; dppy 4b)—To a 20 mL of CH2Cl2
solution of [Au(mes)(μ-dppe)] 1a (0.20 mmol, 0.206 g) for the preparation of 4a or
[Au(mes)(μ-dppy)] 1b (0.10 mmol, 0.103 g) for the preparation of 4b, [Cu(CH3CN)4]PF6
(0.21 mmol, 0.078 g, 4a; 0.10 mmol, 0.037 g, 4b) was added and stirred for 20 min at r.t.
The solvent was then reduced to 2–3 mL and 20 mL of n-hexane was added to obtain a
precipitate which was filtered and dried in vacuo to afford pure 4a (greenish yellow solid) or
4b (green solid). 4a: Yield 0.162 g, 62%. Anal. Calc. for C45H46P3Au2F6Cu (1092): H,
3.74; C, 42.65; found H, 3.75; C, 42.25. MS(FAB+) [M/Z, (%)]:1092 [M]+. IR: ν(PF6

−) =
834 (br, vs) cm−1. 31P{1H} NMR (CDCl3): δ = 44.0, −144.1 ppm (PF6, sept); (d6-DMSO):
42.6, −144.1 ppm (PF6, sept);. 1H NMR (CDCl3): δ = 2.31 (p-Me), 2.69 (o-Me), 3.03
((CH2)2), 7.01 (m-H) ppm. 13C{1H} NMR(CDCl3): δ = 21.6 (p-Me), 22.2 ((CH2)2), 27.3 (o-
Me), 127.5 (Mes, C3, C5), 128.3 (Ph, C3, C5), 129.2 (Mes, C1), 129.9 (Ph, C4), 132.4 (Ph,
C2, C6), 133.4 (Ph, C1), 144.5 (Mes, C4), 154.0 (Mes, C2, C6) ppm. Conductivity
(acetone): 130 S cm2 mol−1 (1:1 electrolyte). 4b: Yield: 0.09 g, 90%. Anal. Calc. for
C40H42N4P3Au2F6Cu.5H2O (1333): H, 3.93; C, 36.03; N, 4.20. found H, 3.48 C, 35.72, N,
4.13. MS(FAB+) [M/Z, (%)]:1097 [M]+. IR: ν(PF6

−) = 839 (br, vs) cm−1. 31P{1H} NMR
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(CD3CN): δ = 34.1 ppm; 1H NMR(CD3CN): δ = 2.22 (o-Me), 2.43 (p-Me), 6.81 (m-H),
3.05 ((CH2)2), 7.49 (H3), 8.11 (H4), 8.73 (H2), 9.01 (H6) ppm. 13C{1H} (CDCN3): δ = 20.0
(o-Me), 20.0 (p-Me), 26.1 ((CH2)2), 126.2 (Mes, C3, C5), 124.6 (Py, C3), 141.1 (Py, C4),
152.6 (Py, C2), 153.7 (Py, C6) ppm. Conductivity (CHCN3): 170.4 S cm2 mol−1 (1:1
electrolyte).

2. Single-Crystal X-ray Diffraction Studies
Data for 1b (CCDC 841439), 2c (CCD 841440) and 3a (CCDC 841438) were collected by
using a Xcalibur S3 diffractometer (graphite monochromated Mo-Kα radiation, λ = 0.71073
Å, φ-ω scans). These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

1b: Crystals of 1b (yellow prisms with approximate dimensions 0.42 × 0.26 × 0.17 mm)
where obtained when a solution of 1b in CH2Cl2 was crystallized by slow diffusion of n-
hexane at −5 °C. As the crystals were found to be unstable when removed from their mother
liquor, a single crystal of 1b was harvested using a Mitegen support with a drop of
perfluorinated oil and then placed directly on the diffractometer at a temperature of 173 K.
2c: Crystals of 2c (colorless prisms with approximate dimensions 0.16 × 0.03 × 0.02 mm)
where obtained when a solution of 2b in dichloromethane-acetone-DMSO solution by slow
diffusion of n-hexane at −5°C. As the crystals were found to be highly unstable when
removed from their mother liquor, a single crystal of 2c was harvested using a Mitegen
support with a drop of perfluorinated oil and then placed directly on the diffractometer at a
temperature of 100 K. 3a: Crystals of 3a (yellow sphenoids with approximate dimensions
0.39 × 0.18 × 0.12 mm) where obtained when a solution of 3a in CH2Cl2 was crystallized by
slow diffusion of n-hexane at −5 °C. As the crystals were found to be highly unstable when
removed from their mother liquor, a single crystal of 3a was harvested using a Mitegen
support with a drop of perfluorinated oil and then placed directly on the diffractometer at a
temperature of 150 K. The diffraction pattern was considered to be acceptable, although
weak. The data for 1b, 2c and 3a were gathered and processed using the usual procedures
for the Xcalibur S3 diffractometer (graphite monochromated Mo-Kα radiation, λ = 0.71073
Å, φ-ω scans) including multi-scan corrections for systematic errors. The structure was
solved by direct methods, which revealed the positions of the heavy atoms and of a subset of
the C, O and F sites. The remainder of the structure was located and refined in an alternating
series of least-squares refinements and difference Fourier maps. Details of the solution and
refinements for 1b and 3a compound are presented in Table 5 and in the SI while the data
and full analysis of the results for 2c can be found in the SI.

The room-temperature powder diffraction pattern for Compound 2b was measured by the X-
ray Diffraction and Fluorescence Service of the University of Zaragoza, using a Rigaku
DMax 2500 using graphite-monochromated Cu radiation. Data were recorded from 5 – 60°
2-theta with a step size of 0.03°. The powder diffraction pattern for compound 2c was
simulated using the program Platon, with the simulation based on the single-crystal
diffraction analysis of 2c at T = 100 K. The difractograms are collected in the SI.

3. Luminescence studies
Absorption spectra in solution were recorded with a Unicam UV-4 spectrophotometer.
Diffuse-reflectance UV (DRUV) spectra were recorded in the same equipment using a
Spectralon RSA-UC-40 Labsphere integrating sphere. The solid samples were mixed with
silica gel and placed in a homemade cell equipped with a quartz window. The intensities
were recorded in Kubelka-Munk units: log[R/(1−R)2], where R= reflectance.
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Steady-state photoluminescence spectra were recorded with a Jobin-Yvon Horiba Fluorolog
FL-3-11 spectrofluorimeter using band pathways of 3 nm for both excitation and emission.
Phosphorescence lifetimes were recorded with a Fluoromax phosphorimeter accessory
containing a UV xenon flash tube at a flash rate between 0.05 and 25 Hz. The lifetime data
were fit using the Jobin-Yvon software package and the Origin 7.0 program. The solid
samples were prepared by mixing the compounds with silica gel.

4. Microbial Toxicity Assays
Bacteria and yeast were stored as glycerol stocks at −80°C and streaked onto Meuller-
Hinton plates prior to each experiment. Colonies from these newly prepared plates were
inoculated into 5 ml of media (tryptic soy broth for E. coli, S. salmonella, S. aureus and B.
cereus and YPD broth for S. cerevisiae) and grown overnight at 37°C (30°C for S. cerevisiae
and 25°C for B. cereus). The overnight cultures were diluted to an OD600 <0.01
(ThermoSpectronic, Genesys 8 spectrophotometer) in 2 ml of fresh media in sterile culture
tubes. The compounds (1–5, AgClO4 and AgSO3CF3) were brought up in DMSO to a
concentration of 1 mg/ml and immediately added into the cell culture tubes at 1 μg/ml, 10
μg/ml or 100 μg/ml. Control tubes for each cell type were inoculated with DMSO alone.
The culture tubes were then placed at the appropriate temperature in a shaking incubator
(Lab-Line Orbital Shaker), at ~200 RPM. Cell growth was monitored by taking OD600
readings at several time points over the course of 24 hours. The minimal inhibitory
concentration (MIC) was determined to be the concentration at which there was negligible
increase in the OD600 value from the initial reading after 24 hours. All samples were tested
in triplicate. The bactericidal activities of compounds 2a and 3a against S. aureus and E. coli
were determined by plating dilutions of bacterial cultures on to Mueller-Hinton plates at
each time point and counting the resulting number of colonies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the polymeric cation [(μ-Ag){Au2(μ-mes)2(μ-dppe)}]+

n in compound 3a.
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Figure 2.
View of the structure of compound 1b (2 molecules) showing: a) the interactions of Au
atoms and the H of a CH3 group from one mesityl ligand and an H from a pyridyl ring of the
dppy ligand and b) One of the four C---H…π contacts in this molecule (two molecules of
1b, with complementary C15---H15…Cg3 contacts drawn as dashed lines. Symmetry codes
(i): (-x, 1-y, 2-z); (ii): (x, −1+y, z); (iii): (−x, −y, 2-z)). Selected distances: Au(1)-C(1)
2.067(4); Au(1)-P(1) 2.295(1) Å. Selected angles: C(1)-Au(1)-P(1) 178.0(1); C(1)-Au(1)-
C(2) 122.1 (3); C(1)-Au(1)-C(6) 119.5(3)°.
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Figure 3.
One link of the polymeric cation {[Au2Ag(μ-mes)2(μ-dppy)]n}(n+), from compound 2c. The
chain is propagated at Ag1A---N3B and at N3A---Ag1Ci. Symmetry code i: (1-x,-y,-0.5+z).
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Figure 4.
Excitation (dash line) and emission (solid line) spectra in the solid state of: (a) compound 2a
at room temperature (RT); (b) compound 4a at RT; (c) gold precursor 1a at RT; (d) gold
precursor 1a at 77 K.
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Figure 5.
Excitation and emission spectra in the solid state of: (a) compound 2b at RT; (b) compound
2b at LT.
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Figure 6.
The minimal bactericidal concentration was determined by growing E. coli or S. aureus in
the presence of 2a (Fig 5a) or 3a (Fig 5b) at 10 ug/ml over 24 hours. At each time point
dilutions of the cell cultures were plated onto Mueller Hinton plates and the number of
colony forming units were used to calculate the cell concentration. The results show that
nearly all bacteria were killed by the 2a or 3a compounds by 18 hours. Control cells
incubated in the absence of compounds 2a or 3a continued to grow as expected.
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Scheme 1.
Preparation of the Di and Polynuclear Organometallic Gold(I)-M (Au2, {Au2Ag}n and
{Au2Cu}n) Compounds.
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Table 1

Selected Bond lengths [Å] and angles [o] for 3a.[a]

Au(1)-C(101) 2.098(15) Au(4)-P(4) 2.295(4)

Au(1)-P(1) 2.301(4) Au(4)-Ag(3) 2.8506(13)

Au(1)-Ag(1) 2.7560(6) Au(5)-C(141) 2.086(15)

Au(1)-Au(2) 2.9228(8) Au(5)-P(5) 2.306(9)

Au(2)-C(111) 2.081(13) Au(5)-Ag(3) 2.8024(13)

Au(2)-P(2) 2.300(4) Au(5)-Au(5)#1 2.9951(12)

Au(2)-Ag(2) 2.7807(12) Ag(1)-C(101) 2.312(13)

Au(3)-C(121) 2.069(14) Ag(1)-Au(1)#2 2.7560(6)

Au(3)-P(3) 2.296(4) Ag(2)-C(111) 2.252(14)

Au(3)-Ag(2) 2.7619(13) Ag(2)-C(121) 2.257(14)

Au(3)-Au(4) 2.9226(8) Ag(3)-C(131) 2.339(13)

C(101)-Au(1)-P(1) 174.0(4) Ag(2)-Au(2)-Au(1) 149.13(3)

C(101)-Au(1)-Ag(1) 54.9(4) C(121)-Au(3)-P(3) 172.9(4)

P(1)-Au(1)-Ag(1) 119.16(9) C(121)-Au(3)-Ag(2) 53.4(4)

C(101)-Au(1)-Au(2) 95.9(4) P(3)-Au(3)-Ag(2) 119.66(10)

P(1)-Au(1)-Au(2) 89.95(9) C(121)-Au(3)-Au(4) 97.1(4)

Ag(1)-Au(1)-Au(2) 150.72(3) P(3)-Au(3)-Au(4) 89.85(10)

C(111)-Au(2)-P(2) 171.5(4) Ag(2)-Au(3)-Au(4) 150.49(4)

C(111)-Au(2)-Ag(2) 52.8(4) C(131)-Au(4)-P(4) 174.3(4)

P(2)-Au(2)-Ag(2) 118.72(10) C(131)-Au(4)-Ag(3) 53.9(4)

C(111)-Au(2)-Au(1) 96.5(4) P(4)-Au(4)-Ag(3) 122.15(11)

C(111)-Au(2)-Au(1) 96.5(4) C(131)-Au(4)-Au(3) 93.9(3)

P(2)-Au(2)-Au(1) 91.90(10) P(4)-Au(4)-Au(3) 90.83(10)

[a]
Symmetry transformations used to generate equivalent atoms: #1 −x+2,y,−z+3/2 #2 −x+1,y,−z+1/2
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Table 5

Crystal data and structure refinement for complexes 1b and 3a.

Compound 1b [Au2(mes)2(μ-dppy)] 3a [(μ-Ag){Au2(mes)2(μ-dppe)}]n(CF3SO3)n·1.6n(H2O)

formula C40H42Au2N4P2 (C225H246Ag5Au10F15O23P10S5)n

Fw 1034.65 n·6582.23

T [K] 173(1) 150(1)

λ (MoKα)[Å] 0.71073 0.71073

crystal system triclinic monoclinic

Space group P1 I2/a (No. 15)

a [Å] 8.3949(3) 28.859(3)

b [Å] 9.4059(3) 39.0504(8)

c [Å] 12.2451(4) 22.9486(10)

α [o] 88.941(3) ---

β [o] 86.401(3) 91.662(7)

χ[o] 79.104(3) ---

V [Å]3 947.567 25851

Z 1 4

Dcalcd (g cm−3) 1.813 1.687

μ (mm−1) 7.850 6.186

R(Fo)[a] 0.0296 [for 5303 data with Fo
2 > 2σ(Fo

2)] 0.0631 [for 15200 data with Fo
2 > 2σ(Fo

2)]

Rw(Fo2)[b] 0.0651 0.1812

[a]
R(Fo) (= R1) = Σ | |Fo| – |Fc| | / Σ |Fo|.

[b]
Rw(Fo2) (= wR2) = {Σ [ w(Fo2–Fc2)2 ] / Σ [ w(Fo2)2 ] }1/2
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