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The reaction of [Au(CH3impy)2]PF6 (2), with substituted sil-
ver benzoate salts bearing different halide substituents pro-
duced a series of new mixed-metal species having two dif-
ferent structural motifs. One structural motif contains dis-
crete tetrametallic Ag2Au2 diamond cores, whereas the other
motif contains the same tetrametallic diamond core intercon-
nected by benzoate-bridged silver dimers to form polymers.
All the complexes are substitution-inert and stable both in
the solid state as well as in solution. We also report the syn-
thesis of oxidative addition products of [Au(CH3impy)2]PF6,

Introduction

It is well established[1–3] that closed-shell, d10 metal ions
often exhibit attractive interactions. These interactions, al-
though weaker than ionic bonds, are stronger than simple
van der Waals interactions. The most prominent of these
metallophilic interactions are the so-called aurophilic at-
tractions[4–6] found between d10 AuI centers. To a lesser ex-
tent the argento–aurophilic interactions found between
mixed d10 AgI–AuI centers are also proving to be interest-
ing.[7,8] Several theoretical studies[9] have addressed the na-
ture of these interactions with most studies leading to dis-
persion forces and relativistic effects as the primary attract-
ive forces. The role of dispersion forces[10] in metallophilic
interactions became clear only about five years ago,
whereas the role of relativistic effects[11,4] have been long
understood. The theoretical chemistry of gold was thor-
oughly reviewed by Pyykkö[12] who elegantly describes aur-
ophilicity simply as an usually strong van der Waals attrac-
tion in an unusual place. In case of mixed-metal interac-
tions, introduction of dissimilar metals induces enhanced
dispersion forces due to an increase in dipolar interactions,
which in turn results in smaller metal–metal separation than
for homometallic systems.[13,14]

Recently, we have focused our attention on various N-
heterocyclic carbene (NHC) ligands which, through their
strong σ donation, very reliably hold metal centers in suit-
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which were also obtained during our attempts to oxidize the
above-mentioned multimetallic assembly with bromine and
iodine. Compounds 3–7 are intensely luminescent in frozen
acetonitrile solution, but surprisingly no luminescence is ob-
served at room temperature. All the complexes were com-
pletely characterized by 1H, 13C NMR, electronic absorption,
emission spectroscopy, elemental analysis and X-ray crystal-
lography.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

able juxtaposition in order to study such d10–d10 interac-
tions.[15] One such species is derived from the precursor 1-
methyl-3-(2-pyridinyl)-1H-imidazolium hexafluorophos-
phate, [H(CH3impy)]PF6. It was observed[15b] (Scheme 1)
before that the Au complex of this ligand, when treated with
AgBF4 in presence of a nitrile solvent such as CH3CN, pro-
duced polymeric species {[AuAg(CH3impy)2(S)](BF4)2}n,
where S stands for solvent. In these mixed-metal, one-di-
mensional polymers, the AuI centers are bonded to two car-
bene moieties, and the AgI centers are coordinated to two
alternating pyridyl groups and a solvent molecule. The so-
lid-state structures of these polymers are greatly influenced
by the steric and electronic properties of the auxiliary li-
gands. For example, simply changing the coordinated nitrile
from acetonitrile to benzonitrile to benzylnitrile, greatly al-
ters the geometry about the multimetallic polymeric back-
bone. In the acetonitrile polymer, the d10–d10 metal–metal
separations between the alternating AuI and AgI centers are
small and range from 2.8633(6) to 2.9239(6) Å. The inter-
metallic angles deviate significantly from linearity and
range from 135.20(2) to 175.37(3)°. Replacement of the ace-
tonitrile solvent with benzonitrile produces a similar type
of polymer, but the metal–metal separations are much more
uniform and range from 2.833(1) to 2.835(1) Å. Similarly,
the intermetallic angles are also more regular at 162.429(8)
and 179.86(4)°. The benzylnitrile-containing polymer was
very similar to the benzonitrile counterpart. The only dif-
ference is that the metal–metal separations were slightly en-
larged [2.8448(5) and 2.8940(5) Å]. The zig-zag polymeric
chain in this polymer has two different intermetallic angles
of 148.919(9) and 170.87(2)°, respectively. Replacement of
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Scheme 1.

the coordinated nitrile with a nitrate anion produced a
fourth polymer with distinct intermetallic angles and dis-
tances. The intermetallic separation in this material ranges
from 2.8125(2) to 2.9428(2) Å, and the intermetallic angles
are more acute [131.321(8) and 140.915(7)°] than those of
the other polymers described above.

Substitution of the auxiliary groups on the imidazole li-
gand also profoundly changes the polymeric structure. For
example, the bis(pyridyl)-substituted imidazole NHC ligand
readily forms (Scheme 1) an AgI–AuI helical polymer.[16]

Interestingly, this material crystallizes in a chiral fashion
with a statistical mixture of both the left-handed and right-
handed crystals. Apart from the differences in helicity, the
two enantiomers are completely identical with relatively
small intermetallic separations of 2.8359(4) and
2.9042(4) Å. The angles around each Ag atom are slightly
bent at 171.804(12) and 166.176(13)°, respectively.

In an attempt to study the electronic influences of the
auxiliary ligands, we set out to prepare a series of com-
plexes with similar steric profiles, but with easily tunable
electronic factors. Herein, we report the reaction of [Au-
(CH3impy)2]PF6 (2), with unsubstituted as well as ortho-
and para-substituted silver benzoates bearing different ha-
lides. To our surprise, a completely different set of com-
plexes with an entirely different structural motif is ob-
served.

Results

As shown in Scheme 2, the Au complex, [Au(CH3impy)2]-
PF6 (2), obtained by a simplified procedure, was treated
with silver benzoate and four other substituted silver benzo-
ates generating two distinct structural motifs. In the case
of silver benzoate and silver 4-fluorobenzoate, polymeric 1-
dimensional assemblies, 3 and 4, were obtained whereas in
case of silver 4-chlorobenzoate, silver 2,4-dichlorobenzoate
and silver 4-bromobenzoate, discrete tetrametallic com-
plexes 5–7 were formed. As shown in Scheme 2, each com-
plex contains a tetrametallic Ag2Au2 unit in its core. In the
first class (complexes 3 and 4) these cores are strongly inter-
connected by a dimetallic, benzoate-bridged Ag2 dimer,
whereas in the second class (5–7) discrete tetrametallic cores
are isolated. In each tetrametallic assembly the AuI centers
are linearly coordinated to two NHC ligands whose pen-
dant pyridyl group coordinates to an adjacent AgI center.
Additionally, these Ag centers are bridged in a trans fashion
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by two benzoate anions. In polymers 3 and 4, the linking
[Ag(benzoate)]2 dimers are additionally coordinated to two
acetonitrile molecules.

Notably, all the reactions were initially carried out by
using the same stoichiometry (1:2.5) of Au complex 2/silver
benzoate. However, the Au/Ag ratio in the products varies
from 1:1 in the tetrametallic assembly to 1:2 in the poly-
meric species. Addition of silver benzoates to complexes 5–
7 does not produce the respective polymeric species, nor
could any mixed benzoate polymers be isolated. Lowering
of the ratio to 1:1 in the synthesis of 3 and 4 only reduces
the overall yield, and the same products were isolated.
Interestingly, when the benzoate rings contain strong elec-
tronegative substituents (4 and 6), the products were ob-
tained at room temperature, whereas in other cases the reac-
tion mixtures had to be refluxed. All of these products were
reproducibly obtained.

Attempts to oxidize the polymeric complexes or the tet-
rametallic assemblies with bromine or iodine fragmented
the metal–metal backbone, and the only isolable products
were [Au(CH3impy)2X2]PF6, where X = Br or I. These oxi-
dized products can be intentionally obtained (Scheme 3) by
direct oxidation of complex 2 with bromine or iodine to
form complexes 8 and 9, respectively. Treatment of com-
plexes 8 and 9 with various silver benzoates did not produce
similar metallic clusters; instead, the complexes underwent
instantaneous reductive elimination to reform complex 2.

The composition of all the aforementioned complexes
was unambiguously established on the basis of 1H and 13C
NMR spectroscopy, elemental analyses, and X-ray crystal-
lography. The spectra of the ligand precursor,
[H(CH3impy)]PF6 (1), and the AuI salt, [Au(CH3impy)2]-
PF6 (2), were described earlier.[15b] In the polymeric com-
plexes 3 and 4, protons of the backbone imidazole ring res-
onate at δ = 7.69, 7.22 ppm and at δ = 7.59, 7.02 ppm,
respectively. The N-methyl resonances shift upfield to δ =
3.78 ppm and δ = 3.59 ppm, respectively, relative to that of
2, whose corresponding value is δ = 3.93 ppm. The signals
of the pyridyl protons adjacent to the nitrogen atom appear
at δ = 8.64 and 8.65 ppm for 3 and 4, respectively. The pro-
tons on the benzoate ring resonate at δ = 7.97, 7.48 and
7.40 ppm for 3 and at δ = 7.92 and 7.08 ppm for 4. Integra-
tion of these signals is consistent with the anticipated 1:1
ratio of benzoate ion/NHC ligand. The 1H NMR spectra
of 5 and 7 are very similar, and that of 6 was slightly dif-
ferent due to the number of substituents on the benzoate
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Scheme 2.

Scheme 3.

ring. For example, the signals of the imidazole backbone
protons appear at δ = 7.66, 7.16 ppm and δ = 7.75,
7.35 ppm for 5 and 7, respectively, whereas in 6 the signals
of these protons are found at δ = 7.74 and 7.35 ppm. The
N-methyl proton resonates at δ = 3.72, 3.89 and 3.91 ppm
for 5, 6, and 7, respectively, also shifted downfield. All of
these tetrametallic assemblies exhibit a pair of doublets and
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a pair of triplets in the aromatic region originating from
the pyridyl ring of the NHC ligand. In addition to these, a
multiplet at δ = 7.87 ppm was observed for 5 originating
from the benzoate ring. For 6 and 7, the benzoate-ring pro-
tons show discrete resonances for all the unique protons.
The 13C NMR spectra for complexes 3–7 reinforce their
formulation and are similar to that of 2, except for the ad-
ditional peaks in the aromatic region from the carbon
atoms of the benzoate ring.

The AuIII complexes, 8 and 9, each display six resonances
in the aromatic region of the 1H NMR spectrum. Two of
them are from the imidazole backbone, and the remaining
four are from pyridyl protons. The spectral pattern is very
similar to that of 2, except the resonances of 8 and 9 are
slightly shifted downfield. For example, the pyridyl proton
adjacent to the nitrogen atom in 8 resonates at δ = 8.66 ppm
and at δ = 8.60 ppm for 9, but in 2 it resonates slightly
upfield at δ = 8.50 ppm. The remaining three pyridyl peaks
in 8 appear at δ = 8.09, 7.75 and 7.57 ppm and at δ = 8.09,
7.75 and 7.55 ppm for 9. The protons of the imidazole
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backbone resonate as a doublet at δ = 7.93 and 7.59 ppm
for 8 and at δ = 7.96 and 7.62 ppm for 9. The N-methyl
proton resonances are also shifted downfield and now occur
at δ = 4.17 and 4.07 ppm for 8 and 9, respectively. The 13C
NMR spectra for both 8 and 9 are well defined, and each
displays the requisite eight resonances in the aromatic re-
gion. Five of these are attributed to the pyridyl carbon
atom, and the remaining three are associated with the imid-
azole ring. The N-methyl carbon atom resonates at δ = 39.8
and 40.5 ppm for 8 and 9, respectively.

X-ray quality crystals of all the complexes 3–9, were suc-
cessfully obtained by slow vapor diffusion of diethyl ether
into acetonitrile solutions of the complexes. The X-ray
structure of 2 was published elsewhere.[15b] Both the poly-
mers 3 and 4 have similar structural patterns and crystallize
in the triclinic space group P1̄. Selected bond lengths and
angles for both the polymers are presented in Table 1,
whereas plots of the cationic portions are displayed in Fig-
ures 1 and 2, respectively. Comparative views of their cores
are presented in Figure 6. In 3, the asymmetric unit consists
of one-half of the tetrametallic Au2Ag2 core associated to
one-half of an Ag2(CO2Ph)2 unit, a hexafluorophosphate
anion and two acetonitrile solvents. The cationic portion
contains a tetrametallic core straddling the inversion center.
Each AuI center is nearly linearly coordinated to two NHC
ligands with a C(1)–Au(1)–C(10A) angle of 174.14(13)°.
Additionally, the AuI center contacts the pyridyl-bridged
Ag2 dimer with Au(1)–Ag(1) and Au(1)–Ag(1A) separa-
tions of 3.1958(3) and 3.2154(3) Å and an acute Ag(1)–
Au(1)–Ag(1A) angle of 51.035(8)°. The AuI center is closely
connected to the linking Ag2–benzoate dimer with a small
Au(1)–Ag(2) separation of only 2.8821(3) Å. The Ag(1)–
Ag(1A) separation of 2.7620(5) Å found in the internal
Ag2–benzoate dimer is slightly smaller than the Ag(2)–
Ag(2A) separation of 2.8509(5) Å found in the connecting
Ag2–benzoate dimer. The distance from the centroid of the
internal Ag–Ag vector to Au(1) is 2.893 Å. The remaining
intermetallic angles vary considerably with 162.018(9)° for
Ag(2)–Au(1)–Ag(1), 145.945(8)° for Ag(2)–Au(1)–Ag(1A)
and 132.192(18)° for Au(1)–Ag(2)–Ag(2A). The Au(1)–C(1)
and Au(1)–C(10) separations are nearly identical at 2.013(3)
and 2.012(3) Å, respectively. The Ag–O distances in the in-
ternal Ag2 dimer are noticeably longer than those found
within the connecting Ag2 dimer with Ag(1)–O(1) and
Ag(1)–O(2) measuring 2.230(2) and 2.237(2) Å and Ag(2)–
O(3) and Ag(2)–O(4) measuring 2.200(2) and 2.219(3) Å,
respectively. The pyridyl groups are twisted relative to their
imidazole counterparts by about 28.53° for the C(1)-con-
taining ligand and 38.49° for the C(10)-containing ligand.
Interestingly, the pyridyl lone pairs are not directly oriented
towards the Ag atoms, and the related C(7)–N(3)–Ag(1)
and C(16)–N(6)–Ag(1) angles deviate from their ideal
(180°) end-on approach to 159.6 and 150.5°, respectively.
This distortion is manifested in large Ag(1)–N(3) and
Ag(1)–N(6) separations of 2.564(3) and 2.509(3) Å. Finally,
the coordinated acetonitrile is bound more tightly to the
linking Ag2–benzoate dimer with an Ag(2)–N(7) separation
of 2.452(4) Å.
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Table 1. Selected bond lengths [Å] and angles [°] for 3 and 4.

Compound 3 Compound 4

Au(1)–Ag(1) 3.1958(3) Au(1)–Ag(1) 2.9297(4)
Au(1)–Ag(1A) 3.2154(3) Au(1)–Ag(2A) 3.2892(4)
Au(1)–Ag(2) 2.8821(3) Au(1)–Ag(2) 3.2291(4)
Ag(1)–Ag(1A) 2.7620(5) Au(2)–Ag(4) 2.9150(4)
Ag(2)–Ag(2A) 2.8509(5) Au(2)–Ag(3) 3.2752(4)
Au(1)–C(1) 2.013(3) Au(2)–Ag(3A) 3.2288(4)
Ag(1)–N(3) 2.564(3) Ag(2)–Ag(2A) 2.7561(7)
Ag(1)–N(6) 2.509(3) Ag(1)–Ag(1A) 2.8366(8)
Ag(2)–N(7) 2.452(4) Ag(3)–Ag(3A) 2.7724(7)
Ag(1)–O(1) 2.230(2) Ag(4)–Ag(4A) 2.8534(8)
Ag(1)–O(2) 2.237(2) Au(1)–C(1) 2.019(5)
Ag(2)–O(3) 2.200(2) Au(2)–C(42) 2.004(6)
Ag(2)–O(4) 2.219(3) Ag(2)–N(6) 2.529(4)
C(19)–O(1) 1.259(4) Ag(2)–N(3A) 2.488(5)
C(19)–O(2) 1.264(4) Ag(3)–N(9) 2.590(4)
C(26)–O(3) 1.260(4) Ag(3)–N(12) 2.503(4)
C(26)–O(4) 1.251(4) Ag2centroid–Au(1) 2.954
Ag2centroid–Au(1) 2.893 Ag2centroid–Au(2) 2.942

Ag(1)–Au(1)–Ag(2) 177.964(13)
Ag(1)–Au(1)–Ag(2A) 132.013(12)

C(1)–Au(1)–C(10A) 174.14(13) Ag(2)–Au(1)–Ag(2A) 50.016(12)
Ag(2)–Au(1)–Ag(1) 162.018(9) Ag(4)–Au(2)–Ag(3) 150.349(13)
Ag(2)–Au(1)–Ag(1A) 145.945(8) Ag(4)–Au(2)–Ag(3A) 158.325(13)
Ag(1)–Au(1)–Ag(1A) 51.035(8) Ag(3)–Au(2)–Ag(3A) 50.455(12)
Ag(1A)–Ag(1)–Au(1) 64.849(10) C(1)–Au(1)–C(10) 176.5(2)
Ag(1A)–Ag(1)–Au(1A) 64.116(10) C(33)–Au(2)–C(42) 174.3(2)
Au(1)–Ag(1)–Au(1A) 128.965(8) Au(1)–Ag(1)–Ag(1A) 116.68(2)
Ag(2A)–Ag(2)–Au(1) 132.192(18) Au(2)–Ag(4)–Ag(4A) 120.98(2)

Figure 1. Thermal ellipsoid plot (50%) of the cationic portion of
{[Au2Ag4(CH3impy)4(C6H5CO2)4(CH3CN)2](PF6)2}n (3), with hy-
drogen atoms omitted for clarity. The unlabeled atoms are gener-
ated by a crystallographically imposed inversion center located be-
tween Ag(1) and Ag(1A).

As shown in Figure 2, polymer 4 crystallizes with two
cations and two hexafluorophosphate anions, one of them
being structurally slightly disordered, in the asymmetric
unit. As in 3, the cations of 4 consist of a tetrametallic
Au2Ag2 core interconnected to an [Ag(4-fluorobenzoate)]2
dimer. Each of these straddles an inversion center making
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Figure 2. Crystal structure drawings of the two cationic portions
of {[Au2Ag4(CH3impy)4(FC6H4CO2)4(CH3CN)2](PF6)2}n (4), with
ellipsoids drawn at 50% and hydrogen atoms omitted for clarity.
The unlabeled atoms are generated by a crystallographically im-
posed inversion center located between Ag(2) and Ag(2A) (top)
and between Ag(3) and Ag(3A) (bottom).

only one-half of each crystallographically unique. The two
cations of 4 contain similar metal–metal separations but de-
viate considerably in their intermetallic angles. For example,
in the Au(1)-containing cation, the Au(1)–Ag(2) and Au(1)–
Ag(1) separations measuring 3.2291(4) and 2.9297(4) Å,
respectively, are close to the related distances in the Au(2)-
containing cation where the Au(2)–Ag(3) and Au(2)–Ag(4)
distances measure 3.2752(4) and 2.9150(4) Å. Likewise, the
Au(1)–Ag(2A) and Au(2)–Ag(3A) separations are similar at
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3.2892(4) and 3.2288(4) Å, respectively. The separations be-
tween the silver dimers are also close with Ag(2)–Ag(2A)
and Ag(3)–Ag(3A) equaling 2.7561(7) and 2.7724(7) Å, and
these values are slightly shorter than those found in the con-
necting [Ag(4-fluorobenzoate)]2 dimer [Ag(1)–Ag(1A)
2.8366(8); Ag(4)–Ag(4A) 2.8534(8) Å]. The distances from
the Au atoms to the centroid of the internal [Ag(4-fluoro-
benzoate)]2 dimer are close at 2.954 Å for Au(1)–Ag(2)
Ag(2A)centroid and 2.942 Å for Au(2)–Ag(3)Ag(3A)centroid.
In contrast, the angles between the diamond core and the
connecting [Ag(4-fluorobenzoate)]2 dimer deviate signifi-
cantly with the Ag(1)–Au(1)–Ag(2) and Ag(1)–Au(1)–
Ag(2A) angles measuring 177.964(13) and 132.013(12)°,
respectively. The corresponding Ag(4)–Au(2)–Ag(3) and
Ag(4)–Au(2)–Ag(3A) angles in the Au(2)-containing cation
are more uniform at 150.349(13) and 158.325(13)°, respec-
tively. The internal angles of the diamond cores are also
close to each other with Ag(2)–Au(1)–Ag(2A) and Au(1)–
Ag(2)–Au(1A) measuring 50.016(12) and 129.984(12)°,
which are very close to the corresponding angles in the
Au(2)-containing cation with Ag(3)–Au(2)–Ag(3A) and
Au(2)–Ag(3)–Au(2A) angles of 50.455(12) and
129.545(12)°. The Ag–O separations in the internal Ag2 di-
mer (Ag–Oave 2.232 Å) are slightly larger than those in the
connecting Ag2 dimer (Ag–Oave 2.193 Å). Like in complex
3 the pyridyl groups are twisted relative to their attached
imidazole ring with interplaner angles of 40.67 and 31.87°
for the N(2)- and N(4)-containing ligands and 35.28 and
48.52° for the N(7)- and N(11)-containing ligands. Ad-
ditionally, like in 3, the pyridyl groups are slightly canted
away from the Ag centers, to which they are coordinated
with a C(7)–N(3)–Ag(2) angle of 158.15° and a C(16)–
N(6)–Ag(2) angle of 150.84°. In the Au(2)-containing cat-
ion the C(39)–N(9)–Ag(3) angle measures 153.69°, whereas
the C(48)–N(12)–Ag(3) angle at 170.41° is closer to the
ideal 180° for direct, linear coordination. Lastly, each AgI

center of the linking Ag2 dimer is coordinated to an aceto-
nitrile solvate with separations of 2.548(5) Å for Ag(1)–
N(1S) and 2.573(5) for Ag(4)–N(2S).

The three tetrametallic assemblies 5, 6 and 7, are iso-
structural and crystallize in the orthorhombic space group
Pccn. Selected bond lengths and angles are presented in
Table 2, whereas thermal ellipsoid plots of the cationic por-
tions are displayed in Figures 3, 4 and 5, respectively. Com-
parative views of their cores are presented in Figure 6.

In each case, the asymmetric unit contains one half of
the cationic portion and one hexafluorophosphate anion.
The cations rest on a crystallographic twofold that bisects
the central [Ag(benzoate)]2 dimer. In 5, the central [Ag(4-
chlorobenzoate)]2 is flanked by two AuI centers with fairly
long Au(1)–Ag(1) and Au(2)–Ag(1) distances of 3.2888(8)
and 3.2307(8) Å. The symmetry-equivalent Ag(1)–Ag(1A)
separation is much smaller at 2.7285(14) Å. The centroid of
this Ag–Ag vector is 2.992 Å from Au(1) and 2.929 Å from
Au(2). The Ag(1)–Au(1)–Ag(1A) intermetallic angle mea-
sures 49.02(3)°, whereas the opposing Ag(1)–Au(2)–Ag(1A)
angle is very close at 49.96(3)°. The Au(1)–Ag(1)–Au(2) an-
gle is much larger at 130.51(2) Å. This angle is nearly evenly
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Table 2. Selected bond lengths [Å] and angles [°] for 5–7.

Compound 5 6 7

Ag(1)–Ag(1A) 2.7285(14) 2.7130(7) 2.7287(5)
Ag(1)–Au(2) 3.2307(8) 3.2393(5) 3.2358(3)
Ag(1)–Au(1) 3.2888(8) 3.3203(5) 3.3041(3)
Au(1)–C(1) 1.989(10) 2.013(5) 2.011(3)
Au(2)–C(10) 2.017(9) 2.012(5) 2.013(3)
Ag(1)–N(3) 2.431(8) 2.435(4) 2.446(3)
Ag(1)–N(6) 2.447(8) 2.455(4) 2.465(3)
Ag(1)–O(1) 2.285(7) 2.275(3) 2.285(2)
Ag(1)–O(2A) 2.281(7) 2.281(3) 2.262(2)
C(19)–O(1) 1.255(12) 1.251(6) 1.255(4)
C(19)–O(2) 1.248(10) 1.254(6) 1.260(4)
Au···Au 3.883 3.580 3.810
Ag2centroid–Au(1) 2.992 3.031 3.009
Ag2centroid–Au(2) 2.929 2.942 2.934
Ag(1A)–Ag(1)–Au(2) 65.021(13) 65.244(7) 65.062(4)
Ag(1A)–Ag(1)–Au(1) 65.492(13) 65.887(7) 65.611(4)
Au(2)–Ag(1)–Au(1) 130.51(2) 131.130(12) 130.673(8)
Ag(1)–Au(2)–Ag(1A) 49.96(3) 49.512(14) 49.877(9)
Ag(1)–Au(1)–Ag(1A) 49.02(3) 48.227(13) 48.778(9)
C(1)–Au(1)–Ag(1A) 104.4(2) 103.30(13) 104.96(7)
C(1)–Au(1)–C(1A) 179.6(5) 179.8(3) 178.34(14)
C(10)–Au(2)–C(10A) 179.0(5) 178.2(3) 178.68(14)

Figure 3. Thermal ellipsoid plot (50%) of the cationic portion of
[Au2Ag2(CH3impy)4(ClC6H4CO2)2](PF6)2 (5), with hydrogen atoms
omitted for clarity. The unlabeled atoms are generated by a crystal-
lographically imposed twofold rotation axis located between Ag(1)
and Ag(1A).

bisected by the [Ag(4-chlorobenzoate)]2 dimer with Au(1)–
Ag(1)–Ag(1A) and Au(2)–Ag(1)–Ag(1A) angles of
65.492(13) and 65.021(13)°, respectively. Each gold center
is nearly linearly coordinated to two NHC moieties with
nearly equal C(1)–Au(1)–C(1A) and C(10)–Au(2)–C(10A)
angles of 179.6(5) and 179.0(5)°. These moieties are twisted
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Figure 4. Thermal ellipsoid plot (50%) of the cationic portion of
[Au2Ag2(CH3impy)4(Cl2C6H3CO2)2](PF6)2 (6), with hydrogen
atoms omitted for clarity. The unlabeled atoms are generated by a
crystallographically imposed twofold rotation axis located between
Ag(1) and Ag(1A).

Figure 5. Crystal structure drawing with ellipsoids draw at 50% of
the cationic portion of [Au2Ag2(CH3impy)4(BrC6H4CO2)2](PF6)2

(7), with hydrogen atoms omitted for clarity. The unlabeled atoms
are generated by a crystallographically imposed twofold rotation
element bisecting the Ag(1)–Ag(1A) vector.

by 60.44° from each other. Each AgI center is coordinated
to two oxygen atoms [Ag(1)–O(1) 2.285(7) Å and Ag(1A)–
O(2) 2.281(7) Å] and to two pyridyl groups [Ag(1)–N(3)
2.431(8) Å and Ag(1)–N(6) 2.447(8) Å]. The bridging ben-
zoate groups are slightly twisted with respect to each other
with an 18.2° angle between the respective CO2 planes. The
O(1)–O(2) separation at 2.256 Å is considerably smaller
than the Ag–Ag separation causing the O(1)–Ag(1A)–
O(2A) and O(2)–Ag(1)–O(1A) angles to contract from the
ideal trans-spanning angle of 180° to 166.8(2)°. Likewise,
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Figure 6. Comparison of the metallic cores of 3–7 with selected bond lengths [Å] and angles [°].

the O(1)–C(19)–O(2) angle is slightly expanded from the
ideal sp2 geometry to 128.7(9)°; however, the C(19)–O(1)
and C(19)–O(2) separations are more regular at 1.255(12)
and 1.248(10) Å, respectively. The intermolecular Au···Au
interactions are long at 3.883 Å.

The X-ray structure of 6 is very similar to that of 5 except
for the additional chloro substitution on the benzoate ring.
Like 5, the cation of 6 resides on a crystallographic twofold
axis with Au(1)–Ag(1) and Au(2)–Ag(1) separations of
3.3203(5) and 3.2393(5) Å and a shorter Ag(1)–Ag(1A) dis-
tance of 2.7130(7) Å. The centroid of this dimer lies 3.031 Å
from Au(1) and 2.942 Å from Au(2). The intermetallic
Ag(1)–Au(1)–Ag(1A) and Ag(1)–Au(2)–Ag(1A) angles are
acute and measure 48.227(13) and 49.512(14)°, whereas the
Au(1)–Ag(1)–Au(2) angle is much larger at 131.130(12)°.
The silver dimer almost perfectly bisects this angle with an
Au(1)–Ag(1)–Ag(1A) angle of 65.887(7)° and an Au(2)–
Ag(1)–Ag(1A) angle of 65.244(7)°. Each AuI center is
nearly linearly coordinated to two NHC ligands with
Au(1)–C(1) and Au(2)–C(10) distances of 2.013(5) and
2.012(5) Å and C(1)–Au(1)–C(1A) and C(10)–Au(2)–
C(10A) angles of 179.8(3) and 178.2(3)°. These centers are
twisted by 59.43° from each other. The central Ag atoms
are bridged by the disubstituted benzoate with Ag(1)–O(1)
and Ag(1)–O(2A) distances of 2.275(3) and 2.281(3) Å. As
observed in 5, the coordinating CO2 groups of 6 are twisted
by 19.4° from each other, whereas the O(1)···O(2) separa-
tion at 2.241 Å is smaller than the Ag–Ag separation. The
O(1)–C(19) and O(2)–C(19) separations are nearly equal at
1.251(6) and 1.254(6)°, whereas the O(1)–C(19)–O(2) angle
measures 126.8(5)°. Each AgI center is also coordinated to
two pyridyl groups with Ag(1)–N(3) and Ag(1)–N(6) angles
of 2.435(4) and 2.455(4) Å and an N(3)–Ag(1)–N(6) angle
of 94.59(15)°. The intermolecular Au···Au contacts at
3.580 Å are slightly shorter than those found in 5.
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The metrical parameters for the 4-bromobenzoate-con-
taining complex 7 are very similar to those in 5 and 6 with
Au(1)–Ag(1) and Au(2)–Ag(1) separations of 3.3041(3) and
3.2358(3) Å, and an Au(1)–Ag(1)–Au(2) angle of
130.673(8)°. The acute Ag(1)–Au(1)–Ag(1A) angle registers
48.778(9)°, whereas the Ag(1)–Au(2)–Ag(1A) angle is
slightly larger at 49.877(9)°. The Au(1)–Ag(1)–Ag(1A) an-
gle at 65.611(4)° is nearly identical to the Au(2)–Ag(1)–
Ag(1A) angle that measures 65.062(4)°. The Ag(1)–Ag(1a)
separation at 2.7287(5) Å is very close to that of 5. The
centroid of this Ag–Ag vector is 3.009 Å from Au(1) and
2.934 Å from Au(2). Like the previous complexes, each AuI

center is nearly linearly coordinated to two imidazole moie-
ties with C(1)–Au(1)–C(1A) and C(10)–Au(2)–C(10A)
angles of 178.34(14) and 178.68(14)°. These centers are
twisted by 60.46° from each other. The bridging benzoate
binds to the Ag centers with Ag(1)–O(1) and Ag(1A)–O(2)
distances of 2.285(2) and 2.262(2) Å and an O(1)–C(19)–
O(2) angle of 126.3(3)°. The C(19)–O(1) and C(19)–O(2)
distances are 1.255(4) and 1.260(4) Å, respectively, and the
O(1)···O(2) distance at 2.244 Å remains shorter than the
corresponding Ag–Ag distance. The benzoate groups are
slightly twisted with respect to each other as evidenced by
the 18.90° angle between the CO2-containing planes. The
benzoate O(1)–Ag(1)–O(2A) angle at 166.20(8)° is consider-
ably less than the ideal 180° trans-spanning. The pyridyl
groups are coordinated to the Ag centers in a cis fashion
with an N(3)–Ag(1)–N(6) angle of 93.30(9)° and Ag(1)–
N(3) and Ag(1)–N(6) separations of 2.446(3) and
2.465(3) Å, respectively. The nearest intermolecular Au···Au
interaction at 3.810 Å is very long.

Thermal-ellipsoid plots for the cationic portions of AuIII

complexes 8 and 9 are shown in Figures 7 and 8, respec-
tively, whereas some selected bond lengths and angles for
these complexes are displayed in Table 3. These complexes
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are isostructural and crystallize in the monoclinic space
group C2/c with one-half of the cation and hexafluorophos-
phate anion residing on an inversion center in the asymmet-
ric unit. As seen in Figure 7, the cation of 8 contains an
AuIII metal center oriented in a rigorously square-planar
environment with two trans-NHC ligands and two trans-
bromide ions. The Au(1)–C(1) and Au(1)–Br(1) separations
are 2.030(4) and 2.4241(4) Å, respectively, and the cis C(1)–
Au(1)–Br(1) and C(1A)–Au(1)–Br(1) angles at 89.84(10)
and 90.16(10)° are very close to the ideal 90°. The imidazole
moieties are twisted by 69.35° relative to the C2Br2 coordi-
nation plane and 29.40° relative to the attached pyridyl
group. The structure of 9 is nearly superimposable with that
of 8, but 9 has a slightly larger Au(1)–C(1) separation at
2.0379(19) Å and an Au(1)–I(1) distance of 2.61485(13) Å.
The cis angles reflect the symmetry-imposed square-planer
environment with C(1)–Au(1)–I(1) and C(1A)–Au(1)–I(1)
measuring 90.09(5) and 89.91(5)°. The angle between the
C2I2 coordination plane at 68.40° is slightly smaller than
that of 8. However, the pyridyl ring is slightly more twisted
(36.85°) in 9 compared to the related angle in 8.

Figure 7. Thermal ellipsoid plot (50%) of the cationic portion of
[Au(CH3impy)2Br2]PF6 (8), with hydrogen atoms omitted for clar-
ity. Only the crystallographically unique portion is numbered.

Figure 8. Thermal ellipsoid plot (50%) of the cationic portion of
[Au(CH3impy)2I2]PF6 (9), with hydrogen atoms omitted for clarity.
Only the crystallographically unique portion is numbered.

The electronic absorption spectra for the colorless com-
pounds 3–7 are similar and consist of a medium-intensity
band between 260 and 270 nm and a more intense shoulder
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Table 3. Selected bond lengths [Å] and angles [°] for 8 and 9.

Compound 8 Compound 9

Au(1)–C(1) 2.030(4) Au(1)–C(1) 2.0379(19)
Au(1)–Br(1) 2.4241(4) Au(1)–I(1) 2.61485(13)
C(1)–N(1) 1.340(5) C(1)–N(1) 1.340(2)
C(1)–N(2) 1.354(5) C(1)–N(2) 1.355(3)
C(1)–Au(1)–C(1A) 180.00(11) C(1)–Au(1)–C(1A) 180.00(5)
C(1)–Au(1)–Br(1) 89.84(10) C(1)–Au(1)–I(1) 90.09(5)
C(1A)–Au(1)–Br(1) 90.16(10) C(1A)–Au(1)–I(1) 89.91(5)

deep into the UV region between 219 and 240 nm. Com-
plexes 8 and 9 are colored, and the spectral pattern is dif-
ferent from what is observed for 3–7. For example, the yel-
low 8 shows a low-intensity shoulder at 302 nm in addition
to two more intense peaks at 266 and 220 nm. In the orange
complex 9 only two peaks are observed at 372 and 243 nm.
All the UV absorption bands and their respective extinction
coefficients for all the compounds are listed in the Experi-
mental Section.

Both solution and solid-state samples for the compounds
3–7 do not exhibit any noticeable photoluminescence at
room temperature, but surprisingly in frozen acetonitrile
solution of the compounds (77 K), all of them display in-
tense photoluminescence (Figure 9). The intensity of the
photoluminescence is independent of the concentration of
the compounds in their frozen solutions. In the polymeric
species 3 and 4, the emission maxima were recorded at 487
(λex = 368 nm) and 491 nm (λex = 365 nm), respectively. In
case of the tetrametallic assemblies, the emission band un-
dergoes a small redshift in comparison to the polymers. For
example, the emission band for 5, 6 and 7 occurs at 506 (λex

= 397 nm), 500 (λex = 378 nm) and 505 nm (λex = 380 nm),

Figure 9. Normalized emission plots for complexes 3–7 in frozen
acetonitrile (77 K).
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respectively. No noticeable photoluminescence was ob-
served with acetonitrile solutions of the AuIII complexes 8
and 9, neither at room temperature nor at 77 K.

Discussion

Unlike our previous work, where the addition of simple
AgI salts to [Au(CH3impy)2]+ leads exclusively to linear-
chain polymers, the incorporation of benzoate anions pro-
duces two distinct structural motifs. The silver salts of ben-
zoic acid or 4-fluorobenzoic acid produce polymeric sys-
tems (3 and 4) where tetrametallic Ag2Au2 cores are inter-
connected by Ag2(benzoate)2 dimers. However, the silver 4-
chloro-, 2,4-dichloro- and 4-bromobenzoate salts reprodu-
cibly produce discrete Ag2Au2 tetrametallic complexes. The
reason for this discrimination is not fully understood, but
it does not appear to be related to simple steric arguments
because these groups are oriented away from any conges-
tion. The Hammett σp parameters[17] are ordered H � F �
Cl � Br, which is consistent with grouping complexes 3 and
4 together and 5 and 7 together. Further, the corresponding
Ag–Ag separations in the central Ag2(benzoate)2 dimers
follow this trend with 3 ≈ 4 � 5 ≈ 7 � 6. The smallest
separation [2.7130(7) Å] is found in the Cl2-benzoate-con-
taining species 6, whereas larger separations [2.7724(7)–
2.7561(7) Å] are observed in 3 and 4. Intermediate are the
Ag–Ag separations of 5 and 7, which are nearly identical at
2.7285(14) and 2.7287(5) Å. Likewise, the Ag–pyridyl sepa-
rations decrease as the Ag–Ag separation decreases follow-
ing the Hammett series suggesting greater participation of
the pyridyl group in synergistic bonding. In 3 and 4 the Ag–
Ag separations in the linking Ag2(benzoate)2 dimers at ca.
2.85 Å are much larger; however, here each AgI atom is only
three-coordinate, not counting the Ag–Ag interaction.
Interestingly, the chemistry with electron-donating substi-
tuted silver benzoates (methyl and methoxy) is different,
and we have yet to cleanly isolate these products.

The tetrametallic structural motif is not unique, and nu-
merous Au2Ag2R2L2 compounds are found in the litera-
ture.[18] For example, Usón and co-workers[19] reported the
orange compound {Au2(C6F5)2Ag2(SC4H8)2}n, which con-
tains very small Ag–Au separations of 2.889 and 2.717 Å.
The lack of a bridging ligand keeps the Ag–Ag separation
large at 3.05 Å. These units are interconnected by short auro-
philic linkages of 2.889 Å generating a polymeric struc-
ture. This work was expanded greatly to include a large
variety of auxiliary ligands on Ag; however, the overall
structure remains the same again with small Au–Ag separa-
tions ranging from 2.702 to 2.792 Å and aurophilic connec-
tions of 2.889 and 3.013 Å.[20] Fernández et al.[21] furthered
this chemistry to include bridging trifluoroacetate groups
across the Ag2 dimer, and, although the overall metallic
substructure is slightly different, comparison about the sil-
ver centers are still valid. In these systems the separation
between the Ag atoms of the internal Ag2 dimer is still large
compared to complexes 3–7. In {Au(C6F5)2Ag(CF3CO2)-
(tht)}n the Ag–Ag separation is 2.8792(5) Å, whereas in
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{Au(3,5-C6Cl2F3)2Ag2(CF3CO2)(tht)}n the corresponding
measurement is slightly smaller at 2.8623(6) Å, and finally
in the perchlorophenyl derivative {Au(C6Cl5)2Ag-
(CF3CO2)(tht)}n a larger Ag–Ag separation [2.96615(19) Å]
is found. The Au–Ag separations, however, are generally
smaller and range from 2.8784(5) to 3.0221(6) Å. A similar
trend was observed in the mesitylgold(I) system.[22]

Complexes 3–7 are photoluminescent in frozen acetoni-
trile at 77 K but are non-emissive at room temperature.
There is little change in the emission spectra of these com-
plexes; however, a trend similar to the one observed describ-
ing their structural difference is noticed. Complexes 3 and
4 have the most blueshifted emission maxima at ca. 490 nm,
whereas 5 and 7 have nearly identical spectra that are the
most redshifted to ca. 506 nm. The dichlorobenzoate-con-
taining 6 is intermediate. Likewise, the excitations are simi-
larly distributed, with complexes 3 and 4 having nearly
identical excitation spectra that consist of a single peak at
365 and 368 nm, respectively, whereas complexes 5–7 have
a slightly broader profile with major peaks at 380 nm and
shoulders towards the blue portion of the electromagnetic
spectrum.

Fernández et al.[3] very thoroughly examined the origin
of the photophysical properties of Au2(C6F5)4Ag2(OC-
Me2)2. At high concentrations and in the solid state the
emission of this species originates from the aurophilic
Au···Au intermolecular interactions; however, in dilute
solution, the emission appears to arise from either ππ* or
π-MMLCT excited state. Given the similarity in emission
profiles in compounds 3–7 and the lack of Au···Au interac-
tions in 3 and 4, a metal-centered (dσ*–pσ) transition is
unlikely. In later work, Fernández et al.[23] explored the ace-
tonitrile complexes Au2(C6F5)4Ag2(NCCH3)2 and Au2-
(C6F5)4Cu2(NCCH3)2 and proposed a similar dσ*–pσ tran-
sition to explain their observations at high concentrations
or in the solid state. Interestingly, the authors also found a
“transition located within the tetranuclear core whose en-
ergy is influenced by molecular aggregation.” A similar pro-
cess could be at play in this work; however, here, the energy
of the LUMO would be tuned by the benzoate ligand and
not aggregation. Such an assignment requires a more thor-
ough investigation and is beyond the scope of this work.

Finally, attempts to oxidize the clusters lead only to dis-
ruption of the polymetallic cores and isolation of the mono-
metallic AuIII species. It is interesting to note that in 8 and
9 the pyridyl groups of the NHC ligand remain uncoordi-
nated. This is in marked contrast to the related work by
Chen and Lin[24] on the related dipyridyl-substituted NHC
impy2 where the d8 PdII center forms a rigid chelate ring
that is difficult to open. Faller, Crabtree, and co-workers[25]

further elaborated on the chelating ability of pyridyl-substi-
tuted NHC ligands and thoroughly explored their ability to
interconvert from a C2-bound NHC to a C4-bound NHC
on a high-oxidation-state metal atom. The uncoordinated
pyridyl groups in 8 and 9 open the possibility of forming
d8 coordination polymers by coordinating to another metal
atom in a fashion analogous to that shown in Scheme 1.
We are currently exploring these reactions.
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Conclusions

The chemistry presented here further illustrates the diver-
sity in coordination chemistry of the CH3impy ligand and
the sensitivity of auxiliary coordination on the overall struc-
tural motif. Incorporation of a benzoate anion does not
produce linear coordination polymers, but instead produces
two distinct structural motifs. Alteration of the electron-
withdrawing groups on the benzoate backbone influences
both metrical parameters of the multimetallic complexes as
well as the luminescence.

Experimental Section

General: Solvents were used as received without purification or dry-
ing. Silver benzoate was obtained from Alfa Aesar. Other silver
salts used in this work were synthesized according to a reported[26]

procedure, starting from the respective benzoic acids, which were
obtained from Acros Organics. 1-Methylimidazole and 2-bromo-
pyridine were obtained from Aldrich. The preparation of Au(tht)-
Cl is described elsewhere,[27] and the preparations of the imid-
azolium salt [HCH3imPy]PF6 and the Au complex [Au(CH3impy)2]-
PF6 were modified from published procedures.[15b] 1H NMR spec-
tra were recorded with a Varian Unity+ NMR spectrometer op-
erating at 500 MHz at 25 °C. Chemical shifts are reported relative
to TMS but were measured on the basis of the internal solvent
peak. UV/Vis spectra were obtained with an Agilent 8453 UV/Vis
spectrophotometer (1 cm cell pathlength). Emission data were re-
corded with a Spex Fluoromax steady-state fluorimeter. Elemental
analyses were performed by Columbia Analytical Services (for-
mally Desert Analytics) in Tucson, AZ.

Preparation of [H(CH3impy)]PF6 (1):1-Methylimidazole (1.64 g,
20.0 mmol) and 2-bromopyridine (3.16 g, 20.0 mmol) were intro-
duced into a pressure tube. The pressure tube was then capped and
placed in an oil bath, whose temperature was maintained at 165 °C.
The mixture was stirred for 48 h. After cooling, the resulting oil
was transferred to a beaker containing water (15 mL). The mixture
was treated with a saturated aqueous solution of NH4PF6

(50.0 mmol), and a brown yellow solid precipitated. The solid was
filtered and washed first with three 15 mL portions of water to
remove excess NH4PF6 and NH4Br and then with another three
10 mL portions of THF to remove the brown yellow impurity.
Product 1 was obtained as an off-white powder in 53% yield
(3.24 g). 1H NMR (499.8 MHz, CD3CN, 25 °C): δ = 9.24 (s, 1 H),
8.59 (m, 1 H), 8.12 (m, 1 H), 8.06 (m, 1 H), 7.72 (d, J = 9.0 Hz, 1
H), 7.57 (m, 1 H), 7.55 (m, 1 H), 3.97 (s, 3 H) ppm. 13C NMR
(125.7 MHz, CD3CN, 25 °C): δ = 150.6, 147.5, 141.6, 135.6, 126.4,
125.8, 120.3, 115.1, 37.5 ppm.

Preparation of [Au(CH3impy)2]PF6 (2): A 100 mL round-bottomed
flask was charged with Au(tht)Cl (0.255 g, 0.795 mmol),
[HCH3impy]PF6 (0.485 g, 1.59 mmol), CH3COONa (0.131 g,
1.59 mmol) and CH3CN (about 50 mL). The mixture was refluxed
for 48 h. After cooling, the solution was filtered through Celite,
and the clear filtrate was concentrated to a minimum volume under
vacuum. The pale yellow product 2 was precipitated with Et2O to
afford 0.462 g (0.699 mmol) in 88% yield. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.50 (d, J = 4.0 Hz, 2 H), 8.00 (d, J = 8.0 Hz,
2 H), 7.87 (t, J = 7.5 Hz, 2 H), 7.76 (d, J = 1.7 Hz, 2 H), 7.47 (t,
J = 5.0 Hz, 2 H), 7.37 (d, J = 1.7 Hz, 2 H), 3.93 (s, 6 H) ppm. 13C
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NMR (125.7 MHz, CD3CN, 25 °C): δ = 183.5, 151.7, 150.1, 140.3,
125.4, 124.8, 121.9, 118.7, 39.5 ppm.

Preparation of {[Au2Ag4(CH3impy)4(C6H5CO2)4(CH3CN)2](PF6)2}n

(3): A 50 mL round-bottomed flask was charged with [Au(CH3-
impy)2]PF6 (0.052 g, 0.079 mmol), silver benzoate (0.040 g,
0.174 mmol) and CH3CN (about 30 mL). A reflux condenser was
attached to the flask, and the solution was refluxed overnight. The
solution was then cooled to room temperature and filtered through
Celite. The pale yellow filtrate was concentrated to a minimum vol-
ume, and the product was precipitated with Et2O to afford 0.062 g
(0.027 mmol) of 3 as an off-white powder in 68% yield.
C68H62Ag4Au2F12N14O8P2 (2318.67): calcd. C 35.22, H 2.69, N
8.45; found C 34.72, H 2.67, N 8.81. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.64 (d, J = 6.0 Hz, 4 H), 7.97 (d, J = 7.5 Hz,
8 H), 7.95 (m, 4 H), 7.91 (d, J = 8.0 Hz, 4 H), 7.69 (d, J = 2.0 Hz,
4 H), 7.55 (m, 4 H), 7.48 (t, J = 7.0 Hz, 4 H), 7.40 (t, J = 7.5 Hz,
8 H), 7.22 (d, J = 2.0 Hz, 4 H), 3.78 (s, 12 H) ppm. 13C NMR
(125.7 MHz, CD3CN, 25 °C): δ = 183.5, 151.5, 150.6, 141.0, 131.6,
131.1, 128.8, 125.8, 125.0, 122.1, 119.4, 118.1, 39.4 ppm. UV/Vis
(CH3CN): λmax (ε) = 219 (sh, 71000), 267 (31000) nm.

Preparation of {[Au2Ag4(CH3impy)4(FC6H4CO2)4(CH3CN)2]-
(PF6)2}n (4): [Au(CH3impy)2]PF6 (0.056 g, 0.085 mmol) and silver
4-fluorobenzoate (0.046 g, 0.188 mmol) were placed in a 50 mL
round-bottomed flask, and CH3CN (30 mL) was added. The solu-
tion was stirred at room temperature overnight. After that, the
solution was filtered through Celite. The clear filtrate was concen-
trated to a minimum volume, and Et2O was added to obtain 0.075 g
(0.032 mmol) of 4 as a pale yellow powder in 76% yield.
C68H58Ag4Au2F16N14O8P2 (2390.64): calcd. C 34.16, H 2.44, N
8.20; found C 34.13, H 2.40, N 8.20. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.65 (d, J = 2.0 Hz, 4 H), 7.98 (t, J = 8.0 Hz,
4 H), 7.92 (m, 8 H), 7.79 (d, J = 8.0 Hz, 4 H), 7.59 (d, J = 2.0 Hz,
4 H), 7.55 (t, J = 6.5 Hz, 4 H), 7.08 (m, 8 H), 7.02 (d, J = 2.0 Hz,
4 H), 3.59 (s, 12 H) ppm. 13C NMR (125.7 MHz, CD3CN, 25 °C):
δ = 183.4, 150.9, 141.5, 133.5, 133.4, 125.9, 125.1, 122.1, 119.9,
115.5, 115.3, 39.2 ppm. UV/Vis (CH3CN): λmax (ε) = 220 (sh,
68000), 266 (32000) nm.

Preparation of [Au2Ag2(CH3impy)4(ClC6H4CO2)2](PF6)2 (5): [Au-
(CH3impy)2]PF6 (0.056 g, 0.084 mmol), silver 4-chlorobenzoate
(0.049 g, 0.185 mmol) and CH3CN (30 mL) were placed in a 50 mL
round-bottomed flask. A reflux condenser was attached to the
flask, and the solution was refluxed overnight. The solution was
then cooled to room temperature and filtered through Celite. The
clear filtrate was concentrated, and 0.055 g (0.030 mmol) of prod-
uct 5 was obtained by precipitating with Et2O in 71% yield.
C50H44Ag2Au2Cl2F12N12O4P2 (1847.49): calcd. C 32.50, H 2.40, N
9.09; found C 32.80, H 2.37, N 9.28. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.60 (d, J = 6.0 Hz, 4 H), 7.95 (t, J = 8.0 Hz,
4 H), 7.87 (m, 8 H), 7.66 (d, J = 2.0 Hz, 4 H), 7.53 (t, J = 5.0 Hz,
4 H), 7.37 (d, J = 8.0 Hz, 4 H), 7.16 (d, J = 2.0 Hz, 4 H), 3.72 (s,
12 H) ppm. 13C NMR (125.7 MHz, CD3CN, 25 °C): δ = 183.5,
151.5, 150.5, 140.9, 132.7, 128.8, 125.7, 125.0, 122.1, 119.3, 119.0,
39.4 ppm. UV/Vis (CH3CN): λmax (ε) = 230 (sh, 61000), 267
(38000) nm.

Preparation of [Au2Ag2(CH3impy)4(Cl2C6H3CO2)2](PF6)2 (6): A
50 mL round-bottomed flask was charged with [Au(CH3impy)2]-
PF6 (0.054 g, 0.082 mmol), silver 2,4-dichlorobenzoate (0.054 g,
0.181 mmol) and CH3CN (30 mL). The solution was stirred at
room temperature overnight and then filtered through Celite. The
clear filtrate was concentrated to one-third of its initial volume,
and then Et2O was added to precipitate 0.064 g (0.033 mmol) of 6
as a powder in 81% yield. C50H42Ag2Au2Cl4F12N12O4P2 (1916.38):
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calcd. C 31.33, H 2.20, N 8.77; found C 31.35, H 2.16, N 9.04. 1H
NMR (499.8 MHz, CD3CN, 25 °C): δ = 8.54 (m, 4 H), 7.97 (d, J
= 8.0 Hz, 4 H), 7.90 (t, J = 7.6 Hz, 4 H), 7.74 (d, J = 2.0 Hz, 4 H),
7.56 (d, J = 8.0 Hz, 2 H), 7.50 (m, 4 H), 7.43 (d, J = 2.4 Hz, 2 H),
7.35 (d, J = 2.0 Hz, 4 H), 7.27 (d, J = 6.4 Hz, 2 H), 3.89 (s, 12 H)
ppm. 13C NMR (125.7 MHz, CD3CN, 25 °C): δ = 183.4, 151.6,
150.4, 140.7, 132.4, 130.4, 127.6, 125.6, 125.0, 122.1, 119.1,
39.5 ppm. UV/Vis (CH3CN): λmax (ε) = 240 (sh, 34000), 265
(31000) nm.

Preparation of [Au2Ag2(CH3impy)4(BrC6H4CO2)2](PF6)2 (7): A
50 mL round-bottomed flask was charged with [Au(CH3impy)2]-
PF6 (0.052 g, 0.079 mmol), silver 4-bromobenzoate (0.053 g,
0.174 mmol) and CH3CN (30 mL). A reflux condenser was at-
tached to the flask, and the solution was refluxed overnight. The
solution was then cooled to room temperature and filtered through
Celite. The pale yellow filtrate was concentrated to a minimum vol-
ume, and the product was precipitated with Et2O to afford 0.056 g
(0.029 mmol) of 7 as an off-white powder in 73% yield.
C50H44Ag2Au2Br2F12N12O4P2 (1936.39): calcd. C 31.01, H 2.29, N
8.68; found C 30.67, H 2.40, N 9.30. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.53 (d, J = 7.6 Hz, 4 H), 7.99 (d, J = 8.0 Hz,
4 H), 7.89 (m, 8 H), 7.75 (d, J = 2.0 Hz, 4 H), 7.49 (m, 8 H), 7.35
(d, J = 2.0 Hz, 4 H), 3.91 (s, 12 H) ppm. 13C NMR (125.7 MHz,
CD3CN, 25 °C): δ = 183.5, 151.6, 150.4, 140.7, 132.9, 131.8, 125.6,
124.9, 122.0, 119.1, 39.4 ppm. UV/Vis (CH3CN): λmax (ε) = 237
(sh, 48000), 267 (35000) nm.

Preparation of [Au(CH3impy)2Br2]PF6 (8): A 100 mL round-bot-
tomed flask was charged with [Au(CH3impy)2]PF6 (0.102 g,
0.155 mmol) and dichloromethane (40 mL). Bromine (0.037 g,
0.232 mmol) was placed in another flask, containing dichlorometh-
ane (10 mL), and the mixture was stirred to form a homogeneous
solution. To the rapidly stirred solution of [Au(CH3impy)2]PF6, the
dichloromethane solution of bromine was added dropwise. After
completion of the addition, the solution was stirred at room tem-
perature overnight. The insoluble compound 8 separated, was fil-
tered and washed with two 10 mL portions of dichloromethane to
remove any excess bromine. The compound was dried under vac-
uum to obtain 0.115 g (0.141 mmol) of 8 as a yellow powder in
91% yield. C18H18AuBr2F6N6P (820.13): calcd. C 26.36, H 2.21, N
10.24; found C 26.05, H 2.18, N 9.94. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.66 (d, J = 7.0 Hz, 2 H), 8.09 (t, J = 7.5 Hz,
2 H), 7.93 (d, J = 2.5 Hz, 2 H), 7.75 (d, J = 8.0 Hz, 2 H), 7.59 (d,
J = 2.5 Hz, 2 H), 7.57 (t, J = 5.5 Hz, 2 H), 4.17 (s, 6 H) ppm. 13C
NMR (125.7 MHz, CD3CN, 25 °C): δ = 150.9, 150.4, 149.8, 141.4,

Table 4. X-ray crystallographic data for complexes 3–7.

Compound 3·2CH3CN 4·2CH3CN 5 6 7

Empirical formula C36H34Ag2AuF6N8O4P C68H58Ag4Au2F16N14O8P2 C50H44Ag2Au2Cl2F12N12O4P2 C50H42Ag2Au2Cl4F12N12O4P2 C50H44Ag2Au2Br2F12N12O4P2

Formula mass 1200.39 2390.64 923.74 1916.37 1936.40
Crystal system triclinic triclinic orthorhombic orthorhombic orthorhombic
Space group P1̄ P1̄ Pccn Pccn Pccn
a [Å] 10.9374(2) 13.3773(2) 22.6291(7) 23.1458(3) 22.5633(5)
b [Å] 13.6043(2) 14.2645(2) 12.9898(5) 13.3946(2) 13.1741(3)
c [Å] 14.2812(2) 21.8991(4) 19.6085(7) 19.1046(2) 19.5070(4)
α [°] 82.2010(10) 102.8580(10) 90 90 90
β [°] 79.6540(10) 106.4810(10) 90 90 90
γ [°] 69.6320(10) 101.5970(10) 90 90 90
V [Å3] 1953.55(5) 3747.42(10) 5763.9(4) 5922.98(13) 5798.5(2)
Z 2 2 4 4 4
Temperature [K] 100(2) 100(2) 100(2) 100(2) 100(2)
R1 0.0334 0.0379 0.0494 0.0326 0.0242
wR2 [I�2σ(I)] 0.0545 0.0928 0.1142 0.0752 0.0569
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127.2, 125.9, 123.2, 117.5, 39.8 ppm. UV/Vis (CH3CN): λmax (ε) =
220 (61000), 266 (14000), 302 (sh, 4000) nm.

Preparation of [Au(CH3impy)2I2]PF6 (9): A 100 mL round-bot-
tomed flask was charged with [Au(CH3impy)2]PF6 (0.102 g,
0.155 mmol) and dichloromethane (40 mL). Iodine (0.059 g,
0.233 mmol) was placed in another flask, containing dichlorometh-
ane (10 mL), and the mixture was stirred to form a homogeneous
solution. The dichloromethane solution of iodine was then added
dropwise to the rapidly stirred solution of [Au(CH3impy)2]PF6. The
solution was stirred at room temperature overnight. Compound 9
was insoluble in dichloromethane and precipitated from the solu-
tion. The solid was filtered and washed with two 10 mL portions
of dichloromethane to remove excess iodine. The product was dried
under vacuum to obtain 0.133 g (0.146 mmol) of 9 as an orange
powder in 94% yield. C18H18AuF6I2N6P (914.13): calcd. C 23.65, H
1.98, N 9.19; found C 23.80, H 1.96, N 9.15. 1H NMR (499.8 MHz,
CD3CN, 25 °C): δ = 8.60 (d, J = 2.5 Hz, 2 H), 8.09 (t, J = 9.0 Hz,
2 H), 7.96 (d, J = 2.5 Hz, 2 H), 7.75 (d, J = 8.5 Hz, 2 H), 7.62 (d,
J = 2.5 Hz, 2 H), 7.55 (t, J = 5.0 Hz, 2 H), 4.07 (s, 6 H) ppm. 13C
NMR (125.7 MHz, CD3CN, 25 °C): δ = 150.6, 149.6, 145.1, 141.3,
127.4, 125.8, 123.5, 117.6, 40.5 ppm. UV/Vis (CH3CN): λmax (ε) =
243 (33000), 372 (5000) nm.

X-ray Crystallography: X-ray quality crystals were obtained by
slow vapor diffusion of diethyl ether into an acetonitrile solution of
the respective complex. In each case, suitable crystals were chosen,
coated with a hydrocarbon oil and mounted on a glass fiber. X-ray
crystallographic data were collected at low temperature (100 K)
with a Bruker SMART Apex CCD diffractometer using Mo-Kα

radiation and a detector-to-crystal distance of 4.94 cm. Data collec-
tions were optimized for maximum coverage and redundancy with
0.5° scans in ω and φ and an exposure time ranging from 10 to
25 s per frame. The 2θ ranges extended from 3.0 to 64°. Data were
corrected for Lorentz and polarization effects by using the SAINT
program and corrected for absorption by using SADABS. Unit
cells were indexed by using up to 9999 reflections harvested from
the data collection. The structures were solved by direct methods
and refined by using the SHELXTL 6.10 software package.[28]

Crystallographic data for complexes 3–7 and 8–9 are presented in
Tables 4 and 5, respectively. CCDC-713346 (for 3), -713347 (for
4), -713348 (for 5), -713349 (for 6), -713350 (for 7), -713351 (for
8), -713352 (for 9) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Table 5. X-ray crystallographic data for complexes 8 and 9.

Compound 8 9

Empirical formula C18H18AuBr2F6N6P C18H18AuF6I2N6P
Formula mass 820.14 914.12
Crystal system monoclinic monoclinic
Space group C2/c C2/c
a [Å] 14.4535(5) 15.5763(4)
b [Å] 6.8128(2) 6.9467(2)
c [Å] 24.7857(9) 23.4835(6)
α [°] 90 90
β [°] 103.121(2) 103.1720(10)
γ [°] 90 90
V [Å3] 2376.90(14) 2474.15(11)
Z 4 4
Temperature [K] 100(2) 100(2)
R1 0.0386 0.0227
wR2 [I�2σ(I)] 0.0670 0.0444
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