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Introduction

Luminescent d10 compounds have received increasing atten-
tion over past decades because of their interesting photo-
physical and photochemical properties and their possible ap-
plications in OLED display technology,[1–3] as dopant emit-
ters,[4–8] and in sensors for luminescence-based detection of
volatile organic compounds.[9–12] Gold(I) complexes have re-
ceived considerable attention recently because they exhibit
unique features, such as the formation of secondary bonds
through aurophilic interactions[13,14] that are similar in
strength to hydrogen bonds. These attractions between
closed-shell atoms result from electronic correlation effects
strengthened by the large relativistic effects of gold.[15] Gold

also forms many metallophilic Au···M interactions which are
of great interest because of their influence on molecular
structure and physical properties, such as luminescence.

We are interested in the chemistry of chalcogenide gold
compounds; several reports have dealt with this type of
compound[14,16–18] and they have been shown to have lumi-
nescence properties.[18] We have shown that chalcogenides
can bind from two to six gold atoms, forming electron-defi-
cient complexes of the type [EACHTUNGTRENNUNG(AuPPh3)n]

(n�2)+ (n=4, 5,
6).[16] We have also reported on chalcogenide-centered com-
plexes with gold atoms in different oxidation states,[17] but
all attempts to prepare heteronuclear derivatives have led to
a mixture of complexes. As far as we are aware only the
mixed-metal chalcogenide-centered complexes [{O ACHTUNGTRENNUNG(Au-
ACHTUNGTRENNUNGPPh3)2(Rh ACHTUNGTRENNUNG{dien})}2] ACHTUNGTRENNUNG(BF4)2 (dien=1,5-cyclooctadiene (cod),
norbornadiene (nbd)),[19] [{O ACHTUNGTRENNUNG(AuPPh3)(Pt ACHTUNGTRENNUNG{cod})}2]ACHTUNGTRENNUNG(BF4)2,

[20]

[{O ACHTUNGTRENNUNG(AuPPh3)Pd ACHTUNGTRENNUNG(tBu2bipy)}2]
2+ ,[21] [{S ACHTUNGTRENNUNG(AuACHTUNGTRENNUNGPPh3)3}2ACHTUNGTRENNUNGAg ACHTUNGTRENNUNG(thf)]-

ACHTUNGTRENNUNG(BF4)3,
[22] [Au4ACHTUNGTRENNUNG(SeInCl3)2ACHTUNGTRENNUNG{Ph2P ACHTUNGTRENNUNG(CH2)5PPh2}2],

[23] and [Au8Se4-
ACHTUNGTRENNUNGIn ACHTUNGTRENNUNG{Ph2P ACHTUNGTRENNUNG(CH2)2PPh2}4]ACHTUNGTRENNUNG(InCl4)3,

[23] have been reported. A
strategy to prepare these chalcogenide-centered heteronu-
clear derivatives involves the use of heterofunctional ligands
such as the phosphines PPh2py or PPh2CH2CH2py. We
have chosen both ligands because of their different capabili-
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ties in promoting the Au···M interaction, since they would
form five- and seven-membered metallacycles, respecti-
vely. We have previously communicated the synthesis of
[EACHTUNGTRENNUNG(AuPPh2py)3Ag]2+ (E=O, S, Se) complexes, which have a
tetrahedral Au3Ag skeleton with short Au···Ag interac-
tions.[24] These complexes are highly luminescent and their
emissions move from the blue to the green to the orange
region on going from oxygen to sulfur to selenium. Herein
we report on the reactivity of [E ACHTUNGTRENNUNG(AuL)3]

+ complexes, where
L represents the heterofunctional ligand and E the chalcoge-
nide, with silver and copper compounds. A study of their lu-
minescence with variation of the chalcogenide, the hetero-
functional ligand, and the metal has been carried out. The
chalcogenide ligand influences the emission energies, the
heterofunctional ligand the formation of metallophilic inter-
actions, and the metal is important in determining the
strength of the Au···M interactions which are key to the
luminescent properties.

Results and Discussion

The reactions of [AuClACHTUNGTRENNUNG(PPh2py)] or [AuCl(PPh2CH2CH2py)]
with Ag2O in the presence of NaBF4 gave the oxonium de-
rivatives [O ACHTUNGTRENNUNG(AuPPh2py)3]BF4 (1) and [O(Au ACHTUNGTRENNUNGPPh2ACHTUNGTRENNUNGCH2 ACHTUNGTRENNUNGCH2-

ACHTUNGTRENNUNGpy)3] ACHTUNGTRENNUNGBF4 (2) in high yields. Both show a singlet in their
31P{1H} NMR spectra, at d=23.4 and 21.1 ppm, respectively,
which are characteristic of oxonium tri(goldphosphine) com-
plexes.[25] Treatment of the oxonium compounds with thiour-
ea or selenourea gave the corresponding compounds with
the sulfur or selenium atoms bridging the three gold atoms,
[EACHTUNGTRENNUNG(AuPPh2py)3]BF4 (E=S (3), Se (4)) or [E(AuPPh2 ACHTUNGTRENNUNGCH2-
ACHTUNGTRENNUNGCH2py)3]BF4 (E=S (5), Se (6)), with urea as the by-product
(see Scheme 1). Complexes 3–6 are white, air- and moisture-

stable solids that have been characterized by NMR and
mass spectrometry. The 31P{1H} NMR spectra of 3–6 show
only one resonance for the equivalent phosphorus atoms
with chemical shifts ranging from d=29.7 to 33.6 ppm, quite
different from those of the oxonium complexes.

X-ray crystal structure determinations were carried out on
some of these complexes, namely [OACHTUNGTRENNUNG(AuPPh2py)3]PF6 (1),
[O(AuPPh2CH2CH2py)3]BF4 (2), and [SeACHTUNGTRENNUNG(AuPPh2py)3]BF4

(4). The cations of complexes 1 and 2 consist of Au3O units
that dimerize through aurophilic interactions (see the Sup-
porting Information). The overall bonding scheme is typical
of trigoldoxonium complexes.[25, 26] The structure of complex
4 is shown in Figure 1 and selected bond lengths and angles
are listed in Table 1. The Au�Se distances are 2.4117(12)–
2.4566(10) Q and are similar to those found in other m3-Se
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Scheme 1.

Figure 1. Structure of the cation of complex 4 with the atomic numbering
scheme.

www.chemeurj.org L 2007 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 235 – 246236

www.chemeurj.org


gold complexes such as [Se ACHTUNGTRENNUNG(AuPPh3)3]PF6.
[16d,27] The Au···Au

interactions are in the range 2.9666(8)–3.3691(8) Q, which
are longer than those in the corresponding oxonium salt,
probably as a result of the larger size of the bridging chalco-
genide.

The reactions of complexes 1, 3, or 4 with Ag ACHTUNGTRENNUNG(OTf) or
AgBF4 led to the previously reported[24] gold(I)–silver(I)
clusters [EACHTUNGTRENNUNG(AuPPh2py)3Ag]2+ (E=O (7), S (8), Se (9)) in
which the heterofunctional ligand 2-diphenylphosphinopyri-
dine, P-bonded to the gold(I) atoms, coordinates to the sil-
ver(I) atom through the nitrogen pyridine atom forming a
tetrahedral Au3Ag cluster (see Scheme 2). These complexes

are brightly luminescent and exhibit a large variation in the
emission maximum depending on the m3-E capping ligand,
being blue for oxygen, green for sulfur, and orange for sele-
nium.

As a consequence of the interesting luminescence proper-
ties of this type of complex we investigated the results of
the reaction with other metal fragments such as copper(I).
The reactions of [E ACHTUNGTRENNUNG(AuPPh2py)3]BF4 with [Cu ACHTUNGTRENNUNG(NCMe)4]PF6

in dichloromethane led to the formation of complexes [E-
ACHTUNGTRENNUNG(AuPPh2py)3Cu]ACHTUNGTRENNUNG(BF4)ACHTUNGTRENNUNG(PF6) (E=O (10), S (11), Se (12)).
These compounds are also intensely luminescent in the solid
state. In the 31P{1H} NMR spectra two resonances are ob-
served for complexes 10 and 12 (with an approximate ratio
of 2:1) and a broad resonance for 11. This is not consistent
with the spectra recorded for the silver complexes 7–9 in
which only one resonance was observed because of the

equivalence of the phosphorus atoms. Consequently, we car-
ried out low-temperature NMR studies on complexes 10
and 12 which showed the presence of two major resonances
in a ratio of 2:1 and three minor resonances. This data is
consistent with the presence of a second species. In the case
of complex 11 we can see a higher proportion of the second
species. The compound that exhibits three singlets corre-
sponds to a structure similar to the silver complexes in
which the copper(I) atom binds to the three pyridine groups
and also forms Au(I)···Cu(I) interactions (see Scheme 3).

Despite the equivalence of the
phosphorus atoms in these com-
plexes at room temperature up
to three resonances are expect-
ed at low temperatures proba-
bly because of the differences
in the Au···Au and Au···Cu in-
teractions, as was previously ob-
served in the spectra of gold
complexes with a central sulfur
or selenium atom.[16b,d] The

compounds with two main resonances correspond to a struc-
ture with inequiv ACHTUNGTRENNUNGalent phosphorus atoms present in a ratio
of 2:1. This is possible with a different coordination mode
between the copper atom and the pyridine groups and,
taking into account the high tendency of the starting materi-
als to form dimers through aurophilic interactions, the met-
allic center could bind two pyridine groups from a different
trinuclear unit (see Scheme 3). These two species are coordi-
nation isomers. The presence of these two isomers (a and b)
has been confirmed by X-ray diffraction studies and both
have been characterized for the sulfide compounds. For the
sulfide complex 11 the ratio of the two isomers can be
varied if the starting material is [S ACHTUNGTRENNUNG(AuPPh2py)3]OTf instead
of [S ACHTUNGTRENNUNG(AuPPh2py)3]BF4, in which the trifluoromethanesulfo-
nate anion, with a higher coordination capability, may bind
to the copper atom thereby favoring isomer b (with a coor-

Table 1. Selected bond lengths [Q] and angles [8] for complex 4.

Au1�P1 2.271(2) Au3�Au6 2.9666(8)
Au1�Se1 2.4396(10) Au4�P4 2.264(3)
Au1�Au4 3.1203(9) Au4�Se2 2.4499(11)
Au1�Au2 3.1996(7) Au4�Au6 3.0098(8)
Au1�Au3 3.3691(8) Au4�Au5 3.1770(8)
Au2�P2 2.254(3) Au5�P5 2.259(3)
Au2�Se1 2.4182(11) Au5�Se2 2.4117(12)
Au2�Au3 3.0937(8) Au5�Au6 3.2778(7)
Au3�P3 2.272(2) Au6�P6 2.266(2)
Au3�Se1 2.4426(10) Au6�Se2 2.4566(10)
P1-Au1-Se1 173.04(6) Au2-Se1-Au1 82.39(3)
P2-Au2-Se1 173.30(7) Au2-Se1-Au3 79.06(3)
P3-Au3-Se1 172.04(7) Au1-Se1-Au3 87.27(3)
P4-Au4-Se2 171.49(7) Au5-Se2-Au4 81.61(3)
P5-Au5-Se2 173.80(8) Au5-Se2-Au6 84.64(4)
P6-Au6-Se2 175.82(7) Au4-Se2-Au6 75.68(3)

Scheme 2.

Scheme 3.
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dinated OTf� ion). Figure 2 shows a variable-temperature
31P{1H} NMR study of [S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(PF6) with
the different intensities of the isomers. At room temperature

a broad resonance appears that splits into two at 273 K. At
253 K both isomers are observed, with isomer a exhibiting
three singlets and isomer b two singlets. At 193 K the signals
due to isomer b broaden and those due to isomer a seem to
be present in a higher ratio, which suggests that the propor-
tion of the two isomers is also temperature-dependent.

The question now is why only one type of structure has
been detected in the silver(I) complexes, as indicated by
their low-temperature 31P{1H} spectra in which three singlets
due to three different phosphorus atoms are observed. Sil-
ver(I) and copper(I) are commonly found in a tetrahedral
environment, but silver(I) is probably found more often in a
trigonal planar geometry than copper(I), and many silver(I)
complexes with the coordinated trifluoromethanesulfonate
ligand have been described. A possible explanation for the
presence of only one isomer in the silver complexes is that
the Au···Ag interactions are stronger than Au···Cu interac-
tions, leading to a greater stabilization of the Au3Ag tetrahe-
dral clusters relative to the Au3Cu clusters.

The crystal structures of the two coordination isomers 11a
and 11b were determined by X-ray diffraction studies. Crys-
tals of 11a were obtained from [S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(OTf)-
ACHTUNGTRENNUNG(PF6) in dichloroethane/hexane, crystallizing as the dimer
with three PF6

� and one OTf� ions, and crystals of 11b were
obtained from [S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(PF6) in dichloro-
ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGane/hexane. The cation of complex 11a is shown in
Figure 3 and selected bond lengths and angles are listed in
Table 2. The asymmetric unit consists of two Au3Cu mono-
mers bonded through only one intermolecular Au···Au inter-
action of length 2.9496(6) Q in contrast to the structural unit
observed in the starting material and also in the analogous
silver derivatives. In the Au3Cu cores the Au···Cu distances
are 2.9000(13)–2.9871(14) Q, which are slightly longer than

those found in the complex [Cu{AuACHTUNGTRENNUNG(C6F5)2} ACHTUNGTRENNUNG(NCMe)(m2-
C4H4N2)]n, in which there is an unsupported Au···Cu interac-
tion of 2.8216(6) Q,[28] and longer than those in [AuCu ACHTUNGTRENNUNG(Spy)-
ACHTUNGTRENNUNG(PPh2py)]2 ACHTUNGTRENNUNG(PF6)2, in which the shortest distances are
2.634(1) and 2.646(1) Q, indicating a bonding interaction.[29]

The Au�S distances are in the range 2.323(3)–2.358(3) Q,
which are very similar to those found in the silver complex 8
(2.333(2)–2.337(1) Q). The intramolecular gold–gold interac-
tions range from 2.9801(6) to 3.0000(6) Q, which are shorter
than those found in the silver derivative (3.0661(3)–
3.2096(3) Q). The Cu�N bond lengths are in the range
2.079(8)–2.118(9) Q.

The crystal structure of the cation of complex 11b is
shown in Figure 4 and a selection of bond lengths and
angles is collected in Table 3. The structure is composed of

Figure 2. 31P{1H} NMR spectra of [S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(PF6) at differ-
ent temperatures.

Figure 3. Structure of the cation of complex 11a.

Table 2. Selected bond lengths [Q] and angles [8] for complex 11a.

Au1�P1 2.258(3) Au4�Au6 2.9989(5)
Au1�S1 2.358(3) Au4�Au5 3.0034(5)
Au1�Au4 2.9496(6) Au5�P5 2.244(3)
Au1�Au2 2.9801(6) Au5�S2 2.323(3)
Au1�Cu1 2.9871(14) Au5�Cu2 2.9166(13)
Au1�Au3 3.0000(6) Au5�Au6 2.9949(6)
Au2�P2 2.244(3) Au6�P6 2.252(3)
Au2�S1 2.326(2) Au6�S2 2.331(3)
Au2�Cu1 2.9000(13) Au6�Cu2 2.9151(14)
Au2�Au3 2.9854(5) Cu1�N1 2.092(9)
Au3�P3 2.248(3) Cu1�N2 2.115(8)
Au3�S1 2.323(3) Cu1�N3 2.118(9)
Au3�Cu1 2.9056(13) Cu2�N4 2.079(8)
Au4�P4 2.258(3) Cu2�N5 2.110(8)
Au4�S2 2.354(3) Cu2�N6 2.116(9)
Au4�Cu2 2.9737(13)
P1-Au1-S1 175.69(10) N4-Cu2-N5 104.8(3)
P2-Au2-S1 178.92(10) N4-Cu2-N6 104.5(3)
P3-Au3-S1 178.49(10) N5-Cu2-N6 101.8(3)
P4-Au4-S2 175.11(10) Au3-S1-Au2 79.90(8)
P5-Au5-S2 178.67(10) Au3-S1-Au1 79.71(8)
P6-Au6-S2 176.93(10) Au2-S1-Au1 79.02(8)
N1-Cu1-N2 104.1(3) Au5-S2-Au6 80.11(9)
N1-Cu1-N3 104.5(3) Au5-S2-Au4 79.91(9)
N2-Cu1-N3 102.6(3) Au6-S2-Au4 79.60(9)
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two SAu3 units which bridge two copper atoms through the
pyridine groups. The copper atoms are bonded to two nitro-
gen groups and the oxygen of the triflate anion with Cu�N
distances of 1.918(6) and 1.939(6) Q, which are shorter than
those in complex 11a because the copper atoms are found
in an irregular trigonal plane. There is only one Au···Cu
bonding interaction of 2.7954(9), which is shorter than those
found in the isomer 11a. The other Cu···Au distance is
3.448 Q, too long to be considered as an interaction. Howev-
er the gold�gold bonding distances are longer than those in
complex 11a and the range is 3.0633(4)–3.2568(5) Q. By
comparing both structures we conclude that there are stron-
ger Au···Au interactions and weaker Au···Cu interactions in
isomer 11a than in isomer 11b.

We have also studied the reactivity of [E(AuPPh2CH2-
ACHTUNGTRENNUNGCH2py)3]BF4 towards Ag ACHTUNGTRENNUNG(OTf) and [Cu ACHTUNGTRENNUNG(NCMe)4]PF6. Coor-
dination to silver affords orange-red complexes of stoichi-
ometry [E(AuPPh2CH2CH2py)3Ag]ACHTUNGTRENNUNG(OTf) ACHTUNGTRENNUNG(BF4) (E=O (13),
S (14), Se (15)) and coordination to copper the pale yellow
complexes [E(AuPPh2CH2ACHTUNGTRENNUNGCH2py)3Cu] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(PF6) (E=O

(16), S (17), Se (18)) (Scheme 4). The 31P{1H} NMR spectra
of these complexes show one resonance, not very far from
that in the starting material, suggesting similar structures

with the three pyridine groups bonded to the silver or
copper atom. The chemical shift of the phosphorus atoms
should not be significantly affected by coordination of the
pyridine groups to the heterometal. The longer chain from
the phosphorus to the nitrogen of the pyridine group in the
heterofunctional ligand makes the formation of Au···M in-
teractions difficult. This structure has been confirmed for
one of the copper complexes in which Cu···Au interactions
are absent. We assume that the silver complexes have a sim-
ilar structure, although with the same stoichiometry differ-
ent structures are possible. Furthermore, the color of the
silver complexes indicates the presence of Ag···Au interac-
tions and also their luminescence behavior does not follow
the pattern shown by the copper complexes. Thus a similar
structure to that found for the copper complex 11b may be
possible. Unfortunately, these complexes are not very stable
in solution and decompose to form other side-products that
do not contain the chalcogenide ion. No single crystals
could be grown to unambiguously determine their struc-
tures.

The structure of complex 17 was confirmed by X-ray dif-
fraction and the cation is shown in Figure 5. Selected bond
lengths and angles are shown in Table 4. The copper atom is
now coordinated only to the three nitrogen atoms in a regu-
lar trigonal planar coordination, with distances ranging from
1.986(9) to 2.021(8) Q and N-Cu-N angles of 123.7(3),
121.4(3), and 114.2(3)8. In the SAu3 unit the gold–gold dis-
tances are 3.0287(6)–3.4127(6) Q, which are similar to those
found in complex 11b, and Au···Cu interactions are absent.
The molecules arrange into dimers through intermolecular
aurophilic interactions of 2.9518(8) Q (Figure 6).

Diffuse reflectance UV studies: The diffuse-reflectance UV
(DRUV) spectra of solid samples of complexes 10–14 and
16–18 display similar profiles (see Table 5) with bands at
around 275 nm and other bands and/or shoulders at lower
energies (335–350 and 390–445 nm). Those at lower energies
are similar in energy to those described by Yam et al. in
[{Pt2 ACHTUNGTRENNUNG(m3-E)2ACHTUNGTRENNUNG(PPh2py)4}2Ag3]

3+ (E=S, Se)[30] and in [Pt2ACHTUNGTRENNUNG(m3-

Figure 4. Structure of the cation of complex 11b.

Table 3. Selected bond lengths [Q] and angles [8] for complex 11b.[a]

Au1�P1 2.2579(17) Au2�Au1#1 3.1494(5)
Au1�S1 2.3309(16) Au2�Au3 3.1566(5)
Au1�Au2 3.0633(4) Au3�P3 2.2512(17)
Au1�Au2#1 3.1494(5) Au3�S1 2.3030(17)
Au1�Au3 3.2568(5) Cu1�N1 1.918(6)
Au2�P2 2.2633(19) Cu1�N2#1 1.939(6)
Au2�S1 2.3414(18) Cu1�O2#2 2.268(6)
Au2�Cu1#1 2.7954(9)
P1-Au1-S1 173.83(6) Au1#1-Au2-Au3 123.071(11)
Au2-Au1-Au2#1 89.713(10) P3-Au3-S1 172.78(6)
Au2-Au1-Au3 59.835(11) Au2-Au3-Au1 57.038(8)
Au2#1-Au1-Au3 121.613(10) N1-Cu1-N2#1 164.6(2)
P2-Au2-S1 174.26(6) N1-Cu1-O2#2 96.3(2)
Cu1#1-Au2-Au1 151.86(2) N2#1-Cu1-O2#2 95.1(2)
Cu1#1-Au2-Au1#1 70.61(2) Au3-S1-Au1 89.30(6)
Au1-Au2-Au1#1 90.287(10) Au3-S1-Au2 85.63(6)
Cu1#1-Au2-Au3 109.66(2) Au1-S1-Au2 81.94(5)
Au1-Au2-Au3 63.127(9)

[a] Symmetry transformations used to generate equivalent atoms: #1:
�x+2,�y+2,�z+1; #2: �x+1,�y+2,�z+1.

Scheme 4.
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E)2ACHTUNGTRENNUNG(PPh2py)4Ag2ACHTUNGTRENNUNG(dppm)]2+ which are in the range of 394–
430 nm in MeCN solution at 298 K and may arise from
ligand-to-metal charge transfer [E2�!Pt] or [Pt2ACHTUNGTRENNUNG(PPh2py)4-
ACHTUNGTRENNUNG(m3-E)!Pt]. Nevertheless LLCT [E2�!PPh2py] transitions
cannot be ruled out. In these compounds the LMCT assign-

ment was made based on the shift to lower-energy absorp-
tion energies when changing the chalcogenide atom from
sulfur to selenium. In our complexes no clear trends were
observed, which may be related to the role of the M�N
bonds in these molecules, as we point out below in the dis-
cussion on luminescence, taking into account the presence
of the [EAu3M] core and the MNx (M=Ag, Cu) unit in our
complexes. In fact Goldberg et al. describe metal-to-ligand
charge transfer (MLCT) bands in a similar region (345–
415 nm) for CuN4 chromophores[31] in dichloromethane. A
unique and simple origin does not explain the nature of
these bands.

Luminescence studies: Two important structural features of
[EACHTUNGTRENNUNG(AuPR3)3M]2+ must be taken into account to understand
the luminescence properties of the complexes in the solid
state (298 and 77 K). One is related to the presence of
Au···M (M=Ag, Cu) interactions, depending on the mono-
phosphine. When the monophosphine is PPh2py the com-
pounds display Au···M interactions, with two different struc-
tures found in the copper complexes. In the first one (10a–
12a) the copper atom is bonded to the three nitrogen atoms
and displays Cu···Au interactions with the three gold atoms.
This is the arrangement shown by the silver derivatives (7–
9) and is in a minor proportion for [EACHTUNGTRENNUNG(AuPR3)3Cu]2+ (E=

O, (10), Se (12)). In the second structure (10b–12b) the
copper atom is coordinated to two pyridine nitrogen atoms
and displays only one Cu···Au interaction. This arrangement
represents the major component of [EACHTUNGTRENNUNG(AuPR3)3Cu]2+ (E=

O (10), Se (12)). When E=S (11) the counteranion deter-
mines which form is the most important [i.e., BF4

� and PF6
�

give a higher proportion of the first form (11a); OTf� and
PF6

� mainly give the second form (11b)]. We measured the
luminescence properties in the solid state and found that
both isomers are present. However for complexes 10 and 12
we think that it is isomer b that mainly contributes to the lu-
minescence (although quantum yields have not been mea-
ACHTUNGTRENNUNGsured). For compound 11 the ratio of the two isomers is dif-
ferent depending on the counteranion and for this reason
both were measured. Clearly the origin of the luminescence
seems to be similar since isomer a also dimerizes in the solid
state and also this tendency agrees with that observed for
silver. Compounds with PR3=PPh2ACHTUNGTRENNUNG(CH2)2py show no

Figure 5. Structure of the cation of complex 17.

Table 4. Selected bond lengths [Q] and angles [8] for complex 17.[a]

Au1�P1 2.260(3) Au2�Au3 3.4127(6)
Au1�S1 2.335(3) Au3�P3 2.266(3)
Au1�Au1#1 2.9518(8) Au3�S1 2.318(3)
Au1�Au2 3.0287(6) Au3�Au3# 13.2193(8)
Au1�Au3 3.2502(6) Cu1�N3 1.986(9)
Au2�P2 2.263(3) Cu1�N2 1.988(8)
Au2�S1 2.327(2) Cu1�N1 2.021(8)
P1-Au1-S1 175.89(9) Au3#1-Au3-Au2 129.749(14)
Au1#1-Au1-Au2 135.37(2) Au1-Au3-Au2 54.007(12)
Au1#1-Au1-Au3 92.225(9) N3-Cu1-N2 123.7(3)
Au2-Au1-Au3 65.737(13) N3-Cu1-N1 121.4(3)
P2-Au2-S1 169.70(9) N2-Cu1-N1 114.2(3)
Au1-Au2-Au3 60.256(13) Au3-S1-Au2 94.55(9)
P3-Au3-S1 170.94(10) Au3-S1-Au1 88.60(9)
Au3#1-Au3-Au1 87.519(9) Au2-S1-Au1 81.02(8)

[a] Symmetry transformations used to generate equivalent atoms: #1:
�x+1,y,�z+ 1=2.

Table 5. Bands in the DRUV spectra of complexes [E ACHTUNGTRENNUNG(AuL)3Cu]2+ in the
solid state at room temperature.

Compound Bands[a] [nm]

10 275, 345, 425 (sh)
11 ACHTUNGTRENNUNG(BF4) 280, 345, 440 (sh)
11 ACHTUNGTRENNUNG(OTf) 265, 350, 455 (sh)
12 270, 350, 435 (sh)
13 275, 335, 390
14 275, 340, 385 (sh)
16 275, 330, 400 (sh)
17 280, 335
18 275, 335, 400 (sh)

[a] sh= shoulder

Figure 6. Formation of dimers in complex 17 through aurophilic interac-
tions.
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M···Au interactions and two different parts of the molecules
should be considered, one is the “EAu3” fragment and the
other is the “MN3” fragment (see Scheme 4).

The compounds [EACHTUNGTRENNUNG(AuPPh2py)3Cu]2+ (E=O (10), S (11-
ACHTUNGTRENNUNG(OTf)), Se (12)) show a significant red shift on going from
oxygen to selenium (see Table 6; lmax(emission, 77 K)=584

(E=O, 10), 590, 620 (E=S, 11 ACHTUNGTRENNUNG(OTf)), 652 nm (E=Se, 12)).
Figure 7 shows the emission spectra of the complexes. The
corresponding emission values observed for the analogous
silver derivatives [EACHTUNGTRENNUNG(AuPPh2py)3Ag]2+ show a larger red
shift on going from oxygen to selenium (lmax(emission,
77 K)=482 (E=O), 565 (E=S), 696 nm (E=Se)). These
emissions have been attributed, predominantly, to a ligand-
to-metal charge transfer (LMCT; E2�!Au3Ag)[24] triplet ex-
cited state, although a mixed nature, with the contribution
of a metal-centered (MC, d–s or d–p) state is probable. Such
emissions have also been observed in other polynuclear
silver and copper complexes with chalcogenide bridging li-
gands.[32] The fact that the ionization potentials of the chal-
ACHTUNGTRENNUNGcogen atoms increase from selenium to oxygen is in agree-
ment with this explanation as it suggests a high contribution
of the chalcogenide character to the donor orbital.

The emission spectrum of the triflate salt of compound 11
[S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(PF6) (mixture of isomers a and b)
displays one band. The maximum of this band depends
upon the excitation energy and moves from 620 (365) to 590
(435) nm. The one at 620 nm follows the pattern shown by
the silver derivatives (an increase in the energy of the emis-
sion when E changes from selenium to oxygen). The higher
energy emission maximum resembles the only one present
in the tetrafluoroborate salt [SACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(PF6)
(570 nm at 77 K, 590 nm at 298 K) (mainly isomer a). Thus,
we propose LMCT (E2�!Au3Cu) transitions as the main
contribution to the emissions for compounds 10, 11 ACHTUNGTRENNUNG(OTf),
and 12, in which the most im-
portant structure is the coordi-
nation isomer b (one Cu···Au
interaction; two Cu�N bonds).
This pattern follows that ob-
served for the silver complexes
[EACHTUNGTRENNUNG(AuPPh2py)3Ag]2+ . Com-
pound 11 ACHTUNGTRENNUNG(BF4), in which isomer
a predominates, shows different
maxima, which cannot be com-

pared with those of complexes 10 and 12 because this form
is only a minor component in the oxygen and selenium de-
rivatives.

Many luminescent copper systems have been studied in-
cluding “CuN4” chromophores;[31] thus, contributions of the
CuN2 or CuN3 (compound 11a) systems to the luminescent
properties of these complexes cannot be excluded.

In the compounds [E(AuPPh2CH2CH2py)3M]2+ (M=Cu,
Ag) the larger monophosphine PPh2CH2CH2py prevents a
connection between the three gold atoms and the metal,
silver, or copper.

Surprisingly, in the silver complexes [E(Au ACHTUNGTRENNUNGPPh2ACHTUNGTRENNUNGCH2 ACHTUNGTRENNUNGCH2-
ACHTUNGTRENNUNGpy)3Ag]2+ (E=O (13), S (14)) the emissions appear at lower
energies (ca. 700 nm, Table 7, Figure 8). These values do not
fit the trend that suggests a LMCT (E2�!Au3Ag) origin for
the transitions. Such an impressive change can be related to
an important change in the structure of the complexes. In
order to understand these values we have considered the
“AgN3” system in the molecule and tried to study its contri-
bution to the emissions. With this aim we synthesized [Ag-
ACHTUNGTRENNUNG(NC5H3Me2)3]

+ , (NC5H3Me2=2,6-lutidine) in which no sil-
ver···silver interactions are present and the compound is not
luminescent. On the other hand, systems with 2-amino ACHTUNGTRENNUNGmeth-
ACHTUNGTRENNUNGylpyridine[33] show emissions in the 390–480 nm region; the
authors of this work proposed a ligand-based absorption
which decays by means of ligand-to-metal charge transfer.
Thus, it is unlikely that this is the origin of the emissions in

Table 6. Luminescent spectral data (lmax) and lifetime measurements (t)
for compounds [EACHTUNGTRENNUNG(AuPPh2py)3Cu]2+ at 298 and 77 K in the solid state.

l [nm] (t [ms])
E 289 K 77 K

excitation emission excitation emission

O (10) 445 584
S [11 ACHTUNGTRENNUNG(BF4)]

[a] 450 590 (24) 435 570
S [11 ACHTUNGTRENNUNG(OTf)][b] 370 590 (18.1) 435, 365 590, 620

415 620
Se (12) 360 650 (26.2) 439 652

[a] Majority isomer a. [b] Majority isomer b.

Figure 7. Emission spectra for compounds [E ACHTUNGTRENNUNG(AuPPh2py)3Cu]2+ at 77 K
in the solid state.

Table 7. Luminescent spectral data (lmax) and lifetime measurements (t) for compounds
[E(AuPPh2CH2CH2py)3M]2+ [M=Ag (13,14), Cu (16–18)] at 298 and 77 K in the solid state.

l [nm] (t [ms])
M=Ag M=Cu

E 298 K 77 K 298 K 77 K
excitation emission excitation emission excitation emission excitation emission

O 410 701 359 520 (11.8) 349 525
S 473 725 (12.6) 550 725 365 540 (24.3) 367 535
Se 360 560 (11.7) 363 570
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the complexes of this study, rather Au···Ag interactions may
be the origin.

Our preliminary studies on “ACHTUNGTRENNUNG[AumACHTUNGTRENNUNG{PPh2 ACHTUNGTRENNUNG(CH2)2py}n]” sys-
tems show emissions at higher energies (lmax=600 nm). The
[{Pt2 ACHTUNGTRENNUNG(m3-E)2ACHTUNGTRENNUNG(PPh2py)4}Ag3]

3+ (E=S, Se) and [Pt2ACHTUNGTRENNUNG(PPh2py)4-
ACHTUNGTRENNUNG(m3-E)2Ag2ACHTUNGTRENNUNG(dppm)]2+ systems[30] show luminescence with
lmax>600 nm. In these systems the emissions have been as-
signed to E2�!Ag transitions, with possible contributions
from E2�!Pt, although another possibility is [Pt2ACHTUNGTRENNUNG(dppy)4ACHTUNGTRENNUNG(m3-
E)2]!Ag.

When M=Cu the emissions exhibit the pattern discussed
above (see Table 7, Figure 9) (lmax(emission, 77 K)=525
(E=O, 16), 535 (E=S, 17), 570 nm (E=Se, 18)). Neverthe-
less, there is a smaller shift to the red in the emissions. In
the previous complexes (10–12) the coordination of M to
“E ACHTUNGTRENNUNG(AuPPh2py)3” seems to be responsible for the intensity of
the emissions. In these copper complexes the absence of
M···Au interactions and the smaller shift to the red when
changing from oxygen to selenium suggest an important
contribution of the CuN3 core to the emissions.

Conclusion

Heteropolynuclear chalcogenide gold complexes have been
prepared by reactions of the trigold complexes [E-
ACHTUNGTRENNUNG(AuPPh2py)3]

+ or [E(AuPPh2CH2CH2py)3]
+ (E=O, S, Se)

with silver or copper compounds. Different results were
found, depending on the metal and the heterofunctional
phosphine ligand. With PPh2py, silver tetrahedral Au3M
clusters were obtained, whereas with copper two coordina-
tion isomers with different metallophilic interactions were
obtained, one of them analogous to that of silver. With
PPh2CH2CH2py, which has a longer chain, no metallophilic
interactions were found and the silver or copper atom coor-
dinates to three nitrogen atoms. All these [EACHTUNGTRENNUNG(AuL)3M]2+

complexes display interesting luminescence properties that
have been studied by variation of three factors: the chalco-
genide (E), the heterofunctional ligand (L), and the metal
(M). The chalcogenide influences the emission energies
which vary from blue for oxygen to green for sulfur to
orange for selenium. The metallophilic interactions vary
with the heterofunctional ligand and the metal. The emis-
sions have been attributed, predominantly, to a ligand-to-
metal charge transfer (LMCT; E2�!Au3M) triplet excited
state, although a mixed nature, with a contribution from a
metal-centered (MC, d–s or d–p) state is probable for [E-
ACHTUNGTRENNUNG(AuPPh2py)3M]2+ systems. For the [E(AuPPh2CH2-
ACHTUNGTRENNUNGCH2py)3Cu]2+ complexes the CuN3 unit seems to make a
very important contribution to the emissions, while in
[E(AuPPh2CH2CH2py)3Ag]2+ the nature of the emissions
seems to be more complex.

Experimental Section

Instrumentation : Infrared spectra were recorded in the range 4000–
200 cm�1 with a Perkin–Elmer 883 spectrophotometer using Nujol mulls
between polyethylene sheets. Conductivities of solutions (ca. 5V
10�4 moldm�3) were measured with a Philips 9509 conductimeter. C, H,
N, and S analyses were carried out with a Perkin–Elmer 2400 microana-
lyzer. Mass spectra were recorded with a VG Autospec spectrometer
using the liquid secondary-ion mass spectra (LSIMS) technique with ni-
trobenzyl alcohol as the matrix. NMR spectra were recorded with Varian
Unity 300 and Bruker ARX 300 spectrometers. Chemical shifts are cited
relative to SiMe4 (1H, external), CFCl3 (19F, external), and 85% H3PO4

(31P, external). DRUV spectra were recorded with a Unicam UV-4 spec-
trophotometer equipped with a Spectralon RSA-UC-40 Labsphere inte-
grating sphere. The solid samples were mixed with dried KBr to form an
homogeneous powder. The mixtures ware placed in a home-made cell
equipped with a quartz window. The intensities were recorded in Kubel-
ka–Munk units: log [R/ ACHTUNGTRENNUNG(1�R)2], where R= reflectance. Steady-state pho-
toluminescence spectra were recorded with a Jobin-Yvon Horiba Fluoro-
log FL-3–11 spectrometer using band pathways of 3 nm for both excita-
tion and emission. Phosphorescence lifetimes were recorded with a Fluo-
romax phosphorimeter accessory containing a UV xenon flash tube at a
flash rate between 0.05 and 25 Hz. The lifetime data were fitted using the
Jobin-Yvon software package[34] and the Origin 5.0 program.[35]

Starting materials : The starting materials PPh2CH2CH2py,[36] [AuCl-
ACHTUNGTRENNUNG(PPh2py)],[37] and [Cu ACHTUNGTRENNUNG(NCMe)4]PF6,

[38] were prepared according to pub-
lished procedures. All other reagents were commercially available.
[AuCl(PPh2CH2CH2py)] was prepared by reaction of [AuCl ACHTUNGTRENNUNG(tht)][39]

(THT= tetrahydrothiophene) with PPh2CH2CH2py in dichloromethane.

Figure 8. Emission spectra for compounds [E(AuPPh2CH2CH2py)3Ag]2+

at 77 K in the solid state.

Figure 9. Emission spectra for compounds [E(AuPPh2CH2CH2Py)3Cu]2+

at 77 K in the solid state.
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[Au ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(PPh2py)] was prepared from [AuCl ACHTUNGTRENNUNG(PPh2py)] by reaction with
Ag ACHTUNGTRENNUNG(OTf) in dichloromethane and used in situ. [SACHTUNGTRENNUNG(AuPPh2py)2] was pre-
pared by the method described for the synthesis of [SACHTUNGTRENNUNG(AuPPh3)2].

[40]

Synthesis of [O ACHTUNGTRENNUNG(AuPPh2py)3]BF4 (1) and [O(AuPPh2CH2CH2py)3]BF4

(2): Silver oxide was prepared by adding a solution of sodium hydroxide
(0.45 g, 11.2 mmol) in water (10 mL) to a solution of silver nitrate (1.88 g,
11.0 mmol) in water (10 mL). The brown precipitate was removed by fil-
tration through a glass frit, washed with water (2V5 mL), ethanol (2V
5 mL), and acetone (2V5 mL), and air-dried. The freshly prepared solid
silver oxide was added to a 250 mL round-bottomed flask containing a
solution of [AuCl ACHTUNGTRENNUNG(PPh2py)] (1.487 g, 3 mmol) or [AuCl(PPh2CH2CH2py)]
(1.570 g, 3 mmol) in acetone (100 mL), together with a magnetic stirring
bar. This was followed by the addition of NaBF4 (1.866 g, 17.1 mmol).
The mixture was stirred for 3 h, the acetone removed, and the solid resi-
due extracted with dichloromethane (3V15 mL). The combined extracts
were evaporated to leave around 5 mL and addition of diethyl ether gave
a white solid of complex 1 or 2.

Complex 1 (87%, 1.29 g): 31P{1H} NMR (CDCl3): d=23.4 ppm. 1H NMR
(CDCl3): d=8.69 (d, 3JH,H=4.4 Hz, 3H; py), 7.73–7.61 (m, 18H; Ph), 7.51
(m, 6H; py), 7.42 (m, 3H; py), 7.37–7.34 ppm (m, 12H; Ph); elemental
analysis calcd (%) for C51H42Au3BF4N3OP3: C 40.46, H 1.57, N 1.57;
found: C 40.23, H 1.45, N 1.62.

Complex 2 (70%, 1.097 g): 31P{1H} NMR (CDCl3): d=21.13 ppm. 1H
NMR (CDCl3): d=8.40 (m, 3H; py), 7.73–7.00 (m, 30+9H; Ph+py),
3.06 (m, 6H; CH2), 2.96 ppm (m, 6H; CH2); MS (LSIMS+ ): m/z (%):
1480 (5) [O(AuPPh2CH2CH2py)3]

+ ; elemental analysis calcd (%) for
C57H54Au3BF4N3OP3: C 43.65; H 3.44, N 2.68; found: C 43.60, H 3.03, N
2.70.

Synthesis of [S ACHTUNGTRENNUNG(AuPPh2py)3]X [X=OTf (3a), BF4 ACHTUNGTRENNUNG(3b)], [Se-
ACHTUNGTRENNUNG(AuPPh2py)3]BF4 (4), and [E(AuPPh2CH2CH2py)3]BF4 ACHTUNGTRENNUNG[E=S (5), Se
(6)]:

Method A : To a solution of [S ACHTUNGTRENNUNG(AuPPh2py)2] (0.108 g, 0.1 mmol) in CH2Cl2
(20 mL) was added [Au ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(PPh2py)] (0.073 g, 0.12 mmol) in excess,
and the solution stirred at room temperature for 30 min. Evaporation of
the solvent to around 5 mL and addition of diethyl ether gave 3a as a
white solid.

Method B : Complex 1 (0.148 g, 0.1 mmol) or 2 (0.156, 0.1 mmol) and SC-
ACHTUNGTRENNUNG(NH2)2 (0.007 g, 0.1 mmol) or SeC ACHTUNGTRENNUNG(NH2)2 (0.012 g, 0.1 mmol) were dis-
solved in acetone (20 mL) and the solution stirred for 3 h. After this
time, concentration of the solution to 5 mL and addition of diethyl ether
gave 3b–6 as white solids.

Complex 3a (83%, 0.130 g). 31P{1H} NMR (CDCl3): d=32.37 ppm. 1H
NMR (CDCl3): d=8.47 (m, 3H; py), 7.56–7.19 ppm (m, 30+9, Ph+py);
MS ACHTUNGTRENNUNG(LSIMS+): m/z (%): 1412 (100) [S ACHTUNGTRENNUNG(AuPPh2py)3]

+ ; elemental analysis
calcd (%) for C52H42Au3F3N3O3P3S2: C 39.99, H 2.71, N 2.69, S 4.11;
found: C 39.74, H 2.69, N 2.70, S 3.81.

Complex 3b (86%, 0.129 g): elemental analysis calcd (%) for
C51H42Au3BF4N3P3S: C 40.84, H 2.82, N 2.80, S 2.13; found: C 40.65, H
2.67, N 2.75, S 2.04.

Complex 4 (84%, 0.129 g): 31P{1H} NMR (CDCl3): d=33.60 ppm; 1H
NMR (CDCl3): d=8.48 (m, 3H; py), 7.59–7.19 ppm (m, 30+9, Ph+py);
MS ACHTUNGTRENNUNG(LSIMS+): m/z (%): 1460 (85) [Se ACHTUNGTRENNUNG(AuPPh2py)3]

+ . Elemental analysis
calcd (%) for C51H42Au3BF4N3P3Se: C 39.57, H 2.71, N 2.71; found: C
39.50, H 2.70, N 2.73.

Complex 5 (81%, 0.129 g): 31P{1H} NMR (CDCl3): d=29.76 ppm. 1H
NMR (CDCl3): d=8.39 (brd, 3JH-H=4 Hz, 3H; py), 7.64–7.59 (m, 12H;
Ph), 7.50 (m, 3H; py), 7.39 (m, 6H; Ph), 7.24 (m, 12H; Ph), 7.09 (m, 3H;
py), 6.95 (brd, 3JH-H=7.60 Hz, 3H; py), 2.97 ppm (m, 12H; CH2); ele-
mental analysis calcd (%) for C57H54Au3BF4N3P3S: C 43.65, H 3.44, N
2.68; S 2.68; found: C 43.68, H 3.55, N 2.65, S 2.41.

Complex 6 (81%, 0.129 g): 31P{1H} NMR (CDCl3): d=31.44 ppm. 1H
NMR (CDCl3): d=8.39 (brd, 3JH,H=4.4 Hz, 3H; py), 7.58 (m, 12H; Ph),
7.47 (m, 3H; py), 7.36 (m, 6H; Ph), 7.19 (m, 12H; Ph), 7.09 (m, 3H; py),
6.91 (d, 3JH,H=7.60 Hz, 3H; py), 2.93 ppm (m, 12H; CH2); MS ACHTUNGTRENNUNG(LSIMS+):
m/z (%): 1544 (5) [Se ACHTUNGTRENNUNG(AuPPh2 ACHTUNGTRENNUNG(CH2)2py)3]

+ ; elemental analysis calcd (%)
for C57H54Au3BF4N3P3Se: C 44.33, H 3.49, N 2.72; found: C 44.09, H 3.51,
N 2.71.

Synthesis of [O ACHTUNGTRENNUNG(AuPPh2py)3Ag] ACHTUNGTRENNUNG(BF4)2 (7): To a solution of 1 (0.148 g,
0.1 mmol) in dichloromethane (20 mL) was added AgBF4 (0.019 g,
0.1 mmol) and the solution was stirred for 30 min. Concentration of the
solution around 5 mL and the addition of diethyl ether gave a pale
yellow solid (86%, 0.144 g). 31P{1H} NMR (CD2Cl2): d=28.03 ppm; 1H
NMR (CDCl3): d=7.77 (m, 6H; py), 7.54–7.40 (m, 30H; Ph), 7.18 (m,
3H; py), 7.06 ppm (m, 3H; py); elemental analysis calcd (%) for
C51H42AgAu3B2F8N3OP3: C 36.47, H 2.50, N 2.50; found: C 36.23, H 2.22,
N 2.27.

Synthesis of [SACHTUNGTRENNUNG(AuPPh2py)3Ag] ACHTUNGTRENNUNG(OTf)2 (8): A solution of 3 (0.156 g,
0.1 mmol) and AgOTf (0.026 g, 0.1 mmol) in dichloromethane (20 mL)
was stirred at room temperature for 30 min and the solution turned
orange. Concentration of the solution to ca. 5 mL and addition of diethyl
ether gave a yellow solid (89%, 0.161 g). 31P{1H} NMR (CD2Cl2): d=

37.39 ppm; 1H NMR (CDCl3): d=7.87 (m, 3H; py), 7.76 (m, 3H; py),
7.50–7.39 (m, 30H; Ph), 7.30 (m, 3H; py), 7.11 ppm (m, 3H; py); MS-
ACHTUNGTRENNUNG(LSIMS+): m/z (%): 1670 (10) [SACHTUNGTRENNUNG(AuPPh2py)3AgOTf]+ ; elemental analy-
sis calcd (%) for C53H42AgAu3F6N3O6P3S3: C 34.99, H 2.33, N 2.31, S
5.28; found: C 34.91, H 2.23, N 2.12, S 4.98.

Synthesis of [Se ACHTUNGTRENNUNG(AuPPh2py)3Ag] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(OTf) (9): AgOTf (0.026 g,
0.1 mmol) was added to a solution of 4 (0.154 g, 0.1 mmol) in dichloro-
methane (20 mL), the solution turned yellow, and the solution was stirred
at room temperature for 30 min. Concentration of the solution to around
5 mL and addition of diethyl ether gave a yellow solid (76%, 0.1365 g).
31P{1H} NMR (CD2Cl2): d=40.51 ppm; 1H NMR (CDCl3): d=7.79 (m,
3H; py), 7.58–7.47 (m, 30+3H; Ph+py), 7.23 (m, 3H; py), 7.04 ppm (m,
3H; py); elemental analysis calcd (%) for C52H42AgAu3BF7N3O3P3SSe: C
34.63, H 2.34, N 2.33; Se 1.77; found: C 34.71; H 2.18; N 2.47; Se 1.49.

Synthesis of [O ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(PF6) (10): [Cu ACHTUNGTRENNUNG(NCMe)4]PF6

(0.037 g, 0.1 mmol) was added to a solution of 1 (0.148 g, 0.1 mmol) in
dry CH2Cl2 (20 mL) and the mixture was stirred for 30 min. Concentra-
tion of the solution to around 5 mL and addition of diethyl ether gave 10
(92%, 0.156 g) as a yellow solid. 31P{1H} NMR [(CD3)2CO]: d=31.4 (s,
2P), 26.8 ppm (s, 4P); 1H NMR (CDCl3): d=9.35 (brm, 6H; py), 8.65
(brm, 6H; py), 8.35 (brm, 6H; py), 7.99 (brm, 6H; py), 7.49–7.61 ppm
(m, 30H; Ph); elemental analysis calcd (%) for C50H42CuAu3BF10N3OP4:
C 35.75, H 2.52, N 2.50; found: C 35.65, H 2.47, N 2.34.

Synthesis of [S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(BF4)ACHTUNGTRENNUNG(PF6) (11): [CuACHTUNGTRENNUNG(NCMe)4]PF6

(0.037 g, 0.1 mmol) was added to a solution of 3b (0.149 g, 0.1 mmol) in
dry dichloromethane (20 mL) and the solution turned yellow. The mix-
ture was stirred for 30 min, after this time, concentration of the solution
to around 5 mL and addition of diethyl ether gave a yellow solid (75%,
0.128 g). 31P{1H} NMR [(CD3)2CO]: T=298 K, d=35.19 ppm; 273 K, d=
36.9, 34.8 ppm; 253 K, d=35.8 and 32.4 (isomer 11b), 33.7, 32.7,
30.9 ppm (isomer 11a); 233 and 213 K, d=35.8 and 32.4 (isomer 11b),
33.7, 32.7, 30.9 ppm (isomer 11a); 193 K, d=35.3 (br, isomer 11b), 33.8,
32.5, 29.9 ppm (isomer 11a); 1H NMR (CDCl3): d=7.4–8.3 ppm (brm,
py+Ph); elemental analysis calcd (%) for C51H42Au3BCuF10N3P4S: C
35.86, H 2.47, N 2.46, S 1.87; found: C 35.60, H 2.35, N 2.28, S 1.96.

Synthesis of [S ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(OTf) ACHTUNGTRENNUNG(PF6) (11): [Cu ACHTUNGTRENNUNG(NCMe)4]PF6

(0.037 g, 0.1 mmol) was added to a solution of 3a (0.156 g, 0.1 mmol) in
dry dichloromethane (20 mL) and the solution turned yellow. The mix-
ture was stirred for 30 min, after this time, concentration of the solution
to around 5 mL and addition of diethyl ether gave a yellow solid (71%,
0.137 g). 31P{1H} NMR [(CD3)2CO]: T=298 K, d=35.2 ppm (br); 273 K,
d=36.3, 33.4 ppm; 253 K, d=36.0 and 32.9 (isomer 11b), 33.7, 32.9,
31.3 ppm (isomer 11a); 233 and 213 K, d=35.8 and 32.7 (isomer 11b),
33.7, 32.7, 30.9 ppm (isomer 11a); 193 K, d=35.3 (br, isomer 11b), 33.8,
32.5, 29.9 ppm (isomer 11a); 1H NMR (CDCl3): d=7.4–8.3 ppm (brm,
py+Ph); MS ACHTUNGTRENNUNG(LSIMS+): m/z (%): 1624 (5) [SACHTUNGTRENNUNG(AuPPh2py)3Cu]ACHTUNGTRENNUNG(OTf)+; el-
emental analysis calcd (%) for C52H42Au3CuF9N3O3P4S2: C 35.27, H 2.39,
N 2.37, S 3.62; found: C 35.20, H 2.15, N 2.28, S 3.30.

Synthesis of [Se ACHTUNGTRENNUNG(AuPPh2py)3Cu] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(PF6) (12): [Cu ACHTUNGTRENNUNG(NCMe)4]PF6

(0.037 g, 0.1 mmol) was added to a solution of 4 (0.154 g, 0.1 mmol) in
dry dichloromethane (20 mL) and the solution turned yellow. The mix-
ture was stirred for 30 min and after concentration of the solution to
about 5 mL addition of diethyl ether resulted in the precipitation of a
yellow solid (85%, 0.150 g). 31P{1H} NMR [(CD3)2CO]: d=38.2 (br, 4P),
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34.9 ppm (br, 2P); 1H NMR (CDCl3): d=8.2–7.4 ppm (m, 12+30H; py+
Ph); elemental analysis calcd (%) for C51H42Au3BCuF10N3P4Se: C 34.90,
H 2.41, N 2.39; found: C 34.62, H 2.39, N 2.40.

Synthesis of [E(AuPPh2CH2CH2py)3Ag] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(OTf) (E=O (13), S (14),
Se (15)): AgOTf (0.025 g, 0.1 mmol) was added to a solution of 2
(0.156 g, 0.1 mmol), 5 (0.158 g, 0.1 mmol), or 6 (0.163 g, 0.1 mmol) in di-
chloromethane (20 mL) and the solution turned yellow (13, 14) or orange
(15). The mixture was stirred at room temperature for 30 min, and con-
centration of the solution to around 5 mL followed by addition of hexane
gave a yellow (13), orange (14), or red solid (15).

Complex 13 (87%, 0.158 g): 31P{1H} NMR [(CD3)2CO]: d=29.37 ppm (s,
3P); 1H NMR (CDCl3): d=8.43 (m, 3H; py), 7.85 (m, 12H; Ph), 7.68–
7.36 (m, 18+3H; Ph+py), 7.16 (m, 6H; py) 3.26 (m, 6H; CH2),
3.14 ppm (m, 6H; CH2); elemental analysis calcd (%) for
C58H54AgAu3BF7N3O4P3S: C 38.18, H 2.98, N 2.30; S 1.75; found: C
38.25; H 2.59; N 2.33; S 1.47.

Complex 14 (53%, 0.098 g): 31P{1H} NMR [(CD3)2CO]: d=30.4 ppm (s,
3P); 1H NMR (CDCl3): d=8.48 (m, 3H; py), 7.88 (m, 3H; py), 7.76–7.29
(m, 30+6, Ph+py), 3.36 (m, 6H; CH2), 3.17 ppm (m, 6H; CH2); elemen-
tal analysis calcd (%) for C58H54AgAu3BF7N3O3P3S2: C 37.82, H 2.93, N
2.28; S 3.47; found: C 37.84; H 2.72; N 2.16; S 3.51.

Complex 15 (30%, 0.056 g): 31P{1H} NMR [(CD3)2CO]: d=32.38 ppm; 1H
NMR [(CD3)2CO]: d=8.42 (m, 3H; py), 7.91–7.13 (m, 30+9H; Ph+py),
3.30 (m, 6H; CH2), 3.19 ppm (m, 6H; CH2); elemental analysis calcd
(%) for C58H54AgAu3BF7N3O3P3SSe: C 36.90, H 2.88, N 2.22, Se 1.70;
found: C 37.05; H 2.71; N 2.13, Se 1.82.

Synthesis of [E(AuPPh2CH2CH2py)3Cu] ACHTUNGTRENNUNG(BF4) ACHTUNGTRENNUNG(PF6) (E=O (16), S (17),
Se (18)): [Cu ACHTUNGTRENNUNG(NCMe)4]PF6 (0.037 g, 0.1 mmol) was added to a solution of
2 (0.156 g, 0.1 mmol), 5 (0.158 g, 0.1 mmol), or 6 (0.163 g, 0.1 mmol) in
dry dichloromethane (20 mL). The solution was stirred for 30 min, during
this time, the mixture turned pale yellow (16, 17) or orange (18). Concen-

tration of the solution to around 5 mL and addition of hexane gave a
yellow (16, 17) or orange precipitate (18).

Complex 16 (55%, 0.097 g): 31P{1H} NMR [(CD3)2CO]: d=30.0 ppm; 1H
NMR (CDCl3): d=8.86 (d, 3JH,H=4.6 Hz, 3H; py), 8.23 (“t”, 3JH,H=

7.5 Hz, 3H; py), 7.75 (“t”, 3JH,H=6.4 Hz, 3H; py), 8.01–7.57 (m, 3+30H;
py+Ph), 4.05 (m, 6H; CH2), 3.66 ppm (m, 6H; CH2); elemental analysis
calcd (%) for C57H54Au3BCuF10N3P4O: C 38.54, H 3.06, N 2.36; found: C
38.72, H 3.34, N 2.0.

Complex 17 (70%, 0.125 g): 31P{1H} NMR (CD2Cl2): d=29.98 ppm; 1H
NMR (CDCl3): d=8.18 (m, 3H; py), 7.76 (m, 3H; py), 7.62–7.33 (m,
30H; Ph), 7.24 (m, 3H; py), 7.10 (m, 3H; py), 2.95 (m, 6H; CH2),
2.81 ppm (m, 6H; CH2); elemental analysis calcd (%) for
C57H54Au3BCuF10N3P4S: C 38.19, H 3.05, N 2.35; S 1.79; found: C 38.38,
H 3.00, N 1.98; S 1.76.

Complex 18 (40%, 0.073 g): 31P{1H} NMR [(CD3)2CO]: d=32.73 ppm; 1H
NMR (CDCl3): d=8.42 (m, 3H; py), 7.91–7.47 (m, 30+6H; Ph+py),
7.35 (m, 3H; py), 3.28 (m, 6H; CH2), 3.17 ppm (m, 6H; CH2); elemental
analysis calcd (%) for C57H54Au3BCuF10N3P4Se: C 37.20, H 2.93, N 2.28;
found: C 37.45H, 3.08, N 2.41.

Crystal structure determinations : Data were recorded on a Bruker Smart
Apex CCD diffractometer. The crystals were mounted in inert oil on
glass fibres and transferred to the cold gas stream of the diffractometer.
Data were collected using monochromated MoKa radiation (l=
0.71073 Q) with w and f scans. An absorption correction based on multi-
ple scans was applied using the SADABS program.[41] The structures
were solved by direct methods and refined on F2 using the SHELXL-97
program.[42] All non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included using a riding model. Further crystal data are
given in Table 8 and Table 9.

CCDC-604161 -604166 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-

Table 8. X-ray data for complexes 1, 2, and 4.

Compound 1 2 4

formula C51H42Au3F6N3OP4 C57H52Au3BF4N3OP
·CH2Cl2

C102H84Au6B2F8N6P6Se2

Mr 1541.66 1650.56 3092.91
habit colorless prism colorless prism pale yellow needle
crystal size [mm] 0.30V0.25V0.19 0.40V0.40V0.32 0.90V0.20V0.16
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/n P21/n
cell constants:
a [Q] 12.4876(17) 13.8929(9) 17.843(5)
b [Q] 24.364(3) 18.9062(13) 25.731(6)
c [Q] 15.856(2) 21.5371(15) 21.318(5)
a [8] 90 90 90
b [8] 97.253 101.164(1) 96.409(4)
g [8] 90 90 90
V [Q3] 4785.4(11) 5549.9(7) 9726(4)
Z 4 4 4
1calcd [Mgm�3] 2.140 1.975 2.112
m [mm�1] 9.375 8.151 9.93
F ACHTUNGTRENNUNG(000) 2912 3152 5808
T [8C] �173 �173 �173
2qmax [8] 57 57 57
no. of refl. :
measured 30259 36657 62702
independent 10929 13074 22256
transmissions 0.165–0.269 0.14–0.18 0.04–0.299
Rint 0.056 0.028 0.072
parameters 613 676 1189
restraints 93 0 189
wR(F2) (all refl.) 0.136 0.067 0.134
R [I>2s(I)] 0.058 0.028 0.051
S 1.043 1.042 1.022
D1max [eQ�3] 3.08 2.32 4.10

www.chemeurj.org L 2007 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 235 – 246244

M. C. Gimeno et al.

www.chemeurj.org


bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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