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Summary: Crystallographic characterization of the meta-
stable alkynyl complexes [Au6Ag13(µ-dppm)3(µ3-η1-
CtCC6H4R-4)14]5+ (R ) H (1a), CH3 (2a), But (3a)) is
described. Photolysis of the green Au6Ag13 alkynyl com-
plexes in solutions allows isolation of the red Au5Ag8
products [Au5Ag8(µ-dppm)4{µ5-1,2,3-C6(C6H4R-4)3}-
(CtCC6H4R-4)7]3+ (R ) H (1), CH3 (2), But (3)) together
with silver precipitate. The unprecedented AuI

6AgI
13

alkynyl cluster complexes exhibit unusual cage structures
and show intense luminescence.

Alkynyl complexes of coinage metals have attracted
great attention, owing to their intriguing photolumi-
nescence with manifold emissive origins as well as facile
formation of metallicophilic interactions.1-13 To prepare
luminescent AuI-AgI heterometallic alkynyl com-
plexes, reactions of the polymeric silver arylacetylide
(AgCtCC6H4R-4)n with binuclear AuI components
[Au2(µ-dppm)2]2+ (dppm ) bis(diphenylphosphino)-
methane) were investigated.12 As shown in Scheme 1,
the reactions initially afford metastable green species,
which are sensitive to light and photolyzed gradually
into the stable red complexes [Au5Ag8(µ-dppm)4-
{µ5-1,2,3-C6(C6H4R-4)3}(CtCC6H4R-4)7]3+ (R ) H (1),
CH3 (2), But (3)) by cyclotrimerization of the arylacetyl-

ide CtCC6H4R-4 into {1,2,3-C6(C6H4R-4)3}3-.12 The
metastable green substances were thus assumed to be
reactive intermediates with {1,2,3-C6(C6H4R-4)3}3- ex-
hibiting Dewar benzene structures.12

Further study has been focused on accomplishing
crystallographic characterization of the metastable green
intermediates. Unexpectedly, they exhibit unprec-
edented Au6Ag13 cage structures with the formula [Au6-
Ag13(µ-dppm)3(µ3-η1-CtCC6H4R-4)14]5+ (R ) H (1a), CH3
(2a), But (3a)), significantly different from the stable red
complexes 1-3 with Au5Ag8 cluster structures.

As shown in Scheme 1, the metastable green com-
pounds 1a(SbF6)5-3a(SbF6)5, prepared by reaction of
(AgCtCC6H4R-4)n with [Au2(µ-dppm)2](SbF6)2 in dichlo-
romethane for 2 h with exclusion of light, were isolated
as green crystals in ca. 46-49% yields (based on silver
content).14 They were characterized by elemental analy-
ses, ES-MS spectrometry, 1H and 31P NMR spectros-
copy, and X-ray crystallography for 1a(SbF6)5 and
2a(SbF6)5.15 The positive ion ES-MS spectra showed the
molecular ion fragments [M - (SbF6)5]5+ as the principal
peaks.
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As depicted in Figure 1 and Figure S2 (Supporting
Information), the Au6Ag13 complex cation 2a displays a
cage structure that consists of 6 AuI and 13 AgI centers
linked together by 14 4-methylphenylacetylides and 3
dppm ligands. Thirty Ag-C bonds (highlighted by thick
lines in Figure 1) make up of 3 distorted hexagonal
prisms that are intersected by sharing a rim with each
other. The ligand-unsupported AgI (Ag5) atom is situ-
ated at the center of the 3 intersected hexagonal prisms
which are symmetry-related by a C3 axis through the
atoms C51Ag5C61 (Figure 1). Figure 2 depicts the
spatial structure of the Au6Ag13 cluster core. The middle
part (highlighted by thick lines) shows a triangular-

prismatic framework composed of 6 AgI atoms, and the
ligand-unsupported Ag5 atom lies at the center of the
triangular prism. As depicted in Figure 2, each AuI atom
is connected by 4 AgI atoms through AuI-AgI contacts
to afford an approximate AuAg4 tetragonal pyramid
with the AuI on the pyramidal apex and 4 AgI atoms on
the basal plane. Six of these AuAg4 tetragonal pyramids
are connected to one another by sharing the Ag-Ag
edges. The AuI-AgI and AgI-AgI distances are in the
ranges of 2.94-3.22 and 2.89-3.32 Å, respectively,
indicating the presence of significant metal-metal
interactions.16,17 While the AuI centers are coordinated
by two acetylide C donors in quasi-linear arrangements
(C-Au-C ) 168.6(8)-171.3(8)°), the AgI centers exhibit
distorted-triangular-planar geometry composed of C2P
or C3 donors. Of the 14 4-methylphenylacetylides in
µ3-η1 bonding mode, 2 symmetrically cap 3 AgI centers,
respectively, whereas the others are bound to 1 AuI and
2 AgI centers in an asymmetric mode, respectively. All
of the Au-C, Ag-C, and Ag-P distances are in the
normal ranges2-11 and are comparable to those found
in the Au5Ag8 complex 112 and 2 (Table S4, Supporting
Information).

The absorption spectra of complexes 1a-3a in dichlo-
romethane display high-energy ligand-centered bands
at ca. 250-320 nm and shoulder bands at ca. 350 nm
tailing off to 500 nm, arising from metal-perturbed
intraligand π f π* (CtC) transitions. With excitation
at λ > 350 nm, complexes 1a-3a show intense photo-
luminescence (λem ) 520-570 nm) in the solid state and
in solution at both 298 and 77 K. The luminescence
quantum yields Φem in degassed fluid dichloromethane
are in the range 0.025-0.112 (Table 1). The lifetimes
on a microsecond scale at 298 K reveal a spin-forbidden
triplet parentage. Typically, vibronic-structured emis-
sion bands related to the acetylides in the excited states
are unobserved. Therefore, it is likely that the emission
is mainly derived from triplet states of a metal-cluster-
centered (d f s) character modified by metal-metal
contacts.1,8,13

Once exposure on light, the solutions of green meta-
stable Au6Ag13 complexes 1a-3a transform gradually
into the red Au5Ag8 species 1-3 with precipitation of
silver metal in the meanwhile (Scheme 1). It is likely
that light irradiation of the green Au6Ag13 compounds
induces Ag+ f Ag to occur as well as to produce free
radicals necessary for formation of {µ5-1,2,3-C6(C6H4R-
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Figure 1. Views of complex 2a with atom-labeling scheme.
Phenyl rings on the phosphorus atoms and 4-methylphenyl
groups of (4-methylphenyl)acetylides are omitted for clar-
ity.

Figure 2. View of the Au6Ag13 cluster core in complex 2a.

Table 1. Photophysical Data of Compounds
1a(SbF6)5-3a(SbF6)5

compd medium
λem/nm

(τem/µs)a (298 K) Φem
b

λem/nm
(77 K)

1a(SbF6)5 solid 525 (0.05) 536
CH2Cl2 545 (0.55) 0.025 531

2a(SbF6)5 solid 545 (0.41) 562
CH2Cl2 560 (5.66) 0.112 557

3a(SbF6)5 solid 523 (0.04) 540
CH2Cl2 546 (0.80) 0.032 539

a The excitation wavelength in the lifetime measurement is at
397 nm. b The emission quantum yields were measured at 298 K
in degassed dichloromethane solution and estimated relative to
Ru(bpy)3(PF6)2 in acetonitrile (Φem ) 0.062) as reference.
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4)3}3- by cyclotrimerization of arylacetylide.18 As shown
in Figure 3, when the degassed dichloromethane solu-
tion of complex 2a was irradiated continually with a
xenon lamp at λ ) 440 nm, the emission at 560 nm
decays step by step. Moreover, a new band occurs at
680 nm and is enhanced gradually, owing to formation
of the red Ag5Ag8 species 2. With the green solution
transforming into a red solution at room temperature,
the emission at 560 nm disappears completely in 3 days,
whereas the band at 680 nm enhances day by day over
1 week. Interestingly, the stable Au5Ag8 species 1-3
show much weaker photoluminescence with lower en-
ergy (ca. 70-120 nm red shift) whether in the solid state
or in solution relative to that of the metastable Au6Ag13
intermediates 1a-3a (Figure S4, Supporting Informa-

tion), probably due to the difference in their emissive
origins.12 It is noteworthy that the red Au5Ag8 species
1-3, produced by photolysis of the dichloromethane
solutions of green Au6Ag13 intermediates 1a-3a, were
substantially identified by ES-MS and NMR spectros-
copy and confirmed further by single-crystal X-ray
diffraction for the red compound 2(PF6)3 (Figure S3,
Supporting Information).

In summary, the unusually photoinduced transforma-
tion of metastable Au6Ag13 alkynyl intermediates into
more stable Au5Ag8 species is described. Metastable Au6-
Ag13 intermediates, together with their transforming
Au5Ag8 products, were structurally characterized by
X-ray crystallography. The unprecedented Au6Ag13 alky-
nyl cluster complexes exhibit unusual cage structures
and emit intense luminescence. The photoinduced for-
mation of {µ5-1,2,3-C6(C6H4R-4)3}3- by cyclotrimeriza-
tion of metalated 1-yne is probably involved in a free
radical mechanism.
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Figure 3. Emission spectra of the compound 2a(SbF6)5
in degassed dichloromethane upon continual irradiation
with a xenon lamp at 440 nm.
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