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The reaction of HC( PPh,), with K[AuCI,] in the presence of 2,2'-thiodiethanol in methanol yielded 
[Au,{HC(PP~,),},C~]~+. The related [Ag,{HC( PPh,),},]3+ was prepared by the reaction of HC(PPh,), 
with Ag(CF,SO,) in dichloromethane. Both complex cations were isolated as perchlorate salts. The X-ray 
structures of [Au,{HC(PPh,),},CI] [CIO,], and [Ag,{HC( PPh,),},] [CIO,], have been determined: 
[Au,{HC(PPh,),},CI] [CI04],-2MeCN, monoclinic, space group C2/c (no. 15),  a = 26.466(3), b = 
12.741 (2), c = 23.01 2(5) A, p = 98.89(1)" and Z = 4; [Ag,{HC(PPh,),},] [CI04],-2MeCN, monoclinic, 
space group, P2,/n, a = 14.597(4), b = 23.047(2), c = 22.485(3) A, p = 91.49(2)' and Z = 4. Both 
[Au,{HC( PPh,),},C1]2+ and [Ag,{HC(PPh,),},13+ consist of three metal atoms arranged in a nearly 
equilateral triangle with the M-M-M angles close to 60". The measured intramolecular Ag-Ag and Au-Au 
distances of 3.1 61 8(5)-3.2228(9) and 2.9220(8)-3.0889(8) A respectively, indicate that the Au-Au 
bonding interaction is much stronger than that for Ag-Ag. The UV/VlS spectrum of an acetonitrile solution 
of [Au,{HC(PP~,),},C~]~~ exhibits intense absorption bands at 270 and 290 nm, assignable to the 
do. - po transitions. For [Ag3{HC(PPh,),},l3+ the UV/VlS spectrum is virtually identical to that of 
the free HC( PPh,),. Excitation of a degassed acetonitrile solution of [Au,{HC( PPh,),},CI]2+ at 300- 
400 nm at room temperature leads to an observed photoluminescence centred at ca. 537 nm with a 
lifetime of 11 ps [cp = (1.0 i- 0.1) x The excited-state redox potential, [Au,{HC(PP~,),},C~]~+ 
+ e- - [Au,{HC(PP~,),},C~]~~ *, determined by quenching studies with a series of pyridinium 
acceptors, is -1.6(2) V vs. saturated sodium chloride calomel electrode (SSCE). 

The design of luminescent metal clusters for photochemical 
studies has been receiving considerable attention in recent 
years. Studies in this area was first highlighted by Gray and 
co-workers' on the basis of their pioneering contribution in the 
photophysics and photochemistry of [Mo6X,,IZ- and [W6- 
X Recent works by various  group^^-^ have demonstrated 
that polymetallic d'' metal complexes exhibit rich photo- 
physical and photochemical properties, in particular, those of 
dimeric and tetrameric gold(1) were shown to display intense 
photoluminescence in the solid state and in fluid solutions at 
room temperature. I n  an attempt to elucidate the nature of the 
d'O-d'O interaction which has been suggested to be responsible 
for the photoluminescence of metal d" c ~ m p l e x e s . ~ * ~ ~ * ~  we set 
forth a program aiming at investigating the synthetic, structural 
and spectroscopic aspects of different kinds of polymetallic 
complexes [{M(PR,),},] (M = Cu, Ag or Au)  with bridging 
phosphine ligands. The tripodal ligand L [L = HC(PPh,),] 
which was reported by Osborn and CO-workers' appears to be 
an ideal ligand for the assembly of triangular metal clusters. 
Herein we describe the syntheses, spectroscopy and X-ray 
crystal structures of [Au,(HC(PP~~),}~CI][CIO,]~~~M~CN 
and [Ag(HC( PPh,)3}2][CI04],*2MeCN. 

Experimental 
Mureriu1.s.-T he compounds K [ A uCI,] and Ag( C F  , SO ,) 

were purchased from Aldrich. The ligand HC(PPh,), (L) was 

i SuppkwienILir~. h t t r  ui;uilddc~: see Instructions for Authors, J.  Client. 
Sw.. DNIIO)~ Trmv.,  1992, Issue I ,  pp. xx-  xxv. 

Noti-S/ ntii t  c i w p l o ~ ~ ~ c l :  eV z 1.60 x lo-" J.  

obtained from Strem Chemicals. All solvents and chemicals for 
photochemical experiments were purified by distillation and 
recrystallization. 

Syntkese~.-[Au,L~Cl][ClO~]~. A methanolic solution (50 
cm3) of K[AuCI,] (0.3 g), L (0.3 g), and 2,2'-thiodiethanol (1  
cm3) was heated to cu. 50°C for 30 min. The solution was 
cooled to room temperature and filtered to remove any 
undissolved material. The product precipitated from the 
solution upon addition of solid LiCIO,. A pure sample can be 
obtained by diffusion of diethyl ether into an acetonitrile 
solution of the product. 

[Ag3L2][Y], (Y = CF,SO, or CIO,). A dichloromethane 
solution (30 cm) of Ag(CF,SO,) (0.2 g) and L (0.3 g) was 
heated under reflux for 30 min. The solution was filtered and 
addition of diethyl ether gave [Ag,L,][CF,SO,],. The 
perchlorate salt was obtained by metathesis with LiCIO, in 
methanol. 

Phqsicul Measurements.-UVIVIS spectra were obtained on 
a Shimadzu UV-240 spectrophotometer. Emission spectra were 
measured on a Hitachi 650-60 fluorescence spectrophotometer. 
Lifetime measurements were conducted with a Quanta-Ray 
DCR-3 Nd-YAG pulsed laser system. Sample solutions for 
photochemical experiments were degassed by at least four 
successive freeze-pump-thaw cycles. 

X- Ruy Crystul Strucmre (? f ' [A u , L Cl] [ C10,J ,a2 MeCN .- 
X-Ray diffraction data were collected on an Enraf-Nonius 
CAD4 diffractometer with graphite-monochromated Mo-KX 
radiation at the University of Hone Kong. The unit-cell 
dimensions were obtained from a least-squares fit of 25 
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Table 1 Crystallographic details for [Au,L2C1][ClO,],~2MeCN and [Ag3L2][CI0,],.2MeCN 

Empirical formula 
M 
a / A  
blA 
CIA 
PI" 
ulA3 
F ( o W  
Space group 
DJMg rn-, 
D,/Mg m-, 
p/cm-' 
Crystal colour/shape 
Crystal dimensionslmm 
2~max/o 
Scan speed/" min-' 
Scan width/" 
Independent reflections 
Observed reflections, N 
No. of parameters, P 
R* 
R 
Weighting scheme 
S *  
Residual extrema in final 

difference maple 

[Au,L,Cl][CI04],.2MeCN 
2044.5 1 
26.466(3) 
12.74 1 (2) 
23.012(5) 
98.89( 1) 
7667(4) 
3968 
C2/c (no. 15) 
1.77 1 
1.76 
60.0 
Bright yellow, Prisms 
0.05 x 0.11 x 0.17 
48 
I .2&5.49 
0.80 f 0.34 tan0 
6312 
4131 [F > 3a(F)] 
24 1 
0.05 1 
0.055 
M' = 4 F z / [ ~ z ( F 2 )  + (0.055F2)2] 
1.23 
- 1.41, + 1.73 

[Ag, L,] [CIO,] ,-2MeCN 
1841.22 
14.597(4) 
23.047( 2) 
22.485(3) 
9 1.49(2) 
7562( 3) 
3712 
P2,ln (no. 14) 
1.62 

10.5 
Colourless, Prisms 
0.25 x 0.30 x 0.50 
45 
1.65-8.24 
0.65 k 0.35 tan0 
9850 

938 
0.037 
0.038 

I .85 

- 

8011 [I > 2O(I)] 

M'-l = 0 2 ( F )  + O.Oo0 1 F2 

-0.43, +0.47 

Details in common: crystal system monoclinic, Z = 4, scan mode 0-20, indices collected h, k ,  k 1. 

* R = CllF,,I - l~cll/CFol, R' = [~ i lF , l  - ~ F c ~ ) z / C ~ ~ ~ F o ~ 2 ] ~ ,  S = [CW(IF,,I - IF,J)'/(N - P)]?. 

reflections in the range 19 < 28 < 28". Three check reflections 
monitored every 2 h showed a gradual drop in intensity to a 
maximum of 13.8%. The data were corrected for Lorentz, 
polarization and linear decay effects. No Absorption correction 
was made.* Crystallographic data are summarized in Table 1. 
Atomic scattering factors are taken from ref. 8. Calculations 
were carried out on a MICROVAX I1 computer using the 
Enraf-Nonius SDP programs.' 

The positions of the gold and phosphorus atoms were 
determined from a Patterson function and the rest of the non- 
hydrogen atoms were found from subsequent Fourier maps. 
The hydrogen atoms of the metal complex were generated 
geometrically (C-H 0.95 A), while those of the solvent 
molecule were omitted. Refinement was by full-matrix least 
squares: the gold, chlorine and phosphorus atoms were refined 
anisotropically and all other non-hydrogen atoms iso- 
tropically. The hydrogen atoms with assigned isotropic thermal 
parameters were not refined. Both the perchlorate ion and the 
solvent molecule were badly disordered. The final agreement 
factors are given in Table 1 and atomic coordinates of non- 
hydrogen atoms are listed in Table 2. Selected bond distances 
and angles are summarized in Table 3. 

X-Ray Crjstal  Structure of [Ag,L,][CIO4],*2MeCN.-X- 
Ray diffraction data were collected on an Enraf-Nonius CAD-4 
four-circle diffractometer (graphite-monochromatized Mo-KZ 
radiation) using the 8-28 scan mode at the National Taiwan 
University. The unit-cell dimensions were obtained from a 
least-squares fit of 25 reflections in the range 14 < 28 < 33". 
The data were corrected for absorption. Crystallographic data 
are summarized in Table 1. All data reduction and structure 
refinement were performed using the NRCC-SDP-VAX 
packages available from S.-M. Peng on request. The structure 

* An attempt to correct for absorption by an empirical method was also 
made. Comparison of the two sets of results, that is, with and without 
absorption correction, showed no significant difference in bond lengths 
and angles; however, the residual electron densities near the Au atoms 
were slightly higher in the former, hence the data set without absorption 
are reported. 

was solved by the Patterson method and refined by least 
squares. The final agreement factors are given in Table 1. 
Atomic coordinates of non-hydrogen atoms are listed in Table 
4 and selected bond distances and angles in Table 5. 

Additional material available from the Cambridge Crystal- 
lographic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

Results and Discussion 
The ligand HC(PPh,),(L) was first employed by Osborn 
and co-workers' for the synthesis of polymetallic complexes. 
Transition-metal complexes having three metal atoms simul- 
taneously bound to the three phosphorus atoms of L have been 
synthesized and structurally characterized as in the case of 
[Ag,{ Fe(CO),},{ HC(PPh,!,)]." Recently, we have reported 
the formation of linear trinuclear silver(1) ' l a  and gold(1) 
complexes with Ph, PCH,P( Ph)CH,PPh, and Me,PCH,- 
P(Me)CH,PMe, ligands, respectively. I n  this work, the 
reaction of L with Au', generated in situ by the reduction of 
[AuCI,] - with 2,2'-thiodiethanol, or Ag' gave trimeric 
bis(triphosphine)metal complexes with the three metal atoms 
arranged in a triangular array. The extremely low solubility of 
[ A U ~ L ~ C I ) [ C I O ~ ] ~  in most common organic solvents precludes 
the recording of its 31P NMR spectrum. Although L appears to 
be a stable ligand at room temperature, our attempt to prepare 
[Au3L,I3+ either by prolonged heating of [AuCI,]- and L in 
the presence of 2,2'-thiodiethanol in methanol, or by reaction of 
[Au,L,CI]'+ with Ag' in acetonitrile or methanol at ui. 50 'C, 
afforded the colourless [Au,(dppm),]' + complex [dppm = 
bis(diphenylphosphino)methane], which has been characterized 
by its UVjVIS absorption and emission properties as well as X- 
ray crystallography."' It appears that the Au' or Au"' ion 
promotes cleavage of the P-C bond in L in protic solvents or at 
high temperature [equation (l)]. To our knowledge, such a 

H 
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Table 2 Positional coordinates of non-hydrogen atoms in [Au,L,CI][C~OJ,~~M~CN with estimated standard deviations (e.s.d.s) in parentheses 

Y I' 7 Atom Y 

0.022 49(2) 0.435 41(4) 0.195 87(2) C(21) 0.206 2(5) 
O.OO0 
O.OO0 

0.100 9( 1) 
-0.056 O(1) 

- 0.086 4( 1) 
-0.105 3(4) 
-0.077 6(4) 
-0.124 2(5) 
-0.136 5(5) 
-0.103 2(6) 
- 0.059 O(6) 
- 0.046 2(5) 
- 0.052 6(4) 
-0.003 6(5) 

O.OO0 7(6) 
- 0.042 O( 6) 
- 0.087 9(6) 
- 0.094 4( 5 )  

0.107 6(4) 
0.149 2( 5) 
0.154 4(6) 
0.120 2( 7) 
0.078 6(7) 
0.072 O(6) 
0.156 2(4) 

* Occupancy factor = 0.5. 

0.649 OO(5) 
0.856 4(5) 
0.450 5(3) 
0.406 7(2) 
0.633 O(2) 
0.496 5(9) 
0.331 8(9) 
0.330( 1) 
0.240( 1) 
0.1554 1) 
0.158( 1) 
0.246( 1) 
0.546 l(9) 
0.585( 1) 
0.652( 1) 
0.684( 1) - 
0.644( 1) - 
0.577( 1) 
0.272( 1) 
0.241( 1) 
0.137( 1) 
0.065( 1) 
0.094( 1) 
0.199(1) 
0.427( I)  

0.250 
0.250 
0.135 7(1) 
0.253 6( 1) 
0.207 7( 1) 
0.181 7(5) 
0.095 7(5) 
0.055 9(6) 
0.023 5(6) 
0.027 2(7) 
0.066 7(7) 
0.100 9(6) 
0.078 O(5) 
0.070 9(6) 
0.024 9(7) 
0.011 5(7) 
0.006 l(7) 
0.037 8(6) 
0.279 l(5) 
0.319 9(6) 
0.336 5(7) 
0.3 11 O(8)  
0.271 6(8) 
0.254 9(7) 
0.2 17 2( 5) 

0.246 8(6) 
0.234 l(6) 
0.186 2(7) 
0.146 5(5) 

-0.109 l(4) 
-0.159 7(5) 
-0.175 6(6) 
-0.142 5(6) 
-0.093 l(6) 
-0.074 l(5) 
-0.125 7(4) 
-0.102 O(6) 
-0.131 6(8) 
-0.184 3(8) 
- 0.207 4(6) 
-0.179 l(5) 

0.251 9(2) 

0.301 2(5) 
0.228 3(7) 
0.245( 1) 
0.268( 2) 
0.082(2) 
0.169( 1) 
0.1 13( 1) 

0.221 3(5) 

Y 
0.41 3( 1) 
0.420( 1) 
0.439( 1 ) 
0.455( 1) 
0.447( 1) 
0.7 19( 1) 
0.7 16( 1) 
0.789( 1) 
0.857( 1) 
0.858(1) 
0.789( 1 ) 
0.669 5(9) 
0.71 l(1) 
0.747(2) 
0.73 8( 2) 
0.693( 1) 
0.658( 1) 
0.473 3(6) 
0.471( 1) 
0.464( 1 ) 
0.509(2) 
0.348(3) 
0.605(4) 
0.058(4) 
0.130(3) 
0.1 32( 3) 

0.243 l(6) 
0.210 7(7) 
0.153 O(7) 
0.124 9(8) 
0.156 O(6) 
0.145 4(5) 
0.1 19 3(6) 
0.072 6(7) 
0.056 7(7) 
0.081 6(8) 
0.126 6(6) 
0.262 3(5) 
0.3 14 6(8) 
0.357 O(9) 
0.344 4(9) 
0.294 7(7) 
0.252 7(6) 
0.442 4(2) 
0.389 l(6) 
0.442 9(6) 
0.485 7(9) 
0.457( 1) 
0.433(2) 
0.107(2) 
0.158(2) 
0.123(2) 

Table 3 Selected interatomic distances (A) and angles (") for 
[Au,L,Cl J[CI04J,*2MeCN with e.s.d.s in parentheses * 

Au( l)-Au( 1') 
Au( 1 )-Au( 2) 
Au(1)-P(1) 
Au( 1 )-P( 2) 
Au(2)-CI( 1 ) 
Au(Z)-P(3) 
P( 1 )-C( 1 ) 
P( 1 )-C(2) 

2.9220(8) P(lFC(8) 1.81(1) 

2.3 1 3(3) P(2)-C(20) 1.81(1) 

1.90(1) P( 3)-C( 32) 1.81(1) 

3.0889( 8) P(2)-C( 1') 1.87( 1) 
2.3 1 8(3) P(2)-C( 14) 1.82( 1) 

2.642( 6) P(3)-C(I) 1.88(1) 
2.35 1 (3) P(3)-C(26) 1.84(1) 

1.82( 1) 

Au( I')-Au( I)-Au(2) 61.77( 1 )  C1( l)-Au(2)-P(3) 94.97(8) 
Au( 1 )-Au( ~) -Au(  1 ') 56.46(2) P( 1)-C( 1)-P(3) 106.9(5) 
P( 1 )-Au( 1 )-P(2) 175.6( 1) P(l)-C(l)-P(2') 107.0(5) 
P( 3)-A U( 2)-P( 3') 1 70.1 ( 1 ) P(3)-C( l)-P(2') 109.4(5) 

* Primed atoms related to unprimed equivalents by - x ,  y ,  4 - z. 

Cl(1 

Fig. I ORTEP plot of the [Au3L2C1]'+ cation with atomic 
numbering. The phenyl carbons are not shown for clarity 

reaction pathway has not been reported in gold chemistry but a 
similar process has recently been observed in the reaction of 
[RU~(CO)~, ]  with L.', 

The structures of [Au~L,CI]~+ 1 and [Ag3L,l3+ 2 have been 
established by X-ray crystallography. Fig. 1 shows the ORTEP 
plot of the core of [Au,L,C1I2+ ion with atomic numbering. 
One of the gold atoms [Au(2)] and the chloride ligand lie on 
a crystallographic two-fold axis with half a cation in an 
asymmetric unit and the other half generated by the two-fold 
axis. Except for the Au(2) atom which is three co-ordinated, the 
Au(1) and Au(1') atoms are linearly co-ordinated to two 
phosphorus atoms with the measured P-Au-P angles close 
to 180" [e.g. P( l)-Au(l)-P(2) 175.6( l)"]. The co-ordination 
geometry about the Au(2) atom is very similar to that found for 
the gold atoms in [Au,(dppm),CI,] l 3  in that the Au-CI bond 
is nearly perpendicular to the P-Au-P axis { Cl-Au-P 94.97(8) 
1; 115.7( 1)" [Au,(dppm),C1,]}. The P(3)-Au-P(3') axis is 
also approximately linear with a measured P(3)-Au-P(3') 
angle of 170.0(1)". The Au(2)-CI distance of 2.642(6) A is 
significantly shorter than the value of 2.771(4) 8, found in 
[Au,(dppm),CI,]; ' presumably this is due to the higher 
formal charge on the trinuclear gold(1) complex. The Au(2), 
Au(1) and Au(1') atoms, similarly to the three phosphorus 
atoms of the tripodal ligand, are arranged in a nearly equilateral 
triangle with the Au-Au-Au angles close to 60", substantially 
smaller than that of 136.26(4)" found in [Au,(dmmp),13+ 
[dmmp = bis(dimethylphosphinomethyl)methylphosphine] " 
and 110.9(1)" in [Au,Cl,(p-dpma)] [dpma = bis(dipheny1- 
phosphin~methyl)phenylarsine].~ An interesting observation is 
that co-ordination of chloride to the gold atom Au(2) results in 
an increase in the intramolecular Au-Au distance. For example, 
the Au(1)-Au(1') distance of 2.9220(8) is about 0.167 8, shorter 
than that for Au( 1)-Au(2) or Au( 1')-Au(2). Similar findings 
can also be observed by comparison of X-ray crystal data 
for [Au,(dppm),][BF,], [d(Au-Au) = 2.931(1) A] l 4  and 
[Au,(dppm),CI,] [d(Au-Au) = 3.028(2) A]. ' a 3  Recent work by 
Mason and co-workers ' also established that the interatomic 
Au-Au distances of [Au,(dmpe),]X, increase in the order: 
X = C10, < C1 < Br < 1. The Au-P distances of 2.313(3)- 
2.351(3) A are in the usual range. The co-ordination geometry 

http://dx.doi.org/10.1039/DT9920000427


430 J. CHEM. SOC. DALTON TRANS. 1992 
~ ~~~~~ 

Table 4 Positional coordinates for non-hydrogen atoms in [Ag3L,][C10,]3~2MeCN with e.s.d.s in parentheses 

x 

0.626 54(3) 
0.810 76(3) 
0.615 36(2) 
0.604 56(8) 
0.802 58(8) 
0.646 13(8) 
0.659 25(8) 
0.806 87(8) 
0.606 92( 8) 
0.683 l(3) 
0.694 O( 3) 
0.488 5(3) 
0.425 7(3) 
0.335 7(4) 
0.309 O(4) 
0.370 4(4) 
0.459 4(3) 
0.618 4(3) 
0.623 l(3) 
0.622 7(4) 
0.615 3(4) 
0.6 12 9(4) 
0.615 3(3) 
0.878 8(3) 
0.962 8(3) 
1.026 9(3) 
1.007 7(4) 
0.924 7(4) 
0.860 l(3) 
0.828 O(3) 
0.847 4(3) 
0.870 8(4) 
0.877 5(4) 
0.861 l(3) 
0.836 9(3) 
0.554 8(3) 
0.561 5(3) 
0.491 5(4) 
0.414 9(4) 
0.406 6(3) 
0.476 4(3) 
0.738 9(3) 
0.774 l(3) 
0.842 O(4) 
0.874 O(4) 
0.839 8(3) 
0.771 l(3) 
0.751 l(3) 
0.792 2(3) 
0.856 9(3) 
0.879 4(4) 
0.837 l(4) 

Y 
0.298 68(2) 
0.231 95(2) 
0.185 31(1) 
0.231 97(5) 
0.194 60( 5) 
0.124 54( 5) 
0.363 Ol(5) 
0.282 64(5) 
0.259 89(5) 
0.168 4(2) 
0.319 4(2) 
0.202 8(2) 
0.222 9(2) 
0.203 5(3) 
0.163 8(3) 
0.144 7(2) 
0.163 4(2) 
0.262 8(2) 
0.322 5(2) 
0.348 8(2) 
0.314 6(3) 
0.255 7(3) 
0.229 l(2) 
0.137 8(2) 
0.132 l(2) 
0.093 5(3) 
0.060 9(2) 
0.066 3(2) 
0.104 6(2) 
0.253 5(2) 
0.307 9(2) 
0.352 7(2) 
0.343 2(2) 
0.289 5(2) 
0.244 6(2) 
0.077 8(2) 
0.046 l(2) 
0.010 7(2) 
0.005 6(2) 
0.036 3(2) 
0.071 9(2) 
0.074 7(2) 
0.075 6(2) 
0.035 8(3) 

-0.003 6(2) 
-0.005 9(2) 

0.033 8(2) 
0.413 7(2) 
0.446 5(2) 
0.488 3(2) 
0.497 2(2) 
0.465 8(2) 

z 
0.035 31(2) 

-0.001 22( 1) 
- 0.043 74( 1) 

O.l1742(5) 
0.099 40( 5) 
0.044 72(5) 

-0.047 1 l(5) 
- 0.095 98(5) 
-0.123 48(5) 

-0.112 8(2) 
0.111 6(2) 

0.1 17 5(2) 
0.075 5(2) 
0.075 8(3) 
0.1 17 2(3) 
0.159 3(2) 
0.160 O(2) 
0.191 3(2) 
0.195 6(2) 
0.251 9(2) 
0.301 4(2) 
0.297 8(2) 
0.242 6(2) 
0.126 8(2) 
0.099 9(2) 
0.124 6(3) 
0.173 4(3) 

0.176 9(2) 
0.151 3(2) 
0.128 8(2) 
0.166 8(2) 
0.226 6(2) 
0.249 7(2) 
0.212 l(2) 
0.070 l(2) 
0.122 5(2) 
0. I39 3(2) 

0.052 6(2) 
0.034 8(2) 
0.029 3(2) 

0.199 2(2) 

0.104 O(2) 

- 0.027 9(2) 
- 0.043 O(2) 
-0.002 l(3) 

0.053 9(2) 
0.069 6(2) 

-0.029 5(2) 
-0.073 2(2) 
-0.057 l(3) 

0.001 9(3) 
0.045 7(2) 

Y 

0.774 O(4) 
0.567 7(4) 
0.573 4(4) 
0.507 l(4) 
0.432 9(4) 
0.425 5(4) 
0.493 5(3) 
0.899 4(3) 
0.909 6(3) 
0.987 9(3) 
1.055 6(3) 
1.045 6(3) 
0.967 l(3) 
0.827 7(3) 
0.828 3(3) 
0.852 2(3) 
0.875 l(4) 
0.874 8(4) 
0.852 4(3) 
0.61 5 O(3) 
0.611 3(3) 
0.608 9(4) 
0.610 l(4) 
0.61 6 6(4) 
0.619 l(3) 
0.493 6(3) 
0.460 O(3) 
0.370 l(4) 
0.314 5(4) 
0.345 3(4) 
0.434 7(3) 
0.596 26( 10) 
0.805 84( 10) 
0.257 80( 10) 
0.648 l(3) 
0.504 2(3) 
0.635 9(3) 
0.594 O(4) 
0.891 8(3) 
0.745 l(4) 
0.816 6(3) 
0.775 9(3) 
0.319 8(4) 
0.276 9(3) 
0.168 O(4) 
0.269 l(3) 
0.805 3(4) 
0.904 O(4) 
0.980 l(3) 
0.290 4(6) 
0.385 9(5) 
0.459 6(4) 

Y 
0.423 2(2) 
0.4 12 O( 2) 
0.446 8(2) 
0.486 4(2) 
0.491 7(2) 
0.458 2(3) 
0.41 7 7(2) 
0.334 5(2) 
0.367 3(2) 
0.400 6(2) 
0.399 5(2) 
0.368 O(2) 
0.335 5(2) 
0.231 7(2) 
0.248 4(2) 
0.208 8(2) 
0.152 7(2) 
0.136 l(2) 
0.175 6(2) 
0.235 3(2) 
0.273 2(2) 
0.251 4(3) 
0.193 5(3) 
0.155 6(3) 
0.176 O(2) 
0.292 7(2) 
0.333 3(2) 
0.353 3(2) 
0.331 9(3) 
0.292 9(2) 
0.272 9(2) 
0.294 22(7) 
0.510 82(6) 
0.5 19 03(7) 
0.267 2(2) 
0.301 6(2) 
0.346 6(2) 
0.251 7(3) 
0.487 5(2) 
0.503 2(3) 
0.572 O(2) 
0.483 l(2) 
0.483 5(2) 
0.578 5(2) 
0.506 3(3) 
0.5 12 4(2) 
0.379 3(3) 
0.370 7(2) 
0.363 6(2) 
0.390 2(5) 
0.373 O(3) 
0.359 8(2) 

0.029 7(2) 
- 0.070 9(2) 
-0.121 2(2) 
-0.135 3(3) 
-0.098 9(3) 
- 0.049 6( 3) 
-0.035 O(2) 
-0.104 4(2) 
-0.155 8(2) 
-0.162 7(2) 
-0.1 19 2(3) 
- 0.068 4(2) 
- 0.060 3( 2) 
- 0.156 3(2) 
-0.215 8(2) 
-0.258 5(2) 
-0.242 4(2) 
-0.184 3(2) 
-0.140 7(2) 

-0.248 l(2) 
-0.305 7(2) 
-0.315 3(2) 
-0.268 7(3) 

-0.121 4(2) 
- 0.162 7( 2) 
- 0.159 9(2) 
-0.1 16 3(3) 
-0.076 3(3) 
-0.078 5(2) 

-0.200 l(2) 

-0.210 O(2) 

0.486 33(6) 
0.232 85(6) 
0.249 57(6) 
0.442 8(2) 
0.465 9(2) 
0.505 3(3) 
0.536 4(2) 
0.216 8(2) 
0.186 3(2) 
0.244 9(2) 
0.284 4(2) 
0.221 6(2) 
0.233 8(2) 
0.233 4(3) 
0.31 1 3(2) 
0.387 6(3) 
0.392 7(2) 
0.398 5(2) 
0.100 O(4) 
0.097 9(3) 
0.096 4(2) 

of the tripodal ligand is normal; the P-C-P angles are close to 
108" as expected for a sp3 hybridized carbon atom.'.'' 

Fig. 2 shows the ORTEP plot of the [Ag3L,I3+ cation with 
atomic numbering. Except for the absence of a co-ordinated 
chloride and the presence of two weakly co-ordinated acetoni- 
trile ligands, it is structurally similar to [Au,L,CI]~ + described 
above. Each silver atom is essentially in a linear two-co- 
ordinated geometry with the P-Ag-P angles ranging from 
168.59(4) to 176.08(4)". The two acetonitrile molecules weakly 
co-ordinate to Ag( 1) and Ag(3) with the measured Ag( 1)-N(2) 
and Ag(3)-N(l) distances being 3.161(6) and 2.592(4) A, re- 
spectively. As in thecases of [Au3L,C1I2 + and [Ag,(Fe(C0)4}3- 
{HC(PPh,),)],'' the three silver atoms are arranged in a 
triangular array with the Ag-Ag-Ag angles close to 60". An 
interesting comparison between the two structures [Ag3L2I3 + 

and [Au3L,C1I2 + reveals much larger intramolecular metal- 
metal distances for silver relative to gold. A similar observation 

has also been reported for [Au,(dmpm),12+ [dmpm = 
bis(dimethylphosphino)methane] and its silver analogue l 6  

where the longer A -Ag distance (3.041(2), [Ag,(dmpm),]- 
[PF,],; l 6  3.028(2) 1, [Au2(dmpm),][C10,],) reflects lower 
relativistic effects in the 5s orbital of Ag compared to the 6s 
orbital of Au. The mixing of 6s, and to a lesser extent 6pz, 
with the d, and d,, orbitals (here d, and d,, refer to the 
bonding and antibonding combination of the dZ2 orbitals) of 
Au2P4,+ will serve to provide a significant bonding inter- 
action in the ground state and is responsible for the short 
Au-Au distance. The measured Ag-Ag distances of 3.161 8(5)- 
3.2228(9) A in 2, which are even larger than that found in 
[Ag,(dppm),][NO,], [d(Ag-Ag) = 3.085( 1)  A],'' suggest the 
absence of metal-metal interaction in this trinuclear silver(]) 
complex. 

Fig. 3(a) and (b)  show the respective UV/VIS absorption 
spectra of 1 and 2 in acetonitrile. Previous spectroscopic 
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Fig. 2 
clarity 

ORTEP plot of the [Ag,L,IZ+ cation with atomic numbering. Only the ips0 carbons of the phenyl rings (of arbitrary radius) are shown for 

Table 5 Selected interatomic distances (A) and angles (") in 
[Ag3L,][CIO,],*2MeCN with e.s.d.s in parentheses 

59.58(2) 
9 l.lO(3) 
85.12( 3) 
84.16(3) 
94.80(3) 

176.08(4) 
59.26( 1) 
82.53(3) 
89.62(3) 

95.46(3) 
84.16( 3) 

6 1.1 7(2) 
90.59( 3) 
80.49(3) 
78.80( 3) 
90.60( 3) 

168.59(4) 

1 7 1.04(4) 

\ 

I '1 I \  .-. 
500 o i O O  300 400 

\ 

400 
01 

300 
Unm Unm 

Fig. 3 UVjVIS absorption spectra of (a) [Au,L,CI]~+ and (b) 
[Ag,LJ3+ in acetonitrile at room temperature 

p, transition. For [Au,L2C1I2+, the absorption bands at 290 
and 270 nm, with their large E,,, values and their absence 
in [Au(PR,)~]+, '~ are undoubtedly due to the spin-allowed 
d,, --+ p, transition. The observation of d,, - p, transition 
bands in [Au,L,CI]~+ but not in [Ag,L2I3+ would mean that 
the metal-metal interaction in the former is much stronger than 
that in the latter, in accordance with the X-ray crystallographic 
data described above. A direct comparison of the electronic 
spectral data between [Au,L2C1I2+ and [Au2(dpprn),l2 + 2c34a 

is complicated by the fact that co-ordination of C1- to gold 
could significantly perturb the d,, - p, band.' Besides the 
absorption bands at 290 and 270 nm, there are also some broad 
absorptions in the 300-450 nm region. According to previous 
work by Mason and co-workers,' 5 , 1 8 d  such absorption bands 
could come from the (ds*,d,,) --+ p, transition. Excitation of 
a degassed acetonitrile solution of [Au3L2CII2 + at 3 W 0 0  nm 
results in photoluminescence centred at 537 nm with a 
luminescence quantum yield of (1.0 & 0.1) x lo-,. The ex- 
citation and emission spectra are shown in Fig. 4. The absence 
of the d,, --- p, transition in the excitation spectrum suggests 
that the emitting state is probably not [(d,,)(p,)] in origin. An 
emission lifetime of 11 ps which is relatively insensitive to the 
concentration of the gold complex is obtained at room 
temperature. The presence of a relatively long-lived excited state 
suggests the emitting state probably arises from an electronic 
triplet state which originates from transition between the 6p 
and 5d orbitals. It is interesting that the emission energies of the 
excited states of [A~~(dpprn ) , ]~+  (emission A,,, = 575 

and the present [Au,L2CI12 + systems are similar. 
Recent spectroscopic studies 2a on [Au2(dmpm),12 + and 
[Au,(dmmp),13 + indicate that the lowest electronic excited 
state of polymetallic gold(1) systems is likely to be '[(ds,)(pn)] in 
origin. 

The phosphorescent state of [Au,L2CI12 + * in acetonitrile 
is found to undergo facile electron-transfer quenching with 
pyridinium acceptors. The quenching rate constants are sum- 
marized in Table 6. An excited-state redox potential 

nm) 2 c . 4 ~  

works 2 a .  18 showed that bonding interaction between two d 10 
The notations ofdo4u*, Pu-Pu*? and Su-su* are adopted from the works 

of Harvey and Gray [ref. 18(c)] and Mason and co-workers [ref. I8(d)] 
to represent the bonding and antibonding combinations of 5d,2 (filled). 
6p,, and 6s orbitals. It is quite likely that the pu orbital is not a pure 
metal-centred orbital but rather substantially mixed with the n* orbital 
of the phosphine ligand. 

bis- or tris-(phosphine)meta1 ions would lead to a red shift in 
the d,* - P, transition energy.? The close resemblance ofthe 
electronic absorption spectrum of the silver complex with that 
of the free ligand suggests the absence of a low energy d,* - 
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Table 6 Rate constants for the quenching of [Au3L,Cl][C104], by pyridinium acceptors in 0.1 mol dm-3 [NBu,]PF, acetonitrile solution at 298 K 

Quencher" E(A+'o)b/V k,/dm3 mol-' s-' kq"/dm3 mol-' s- ' (RTIF)  In k,'*/V 
4-Cyano-N-methylpyridinium - 0.67 5.6 12.7 0.60 
4-Met hox ycarbonyl-N-met h ylpyridinium - 0.78 4.9 9.6 0.59 
4-Amido-N-methylpyridinium - 0.93 3. I 4.4 0.57 
3-Amido-N-et hylpyridinium - 1.14 1.2 1.4 0.54 
N-Ethylpyridinium - 1.36 0.19 0.19 0.49 
4-Met hyl-N-methylpyridinium - 1.49 0.0086 0.0086 0.4 1 
2,6-Dimethyl-N-methylpyridinium - 1.52 0.0058 0.0058 0.40 

a All pyridinium acceptors are hexafluorophosphate salts. * Potentials quoted us. saturated calomel electrode (SCE). k,' is the rate constant corrected 
for the diffusion rate constant of 1 x 1 O ' O  dm3 mob' s-'. * R is the gas constant, T is the absolute temperature and F is the Faraday constant. 

300 350 400 450 500 550 600 6;O 
Unm 

Fig. 4 
acetonitrile solution of [AU,L,CI]~ + at room temperature 

Excitation (---) and emission spectra (-) of a degassed 

I / 

+ 

/+ 

L I I 1 I I I 

-1.55 -1.35 -1.15 -0.95 -0.75 
E (A+IA)/V VS. SCE 

Fig. 5 Plot of (RTIF)  Ink,' versus E(A+'') for the electron-transfer 
quenching of [Au3L,Cl][C104], by pyridinium acceptors (A') in 
degassed acetonitrile: ( - )  calculated; (+) experimental 

E [  Au,L2CI3 + I 2  +* ] of - 1.6(2) V us. saturated sodium chloride 
calomel electrode (SSCE) [h = 0.95(10) eV, RTln KKV = 
0.57( 10) V us. SSCE] has been obtained by three-parameter, 
non-linear least-squares fits to equation (2)20 where k,' is the 

(RT/F)lnk,' = (RT/F)hKKv - [h(l + A G / ? L ) ~ / ~ ]  (2) 

rate constant corrected for diffusional effects, K = k d / k - d  which 
is approximately 1-2 dm3 mol-', k d  is the diffusion-limited rate 
constant in acetonitrile which is taken to be 1.0 x 10" dm3 
mob' s-', K is the transmission coefficient, v is the nuclear 
frequency, h is the reorganization energy for electron transfer, 
and AG, the standard free-energy change of the reaction, is given 
by equation (3) for oxidative quenching, where a, and a, are 

work terms for bringing reactants or products to the mean 
separation for reaction. The work term associated with the 

gold(1) complex and a pyridinium acceptor is 0.014.03 eV. This 
contribution is neglected in the analysis of the electron-transfer 
rate data. The close agreement between the theoretical curve 
with the experimental data in Fig. 5 is in accordance with the 
fact that the photoreactions are outer-sphere electron-transfer 
in nature. Similar excited-state redox potentials and reorgani- 
zation energies are also observed for the structurally related 

systems. 2 4 7 c  

CAu2(dppm)212 +, CAu2(dmpm)212 + and CAu3(dmmp)213 + 
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