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The ligand 2-(trimethylsilyl)benzenethiol may be prepared by treatment of 2-(pheny1thio)tetrahydropyran with rerr-butyllithium 
in THF/HMPA at -90 “C followed by chlorotrimethylsilane and then mercuric chloride/hydrogen sulfide. Alternatively, 
conversion of thiophenol to lithium 2-lithiobenzenethiolate followed by quenching at -78 “ C  with an equivalent of chlorotri- 
methylsilane affords the ligand 2-(trimethylsilyl) benzenethiol. A cadmium salt of structure (Et4N)2[Cd(SC6H4-o-SiMe3)4] ( I )  
(as determined by X-ray crystallography) and copper and silver salts of structures [Cu(SC6H4-o-SiMe,)] (11) and [(Ag- 
(SC&4-&iMe)))4]2 (111), respectively, can be prepared from reactions of the ligand with the appropriate metal precursors. Crystal 
data for [Cu(SC6H4-o-SiMe,)l12: monoclinic space group n l / n  with a = 17.219 (2) A, b = 30.563 (4) A, c = 27.446 (3) A, 
p = 93.58 (2)”, V = 14416.0 (18) A’, and 2 = 4; structure solution and refinement based on 5645 reflections with F, 2 6u(F0) 
to give R = 0.064. Crystal data for [{Ag(SC6H4-o-SiMe3)J4],: monoclinic space group A2 with a = 11.923 (2) A, b = 14.761 
(2) A, c = 26.618 (4) A, 0 = 98.30 (I)’, V =  4635.6 (12) A’, and Z 4; structure solution and refinement based on 2954 reflections 
with F, 2 6a(F  ) to give R = 0.062. Crystal data for (Et4N)Z[Cd(SC6H4-o-SiMe3)4]: hexagonal space group P6122 with a = 
b = 17.501 (3) 1, c = 39.100 (5) A, V =  10371.3 (18) A’, and 2 = 6; structure solution and refinement based on 1991 reflections 
with F, 2 6a(F0) to give R = 0.0675. 

Introduction 
Metal-thiolate coordination chemistry is of fundamental  

chemical interest in  view of the structural diversity displayed and 
the relevance to the metal sites of a variety of redox-active me- 
ta1loproteins.l Furthermore, in metal complexes, the  RS- group 
can be compared with the  sulfido ligand S2-, with the advantage 
t h a t  the subst i tuent  R can be manipulated to effect steric and 
electronic control of ligating ability and to engineer the envi- 
ronment about  the metal site, thus affording metal-thiolate sites 
accessible t o  small substrate  molecules. 

As part of our continuing investigations of the chemistry of novel 
sterically hindered thiolate we have prepared the thiols 
1 and 2 (Schemes I and II).8,9 The silylated thiols are of interest 
as representatives of a new class of hindered ligands with “tunable” 
steric demand. Variation in both the  silyl substituent and the 
number of silyl groups should lead t o  a corresponding variation 
in the steric cone anglelo of the ligand. Furthermore,  the 2- 
(triorganosily1)thiophenols 1 and 2,6-bis(triorganosilyl)thiophenols 
may provide synthetic precursors for calixarene-like’ ’ cyclic po- 
lythiophenols capable of snugly accommodat ing a metal  while 
providing a cavity accessible t o  small linear molecules. 

In this paper, we report the coordinating properties of 2-(tri- 
methylsily1)thiophenol with the group IIb metal Cd and the group 
Ib metals Cu and Ag.  This choice was dictated in par t  by the 
well-documented propensity of Cu+, Ag+, and  Cd2+ to form 
polymeric or oligomeric species with sterically innocent thiolate 
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ligands. Furthermore, the chemistry of Cd2+ with thiolate ligands 
is of some interest in modeling the metal  binding sites of me- 
tallothioneins,I2 while copper thiolate chemistry provides analogies 
for cysteinyl ligation of this metal in “blue” copper proteins and 
metallothionein  protein^.'^ The  ligand 2-(trimethylsily1)thiophenol 
was found to exhibit contrasting behavior with the  various metal 
cations, yielding the mononuclear complex (Et4N)2[Cd(SR)4] and 
the polynuclear species [Cu(SR) ]  Iz  and [(Ag(SR),]],. The 
structures of these homoleptic metal thiolates are discussed herein. 

Experimental Section 
The ligand 2-(trimethylsilyl)thiophenol was prepared as previously 

de~cribed.’~ IH NMR spectra were recorded on a Varian XL-300 NMR 
spectrometer and were referenced to internal TMS. The X-ray studies 
were performed on a Nicolet R3M/V diffractometer using MICROVAX 
I1 mounted program packages. 

Elemental analysis were performed by Desert Analytics, Tucson, AZ. 
(Et4N)JCd(SC6H4-o-SiMe,)4] (I). To sodium metal (0.048 g, 2.1 

mmol) dissolved in ethanol (5 mL) was added 2-(trimethylsilyl)- 
benzenethiol (0.383 g, 2.1 mmol) in acetonitrile ( 5  mL). After ca. 5 min 
of stirring, CdC1, (0.128 g, 0.7 mmol) was added with efficient stirring. 
The mixture was stirred for 1 h, and Et4NCI (0.232 g, 1.4 mmol) was 
added. After the mixture was stirred for 48 h, NaCl was removed by 
filtration. Ether (0.5 mL) was added to the filtrate, and the solution was 
maintained at room temperature for several days. The crystals were 
collected by filtration, washed with ether twice, and dried in air. The 
product was obtained as colorless, hexagonal-shaped crystals (0.147 g, 
22% yield), mp 183 “C. IH NMR (D,O): 6 0.30 (Si(CH,),), 1.12 
(CH,), 1.98 (CH,), 7.30 (-C6H4). IR (KBr): 3015, 2940, 2885, 1565, 
1480, 1440, 1410, 1250, 1240, 1170, 1120, 1100,840,750,725,675,615, 
440, 330 cm-I. Anal. Calcd for CS2H9,N2S4Si4Cd: C, 56.87; H,  8.44; 
N, 2.55. Found: C, 56.76; H,  8.84; N, 2.47. 

Attempts to synthesize oligomeric species such as [Cd,(SR),l2- or 
[Cd4(SR),,I2- proved unsuccessful. Variations of ligand/metal ratios in 
the range 1:l-4:1 yielded compound I in diminished yields (ca. 10%). 
Variations in reaction solvent, employing chloroform, acetone, or meth- 
anol, also resulted in the isolation of I, again in low yield. No other 
compositions were observed under the range of conditions employed. 

[ C U ( S C ~ H ~ - O - S ~ M ~ , ) ] ~ ,  (11). A solution was prepared of [Cu(CH,C- 
N)4]PF6 (0.745 g, 2 mmol) in methanol (10 mL). Upon addition of 
2-(trimethylsilyl)benzenethiol 0.383 g, 2.1 mmol) in methanol (3 mL), 
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Table I. Summary of Experimental Details for the X-ray Diffraction Studies of (Et4N)2[Cd(SC6H4-o-SiMe3)4], [Cu(SC6H4-o-SiMe3)] 1 2 r  and 
IIAg(SCnH1-o-SiMel)la17 

(Et4N)2[Cd(SC6H4-o-SiMe,),l [ c ~ ( S c ~ H ~ - o - S i M e , ) ] ~ ~  [{Ag(SC6H4-o-SiMe3))4]2 
(A) Crystal Parameters at 296 K" 

formula CdS4Si4N2C5,H,, cui 2s 1ZSi 1 zClOSH I56 Ag4S4Si4C36H52 
fw 1096.9 2936 1155.7 
a, A 17.501 (3) 17.219 (4) 11.923 (2) 
b, A 17.501 (3) 30.563 (5) 14.761 (2) 
c ,  A 39.100 (5) 27.446 (5) 26.618 (4) 
a, deg 90.00 90.00 90.00 
I?, deg 90.00 93.58 (2) 98.30 (1) 
7, deg 120.00 90.00 90.00 
v, 10371.3 (18) 14416.8 (18) 4635.6 ( 1 1 )  
space group P6122 P2 , ln  A2 
Z 6 4 4 
Pcalc. g.cm-3 1.03 1.35 1.66 
P,~s ,  wm-'  1.07 1.33 1.64 

(B) Summary of Structural Solution Data 
no. of reflcns collcd 321 I ( f h , + k , + l )  12 499 (*h,+k,+l) 2954 (+h,+k,*l)  
no. of reflcns used in solution (F ,  1 6u ( F , ) )  1991 5645 1646 
abs coeff, cm? 8.21 20.1 1 19.48 

final discrepancy factors* 
Tmax/ Tm,, 1.09 1.05 1.21 

R 0.0675 0.0675 0.0621 
R W  0.0689 0.0732 0.0618 
goodness of fit' 1.446 1.798 1.165 

From the fitting of 25 reflections with 28 2 25'. bAll calculations were performed on a Micro-Vax I1 computer using local versions of the Nicolet 
SHELXTL interactive crystallographic software package as described in: Sheldrick, G. M. Nicolet SHELXTL Operations Manual; Nicolet XRD 
Corp.: Cupertino, CA, 1979. Atom scattering factors are from: Cromer, D. T.; And Mann, J. B. Acta Crystallogr., Sect.  A 1968, 24, 321. All 
nonhydrogen atoms corrected for effect of anomalous dispersion by using: International Tables for X-ray Crystallography; Kynoch: Birmingham, 
England, 1962; Vol. 111. CR = x[IFol  - Fcl /x lFo l ] ;  Rw = [x:,(IFol - IFcI)2/CwlFo12]i/2; w = I/c~~(F, + g*(F,);  g = 0.005; GOF = [xw( lF , I  - 
IFF1)2/(N0 - NV)]'I2, where N O  is the number of observations and NV is the number of variables. 

a brownish yellow solid precipitated immediately. After the mixture was 
stirred for 1 h at  room temperature, the solvent was decanted and the 
solid collected and dried in vacuo. The solid was dissolved in warm 
CH2CI2 (ca. 10 mL) to which solution methanol (5 mL) was added 
dropwise. The solution was kept at room temperature for 2 weeks, and 
the red crystals were collected by filtration, washed with methanol (2X). 
and dried in air. The title compounds was obtained as red rhombic 
crystals (0.232 g, 47%), mp 250 OC. 'H N M R  (CD2C12): 6 8.28, 7.67, 
7.28, 6.99, 6.88, 6.80, 6.46, 0.39, 4 . 1 4 .  13C NMR (CD2C12): 6 142.43, 
142.02, 141.73, 140.27, 137.89, 136.76, 135.92, 134.75, 130.45, 129.01, 
126.90, 124.36, 2.18, -0.03. IR (KBr): 3040, 2945, 1555, 1410, 1245, 
1100, 1030, 825, 740, 710, 615, 440, 330 cm-I. Anal. Calcd for 
C I O ~ H ~ & I ~ S ~ I ~ C U ~ ~ :  c, 44.14; H, 5.35. Found: C, 44.05; H,  5.43. 

[(Ag(SC6H4-o-SiMe3))4]2 (111). A solution containing 2-(trimethyl- 
sily1)benzenethiol (0.364 g, 2.0 mmol) and triethylamine (0.212 g, 2.1 
mmoi) in acetonitrile (10 mL) was prepared at  room temperature. To 
this was added a solution of AgNO, (0.357 g, 2.0 mmol) in acetonitrile 
( I O  mL) with vigorous stirring at ambient temperature. A yellow solid 
was produced immediately. After 2 h of stirring, the resultant solution 
was concentrated to give a pale pink solid. The solid was dissolved in hot 
chloroform (30 mL), and the solution was filtered to remove impurities 

and diluted with methanol (10 mL). After several days, a pale yellow 
powder was produced. Recrystallization from hot chloroform/tolu- 
ene/methanol (20 mL/l mL/20 mL) afforded pale yellow pink crystals 
of needle habit (0.180 g, 31% yield). The crystals were collected by 
filtration, washed with methanol, and dried in air; mp 208-210 OC dec. 
IH NMR: 6 0.30 (Si(CH3),), 7.00 (C6H4). IR (KBr): 3040, 2940, 
1565, 1410, 1245, 1100, 1030, 840, 745, 710, 615, 440 c d .  Anal. 
Calcd for C,H13SSiAg: C, 37.37; H, 4.53. Found: C, 36.41; H, 4.52. 

Attempted Synthesis of Other Oligomers of Cu' and Ag' with 
HSC6H4-o-SiMe3. A range of reaction conditions were employed in 
attempts to isolate a variety of oligomers of the type [M(SR)], (M = Cu, 
Ag; n other than 12 for Cu or 8 for Ag). The stoichiometries of the 
reactants were varied in the range 1:l-6:1 for the 1igand:metal ratio. The 
reactions were carried out in chloroform, acetone, methanol, and aceto- 
nitrile in order to assess solvent influence on oligomer formation. A 
variety of recrystallization techniques were employed, including slow 
evaporation, vapor diffusion, and cooling to -20 OC. In no case was a 
composition other than I1 or 111 isolated, although yields were generally 
greatly diminished (ca. 10%). 

Collection and Reduction of X-ray Data and Solution and Refinement 
of the Structure. The crystal data and experimental details of the 
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Table 11. Atom Coordinates (X104) and Temperature Factors 
(A2 X IO3)  for (Et,N),ICd(SCsH1-o-SiMe,)rl (I) 

X 

9437 ( I )  
10598 (3) 
8302 (3) 

11  599 (5) 
7201 (5) 

10355 (9) 
10829 (12) 
10590 (15) 
10017 (14) 
9566 (12) 
9751 (10) 
8612 (11) 
8142 (11) 
8437 (12) 
9110 (13) 
9544 (14) 
9280 (1 2) 

11146 (17) 
12084 (26) 
12625 (21) 
7410 (21) 
6237 (14) 
6895 (18) 
7395 (1 1) 
7313 (15) 
6454 (15) 
7016 (18) 
7331 (20) 
6932 (14) 
7168 (20) 
8402 (1 6) 
8673 (26) 

Y 
4719 (1) 
6014 (3) 
3372 (3) 
7852 (5) 
1870 (4) 
6020 (1 0) 
6818 (12) 
6741 (15) 
6017 (15) 
5189 (13) 
5259 (1 1) 
2608 (11) 
1951 (11) 
1383 (12) 
1368 (13) 
1962 (14) 
2600 (13) 
8274 (1 4) 
8826 (19) 
7856 (15) 
2859 (15) 
1533 (14) 
980 (13) 

5696 (1 1) 
4941 (15) 
4296 (16) 
6166 (17) 
6536 (21) 
5427 ( 1  5) 
4950 (1 9) 
6298 (16) 
7069 (23) 

z 

833 
491 ( I )  
518 (1) 

56 (2) 
-78 (1) 

57 (4) 
-103 (4) 
-480 (5) 
-632 (5) 
-458 (4) 
-101 (4) 

416 (4) 
151 (4) 
90 (4) 

272 (4) 
543 (5) 
604 (4) 
369 (5) 

193 (6) 

195 (5) 

-231 (7) 

-314 (4) 

-431 (5) 
120 (4) 
303 (6) 
382 (6) 
316 (6) 
638 (6) 

-202 (5) 
-432 (7) 

68 (6) 
-54 (7) 

4 
72 (1)” 
97 (3j“ 
85 (3)“ 

112 (5)” 
100 (4)” 
83 (5) 

109 (6) 
144 (7) 
149 (7) 
128 (7) 
94 (5) 
88 (5) 
91 (5) 

104 (5) 
132 (7) 
142 (7) 
116 (6) 
188 (19)” 
219 (31)” 
301 (29)” 
110 (29)” 

1148 (17)“ 
152 (20)” 
129 (5) 
150 (8) 
195 (11) 
201 (1 1) 

89 (9) 
141 (7) 
188 (14) 
166 (9) 
171 (18) 

‘Equivalent isotropic U defined as one-third of the trace of the or- 
thogonalized U,j tensor. 

Table 111. Selected Bond Lengths (A) and Angles (deg) for 
(Et4N)2[Cd(SC6H4-o-SiMe3)4] (I) 

Cd-S(I) 2.540 (4) Cd-S(2) 2.518 (4) 
Cd-S(1’) 2.540 (3) Cd-S(2’) 2.518 (3) 

S(1)-Cd-S(2) 118.8 (1) S(1)-Cd-S(1’) 92.3 (2) 
S(2)-Cd-S(1’) 117.7 (2) S(l)-Cd-S(2’) 117.7 (2) 
S(2)-Cd-S(2’) 93.8 (2) S(l’)-Cd-S(2’) 118.8 (1) 

structure determinations are given in Table I. A full description of the 
experimental details of the methods of structure solution may be found 

C13 

Figure 1. ORTEP view of the structure of [Cd(SC6H4-o-SiMe3)4]2-, 
showing the labeling of the coordination sphere. 

in Table S15 (supplementary material) and ref 8. None of the crystals 
exhibited significant decay under X-ray irradiation. Tables I1 and 111 
list atomic positional parameters and selected bond lengths and angles 
for (Et4N)2[Cd(SC6Hi-o-SiMe3)4], while Tables V-VI11 present these 
data for the structures of [Cu(SC6H4-o-SiMe3)] I 2  and [{Ag(SC6H4-o- 
SiMe3N412. 
Results and Discussions 

The synthesis of complexes [Cu(SR)],,, ( [Ag(SR)]4]2, and 
[Cd(SR),12- was readily effected by direct addition of a solution 
of the ligand or of the sodium salt of the ligand to a solution of 
the metal salt in acetonitrile. Variations in reaction conditions 
yielded the same products in diminished yields but gave no evi- 
dence of the formation of higher oligomers or of other compo- 
sitions. 

Description of the Structure of (Et4N)z[Cd(SC6H4-o -SiMe,),] 
(I). The most significant feature of the structure is the discrete 
mononuclear nature of the anion, illustrated in Figure 1. The 
Cd( 11) ion is four coordinate, displaying distorted tetrahedral 
geometry, common t o  [M(II)(SR),]“ complexe~.’~ The major 
distortion consists of a compression of the tetrahedron along one 

Table IV. Comparison of Selected Structure Parameters for [Cd(SC6H4-o-SiMe3)4]2- ( I )  and Related [M(sc6Hs)4]2- Complexes 

(a) Dihedral Angles (deg) between Ligand Rings 
limiting conformations 

I A B [Fe(SCsHs)41 2- 

C (  1 1 )-C( 16); C(  1 1 ’)-C( 16’) 86.0 0.0 60.0 50.8 ring I-ring 2 
C(2 1)-C(26); C(21’)-C(26’) 84.1 0.0 60.0 3.4 ring 3-ring 4 
C(l  l)-C(16); C(21)-C(26) 66.2 90.0 90.0 70.7 ring 1-ring 3 
C(l  l’)-C(16’); C(21’)-C(26’) 66.2 90.0 60.0 78.0 ring 2-ring 4 
C( l  l)-C(l6); C(21’)-C(26’) 54.9 90.0 30.0 67.3 ring 1-ring 4 
C(l  l’)-C(l6’); C(21)-C(26) 54.9 90.0 30.0 80.1 ring 2-ring 3 

(b) Interactions of the Ring Ortho Hydrogen Atom (A) 
I [Cd(SC6HS)412- [Fe(SC6HS)412- 

M-H 3.10 (9) 2.95 (10) 2.98 (8) 
2.88 (9) 
4.85 (14) 
2.78 (9) 

3.00 (9). 
3.66 (20) 
2.86 (9) 

2.94 (6) 
3.55 (16) 
2.86 (4) 

(c) Selected Angular Distortions (deg) 

I [Cd(SC,Hda12- [Fe(SC6H5)J2- 
M-S-C 
s-c-c 

115.5 (9) 
118.6 (11) 

109 
121.5 

111 (2) 
121.9 (6) 

(I H-S’, average distance of the ortho hydrogen atoms to the sulfur of the nearest neighboring ligand unit; H-S”, average distance of the ortho 
hydrogen atoms to the sulfur atoms of two remaining neighboring ligand units; H-S”’, average distance of the ortho hydrogen atoms to the sulfur 
atoms of the same ligand unit. Corresponding designators in ref 14: H-S’, H-S(a); H-S”, H-S(a’); H-S”’, H-S(b) and H-S(b’). 
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Table V. Atomic Coordinates (X  IO4) and Equivalent Isotropic Displacement Parameters (A2 X IO3) for [ C U ( S C , H , - O - S ~ M ~ ~ ) ] , ~  (11) 
X Z X Z atom Y u, atom Y U, 

C(71) 8576 (15) 2709 (8) 4011 ( I O )  63 (8) 6429 (2) 
6788 (2) 
8383 (2) 
7984 (2) 
9585 (2) 
9920 (2) 
7374 (2) 
8026 (3) 
8836 (2) 
8187 (2) 
8758 (2) 
7545 (2) 
5773 (4) 
7727 (5) 
7116 (4) 
9272 (4) 
8647 (4) 

10599 (4) 

9767 (4) 
7117 (5) 
8952 (5) 
6535 (4) 
8336 (4) 
4490 (7) 
7663 (8) 
5730 (5) 

10633 (6) 
8662 ( I O )  

11904 (7) 
7118 (5) 

11663 (5) 
6346 (9) 
9646 (8) 
4601 (5) 
9145 (5) 
5084 (14) 
4504 (16) 
3913 (17) 
3946 (19) 
4461 (18) 
5071 (14) 
8024 (15) 
7980 (17) 
8277 (22) 
8532 (21) 
8603 (1  8) 
8313 (16) 
6891 (14) 
6347 (14) 
6177 (17) 
6585 (18) 
7103 (19) 
7247 (16) 
9568 (14) 

10116 (16) 
10332 (19) 
9971 (18) 
9406 (1 8) 
9225 (16) 
8385 (15) 
8383 (17) 
8079 (20) 
7856 (19) 
7907 (1 7) 
8185 (15) 

11277 (14) 
11838 (17) 
12413 (17) 
12415 (17) 
11822 (17) 
11289 (16) 

7977 (4) 

2023 ( I )  
1538 ( I )  
1825 (1) 
1806 ( I )  
1594 ( I )  
2085 (1) 
3088 (1) 
3785 (1) 
3118 (1) 
1748 (1) 
2642 (1) 
2608 (1) 
1556 (3) 
1535 (3) 
1617 (2) 
1673 (2) 
1533 (3) 
1651 (2) 
2559 (2) 
2788 (2) 

3833 (3) 
2728 (2) 
2578 (2) 

951 (4) 
1168 (4) 
1051 (3) 
1170 (4) 
1087 (5) 

2825 (3) 
3059 (3) 
4748 (5) 
4808 (4) 
2968 (3) 
2965 (3) 
1825 (9) 
1571 (9) 
1812 (11) 
2257 (12) 
2523 (10) 
2280 (9) 

975 (9) 
824 (11) 
409 (13) 
156 (12) 
301 (11) 
741 ( I O )  

1050 (8) 
832 (9) 
353 (1 1) 
179 (10) 
404 ( 1 1 )  
872 (10) 

917 ( I O )  
487 (12) 
237 ( I O )  
457 (1 1) 
905 (10) 
954 (9) 
788 (1 1) 
336 (13) 
90 (11) 

299 (11) 
728 (9) 

1939 (9) 
1688 (8) 
1945 (11) 
2407 (1 1) 
2630 (9) 
2389 (10) 

3795 (3) 

1080 (3) 

1104 (8) 

5614 ( I )  
6554 ( I )  
6529 (1) 
4525 ( I )  
4486 ( I )  
5441 ( I )  
4909 (1) 
5494 (2) 
6126 ( I )  
5526 (1) 
5163 ( I )  
5910 ( I )  
6050 (3) 
7116 (3) 
5072 (3) 
5988 (3) 
3927 (3) 
4991 (3) 
4509 (3) 
5676 (3) 
4924 (3) 
6059 (3) 
5401 (3) 
6574 (3) 
6601 (5) 
8232 (4) 
4351 (4) 
6791 (4) 
2814 (4) 
4392 (5) 
3365 (3) 
6045 (3) 
4560 (7) 
6298 (7) 
5020 (3) 
7688 (3) 
6396 (9) 
6603 (11) 
6852 (1 1) 
6867 (12) 
6638 (12) 
6400 (9) 
7232 (1 1) 
7722 (12) 
7817 (IS) 
7455 (15) 
6986 (13) 
6863 (11) 
5203 ( I O )  
4883 (10) 
4996 (12) 
5426 (13) 
5718 (12) 
5616 (1 1) 
5917 ( I O )  
6264 (11) 
6168 (13) 
5762 (12) 
5405 (12) 
5503 (11) 
3860 (11) 
3362 (12) 
3376 (14) 
3750 (14) 
4208 (12) 
4261 (10) 
4661 (9) 
4415 (11) 
421 1 (1 1) 
4194 (1 1) 
4392 (1  1) 
4658 (11) 

8199 (15) 
8684 (18) 
9513 (19) 
9842 (18) 
9388 (15) 

10277 (16) 
11036 (17) 
11376 (17) 
10985 (20) 
10224 (19) 
9859 (16) 
7533 (16) 
7187 (20) 
7465 (28) 
8065 (25) 
8419 (18) 
8107 (16) 
8565 (17) 
8893 (19) 
8609 (22) 
8055 (23) 
7733 (19) 
7984 (17) 
5982 (14) 
5224 (14) 
4853 (15) 
5239 (16) 

6394 (15) 
7745 (13) 
8069 (15) 
7539 (17) 
6739 (19) 
6433 (16) 
6955 (15) 
5501 (23) 
3701 (28) 
4233 (27) 
7713 (29) 
8374 (23) 
6702 (23) 
4964 (24) 
5188 (19) 
6354 (20) 

10002 (22) 
11 I40 (28) 
11267 (32) 
8088 (25) 
9648 (34) 
8444 (41) 

12659 (22) 
10969 (27) 
12152 (30) 
6597 (1 7) 
7011 (19) 
6648 (1 7) 

12007 (1 9) 
1 1  136 (19) 
12517 (22) 
6665 (34) 
5516 (29) 
5984 (38) 
9340 (35) 

10580 (26) 
9798 (30) 
3727 (1 7) 
5164 (17) 
4236 (17) 
9697 (23) 
9273 (25) 
9630 (20) 

5997 (18) 

a Equivalent isotropic U defined as one-third of the trace of the orthogonalized U ,  tensor. 

2813 (9) 
2940 ( I O )  
2935 ( I O )  
2792 ( I O )  
2702 (8) 
3206 (9) 
3317 (10) 
3658 ( I O )  
3890 (1 1) 
3787 (11) 
3431 (IO) 
4058 (9) 
4471 (12) 
4647 (16) 

4058 (11) 
3894 (9) 
4120 ( I O )  

4439 (15) 

4545 (12) 
4743 (12) 
4550 (14) 
4147 (12) 
3928 ( I O )  
3155 (8) 
3228 (8) 
3575 (9) 
3809 (9) 
3710 (10) 
3363 (9) 
2730 (7) 
2903 (9) 
2999 (9) 
2930 ( I O )  
2731 (9) 
2635 (9) 

693 (13) 
748 (1 6) 
737 (15) 
792 (16) 

1625 (14) 
1385 (13) 
634 (14) 

1540 (12) 
1162 (11) 
1381 (12) 
1666 (16) 
724 (18) 

1598 (15) 
1298 (19) 
686 (23) 
931 (13) 
846 (15) 
888 (18) 

3337 ( I O )  
2826 (11) 
2320 ( I O )  
2509 (12) 
3022 (1 1) 
3470 (13) 
4880 (20) 
4404 (1 7) 
5240 (22) 
4871 (20) 
4459 (15) 
5440 (1  8) 
3345 (10) 
2903 (1 0) 
2419 (10) 
2453 (14) 
3054 (14) 
3440 (12) 

3559 (1 1) 
3181 (11) 
3266 (12) 
3718 (13) 
4097 (10) 
5375 ( I O )  
5538 (11) 
5243 (12) 
4881 (13) 
4700 (12) 

4431 (10) 
4272 (13) 
3787 (19) 
3560 (16) 
3736 (12) 
4178 (11) 
6570 (11) 
6688 (13) 
7094 (1 5) 
7366 (15) 
7241 (13) 
6825 (12) 
5708 (9) 

5807 (10) 
6196 (10) 
6345 (1 1) 
6073 ( I O )  
7065 (9) 
7482 ( I O )  
7852 (1 1) 
7795 (12) 
7359 (11) 
6970 ( I O )  
6854 (15) 
7022 (19) 
5925 (18) 
8815 (19) 
8339 (15) 
8112 (15) 
4184 (15) 
4567 (13) 
3806 (13) 
7254 (14) 
6574 (19) 
7174 (21) 
2698 (17) 
2857 (22) 
2294 (27) 
3969 (15) 
4100 (18) 
5003 (21) 
3533 (12) 
2667 (13) 
3562 (1 1) 
5818 (13) 
6620 (1 2) 
6187 (15) 
5203 (24) 
4481 (19) 
4145 (26) 
5633 (24) 
6397 ( 1  8) 
6458 (21) 
4850 (12) 

5226 (1 1) 
7515 (16) 
8380 (17) 
7407 (13) 

4995 (11) 

5539 (9) 

4455 (11) 

69 (8) 
90 ( I O )  
96 (11) 
98 (11) 
67 (8) 
66 (8) 
85 ( I O )  
90 (10) 

104 (11) 
101 (11) 
82 (9) 
72 (9) 
97 (12) 

112 (17) 
115 (15) 
103 (11) 
74 (9) 
84 ( I O )  
92 (11) 
90 (12) 

122 (14) 
108 (12) 
87 (10) 
58 (8) 
55 (7) 
71 (9) 
74 (9) 
90 (10) 
68 (8) 
45 (7) 
65 (8) 
78 (9) 
98 (11) 
78 (9) 
69 (8) 

128 (15) 
90 (17) 

113 (17) 
127 (18) 
112 (15) 
108 (14) 
114 (15) 
104 (12) 
101 (12) 
96 (13) 
93 (17) 
87 (19) 

104 (16) 
90 (20) 
87 (25) 

107 (14) 
110 (17) 
80 (18) 

102 (11) 
119 (12) 
91 (10) 

117 (12) 
110 (12) 
107 (14) 
126 (22) 
124 (18) 
121 (25) 

112 (17) 
110 (19) 
98 (11) 

102 (22) 

93 ( I O )  
95 ( I O )  

102 (12) 

1 I4 (15) 
123 (16) 

of the 2-fold axes, resulting in approximate DZd site symmetry. 
The range of S-Cd-S angles, 92.3 (2)-118.8 (l)', is similar to 

that observed for [Cd(SC6H5)4]2-7 and [Cd(SCH2CH2S)2]2-,16 
which display ranges of 98.7 (2)-120.0 (2)' and 89.5 (1)-124.3 
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Table VI. Selected Bond Lengths (A) and Angles (deg) for 
[ c ~ ( S c ~ H ~ - o - S i M e ~ ) ] ~ ~  (11) 

Cu(l)-S(I) 2.218 (8) Cu(l)-S(3) 2.317 (7) 
CU(ll-S(l1) 2.243 (7) Cu(2)-S(l) 2.160 (9) 
cu(zj-s(z)  
Cu(3)-S(4) 
Cu(4)-S(3) 
Cu(4)-S(7) 
CU( 5)-S(6) 
Cu(6)-S(6) 
Cu(7)-S(7) 
Cu(7)-S(ll) 
Cu(8)-S( I O )  
Cu(9)-S( 10) 
Cu( 10)-s(3) 

Cu( 12)-S( 1 I )  
CU(ll)-S(7) 

2. I 64 (9j 
2.247 (7) 
2.259 (7) 
2.303 (8) 
2.169 (9) 
2.198 (8) 
2.243 (7) 
2.315 (7) 
2.159 (10) 
2.204 (9) 
2.198 (8) 
2.189 (8) 
2.191 (8) 

cu(3j-s(2j 
Cu(3)-S(12) 
Cu(4)-S(5) 
Cu(5)-S(5) 
Cu(6)-S(4) 
Cu(6)-S(8) 
CU(7)-S(9) 
Cu(8)-S(9) 

Cu(9)-S(12) 
Cu( 10)-s(4) 

Cu( 12)-S( 12) 

Cu(9)-S(8) 

Cu(1 1)-S(8) 

2.211 (8) 
2.306 (8) 
2.220 (8) 
2.165 (9) 
2.301 (7) 
2.263 (8) 
2.209 (8) 
2.142 (11) 
2.314 (7) 
2.259 (8) 
2.203 (9) 
2.212 (8) 
2.209 (8) 

S(3)-Cu(l)-S(I) 107.4 (3) S ( l l ) - C ~ ( l ) - S ( l )  144.4 (3) 
S(1 l)-Cu(l)-S(3) 107.1 (3) S(2)-Cu(2)-S(l) 174.3 (3) 
S ( ~ ) - C U ( ~ ) - S ( ~ )  143.0 (3) S(12)-C~(3)-S(2) 109.8 (8) 
S(12)-Cu(3)-S(4) 105.7 (3) S(5)-Cu(4)-S(3) 142.0 (3) 
S(7)-Cu(4)-S(3) 105.3 (3) S ( ~ ) - C U ( ~ ) - S ( ~ )  11 1.4 (3) 
S(6)-Cu(5)-S(5) 174.7 (3) S(6)-Cu(6)-S(4) 109.5 (3) 
S(8)-Cu(6)-S(4) 105.3 (3) S(8)-Cu(6)-S(6) 143.9 (3) 
S(9)-Cu(7)-S(7) 144.4 (3) S ( l  l)-Cu(7)-S(7) 105.6 (3) 
S(l I)-Cu(7)-S(9) 108.7 (3) S(lO)-Cu(8)-S(9) 175.2 (3) 
S(lO)-Cu(9)-S(8) 108.6 (3) S(12)-C~(9)-S(8) 105.9 (3) 
S(12)-Cu(9)-S(IO) 143.9 (3) S(4)-Cu(IO)-S(3) 163.5 (3) 
S(8)-Cu(ll)-S(7) 164.3 (3) S(12)-C~(12)-S(l l )  163.1 (3) 
Cu(2)-S(l)-Cu(l) 86.7 (3) C U ( ~ ) - S ( ~ ) - C U ( ~ )  82.6 (3) 
C U ( ~ ) - S ( ~ ) - C U ( ~ )  132.5 (3) C U ( ~ O ) - S ( ~ ) - C U ( ~ )  89.0 (3) 
Cu(lO)-S(3)-Cu(4) 76.3 (2) CU(IO)-S(~)-CU(~)  76.7 (3) 
C U ( ~ ) - S ( ~ ) - C U ( ~ )  134.1 (3) C U ( ~ ) - S ( ~ ) - C U ( ~ )  88.4 (3) 
CU(IO)-S(~)-CU(~)  89.7 (3) Cu(l  I)-S(7)-Cu(4) 95.6 (3) 
C U ( ~ ) - S ( ~ ) - C U ( ~ )  80.7 (3) Cu(l  I)-S(8)-Cu(6) 74.2 (3) 
C U ( ~ ) - S ( ~ ) - C U ( ~ )  135.5 (3) CU(~)-S( IO)-CU(~)  85.8 (3) 
Cu(ll)-S(7)-Cu(7) 78.1 (3) Cu(l2)-S(ll)-Cu(l) 75.4 (3) 
C U ( ~ ) - S ( ~ ) - C U ( ~ )  131.4 (3) Cu(12)-S(12)-Cu(3) 91.0 (3) 
Cu(1 I)-S(8)-Cu(9) 83.4 (3) C U ( ~ ) - S ( ~ ) - C U ( ~ )  82.0 (3) 
Cu(7)-S(l I)-Cu(l) 132.2 (3) Cu(12)-S(ll)-Cu(7) 87.3 (3) 
C U ( ~ ) - S ( I ~ ) ' - C U ( ~ )  133.0 (3) C U ( I ~ ) - S ( I ~ ) - C U ( ~ )  75.9 (3) 

(1)O, respectively. The considerable variation in the Cd-S bond 
distances, 2.518 (5)-2.540 (4) A, also appears to be characteristic 
of [Cd(SR),Iz- structures. Thus, [Cd(SC6H5)4]2- displays Cd-S 
bond lengths in the range of 2.517 (3)-2.546 (4) A, while [Cd- 
(SCH2CHzS)2 exhibits a similar nonequivalence, 2.508 
(1)-2.547 (1) l- The deviation of the CdS4 unit from Td sym- 
metry is also evident in the dihedral angles between the S-Cd-S 
planes, 89.3, 73.9, and 106.8', compared to values of 94.8, 83.7, 
and 102.0' for the corresponding planes in [Cd(SC6Hs)4]z-. 
Distorted CdS4 sites are also observed for [Cd(toluene-3,4-di- 
t h i ~ l a t e ) ~ ] ~ -  and for the binuclear and polymeric Cd-thiolate 
complexes [Cdz(SCzHs)6]2- I *  and [Cd(SCH2CH20H)z],,'9 re- 
spectively. 

The ligand conformation adopted by I is distinct from those 
observed for the [M(SPh),lZ- class of complexes (M = Mn, Fe, 
Co, Ni, Zn, and Cd), whose geometries have been analyzed in 
detail by Coucouvanis et aI.l4 The latter complexes display nearly 
planer MSC6H5 units, resulting in the adoption of two equivalent 
conformations of the phenyl rings in the [M(sc6H5)4]2- anions. 
In type A the phenyl groups attached to two sulfur atoms lie in 
one plane that is orthogonal to the plane defined by the remaining 
two phenyl groups and sulfur atoms. The second conformation 
(B) is obtained by rotating two -SC6HS groups about the M-S 
bonds by ca. f120'. One consequence of this arrangement is that 
the proximal ortho hydrogen atoms of the rings nestle between 
the metal atom and one of the sulfur atoms in the arrangement 
illustrated in Figure 2a. In contrast, the phenyl rings of I adopt 

(16) Rao, Ch. P.; Dorfman, J. R.; Holm, R. H. Inorg. Chem. 1986, 25, 428. 
(17) Bustos, L.; Khan, M .  A.; Tuck, D. G .  Can. J .  Chem. 1983, 61, 1146. 
(18) Watson, A. D.; Rao, Ch. P.; Dorfmann, J. R.; Holm, R. A. Inorg. Chem. 

1985, 24, 2820. 
(19) Dance, I .  G.; Scudder, M .  L.; Secomb, R. Inorg. Chem. 1983,22, 1794. 

Table VII. Atom Coordinates (X104) and Temperature Factors 

atom X V 2 u, 
(A2 X lo3) for [(Ag(SC6H4-o-SiMe3))4]2 (111) 

2034 (2) 

1637 (2) 
3608 (2) 
700 (7) 

-281 (6) 
3619 (7) 
3572 (8) 

816 (7) 

85 (2) 

-1747 (8) 

4113 (8) 
1544 (24) 
2189 (26) 
2790 (29) 
2845 (32) 
2182 (26) 
1547 (23) 
-763 (30) 

1456 (34) 
-76 (24) 
713 (27) 
898 (29) 
244 (33) 

3757 (7) 

1051 (35) 

-420 (29) 
-649 (23) 

-1 182 (30) 
-2245 (31) 
-2964 (26) 

4246 (22) 
4699 (23) 
5213 (25) 
5298 (29) 
4882 (26) 
4310 (24) 
4328 (32) 
4281 (32) 
2148 (31) 
2923 (22) 
2276 (24) 
1749 (27) 
1978 (29) 
2678 (28) 
3153 (28) 
3692 (27) 
3941 (34) 
5548 (34) 

22 1 

-2538 (2) 
-1437 (2) 

-2492 (6) 
-2813 (6) 

17 (7) 
2553 (7) 

-914 (2) 

623 (6) 

-4202 (7) 
-4455 (6) 

1703 (7) 
652 (20) 

-108 (23) 
-70 (25) 
716 (27) 

1440 (24) 
1464 (20) 
2372 (30) 
3430 (30) 
2945 (30) 

-2747 (20) 
-2237 (25) 
-2508 (27) 
-3222 (26) 
-3693 (27) 
-3481 (19) 
-4686 (27) 
-5146 (25) 
-3467 (23) 
-2529 (20) 
-1720 (21) 
-1574 (25) 
-2216 (24) 
-3062 (22) 
-3272 (20) 
-5077 (27) 
-5141 (26) 
-4459 (30) 

6 (20) 
-694 (22) 
-750 (26) 

-76 (24) 
655 (24) 
727 (24) 

2320 (23) 
2523 (30) 
1264 (33) 

5063 (1) 
5580 ( I )  
5434 (1) 
4978 ( I )  
5613 (3) 
5630 (3) 
5437 (3) 
4592 (3) 
6250 (4) 
6060 (4) 
6324 (4) 
3862 (4) 
6227 (1 0) 
6410 (12) 
6903 (12) 
7176 (14) 
6982 (12) 
6503 (10) 
6053 (14) 
6762 (15) 
5690 (15) 
6279 (11) 
6631 (12) 
7138 (13) 
7313 (15) 
6985 (12) 
6481 ( I O )  

6442 (13) 
5842 (12) 
6102 ( I O )  
6222 (10) 
6712 (11) 
7049 (13) 
6939 ( 1  1) 
6453 ( IO)  
5811 (13) 
6910 (13) 
6185 (14) 

3762 (12) 
3268 (12) 
2948 (14) 
3128 (12) 
3657 (12) 
4397 (11) 
3316 (14) 
4045 (16) 

5495 (12) 

3955 (10) 

68 (1)' 
59 ( I )"  
61 ( I ) "  
66 ( I ) "  
56 (3)" 
50 (3)" 
52 (3)" 
66 (4)' 
67 (4)' 
62 (4)' 
62 (4)" 
56 (4)" 
46 (8) 
61 ( I O )  
72 (11) 
81 (11)  
60 (9) 
43 (8) 

100 (13) 
106 (14) 
103 (14) 
48 (8) 
70 (11)  
75 (10) 
82 (12) 
72 (11) 
38 (7) 
83 (11) 
87 (12) 
62 (10) 
40 (7) 
44 (8) 
60 (9) 
73 (11) 
55 (9) 
44 (8) 
88 (13) 
90 (12) 

102 (14) 
38 (8) 
54 (9) 
62 (10) 
73 (11) 
70 (10) 
65 (10) 
69 ( I O )  

106 (14) 
1 I8 (16) 

aEquivalent isotropic U defined as one-third of the trace of the or- 
thogonalized Uij  tensor. 

Table VIII. Selected Bond Lengths (A) and Angles (deg) for 
I{Ag(SChH4-o-SiMep)J41~ (111) 

Ag(l)-Ag(2) 3.320 (4) Ag(l)-Ag(4) 3.111 (4) 
Aa(l)-S(l)  2.388 (9) Ag(l)-S(4) 2.385 ( I O )  
Ag(l)-Ag(2') 3.298 (3) 
Ag(Z)-S(l) 2.383 (10) 
Ag(2)-Ag(l') 3.298 (3) 
Ag(3)-Ag(4) 3.234 (4) 
Ag(3)-S(3) 2.396 (8) 
Ag(4)-S(3) 2.369 (9) 
Ag(4)-Ag(4') 3.304 (6) 

S(I)-Ag(l)-S(4) 170.0 (3) 
S(2)-Ag(3)-S(2') 79.0 (3) 
S(3)-Ag(3)-S(2') 113.4 (3) 
Ag(l)-S(l)-Ag(Z) 88.2 (3) 
Ag(2)-S(2)-Ag(3') 92.7 (3) 
Ag(3)-S(3)-Ag(4) 85.5 (3) 

Ag(2)-Ag(3) 3.086 (4) 
Ag(2)-S(2) 2.377 ( I O )  
Ag(2)-Ag(2') 3.065 ( 5 )  
Ag(3)-S(2) 2.419 (8) 
Ag(3)-S(2') 3.053 (7) 
Ag(4)-S(4) 2.377 (10) 
S(2)-Ag(3') 3.053 (7) 

S(l)-Ag(2)-S(2) 171.6 (3 
S(2)-Ag(3)-S(3) 165.1 (3 
S(3)-Ag(4)-S(4) 174.5 (3 
Ag(2)-S(2)-Ag(3) 80.1 (3 
At( 3)-S( 2)-Ag( 3') 100.9 (3 
Ag( l)-S(4)-Ag(4) 8 1.6 (3 

a conformation in which the phenyl group attached to S ( l )  is 
nearly perpendicular to that attached to S( 1') and the phenyl group 
on S(2) is perpendicular to that on S(2'), while the rings on S(l) 
and S ( 2 )  deviate considerably from coplanarity, as illustrated in 
Table VI. As a consequence, the rings do not adopt either of the 
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A B 
Figure 2. (a) ORTEP plot of the structure of [Cd(SC6Hs)4]2- with atoms 
drawn to scale with the appropriate covalent radii. Three of the phenyl 
rings have been omitted for clarity. (b) Similar plot of the structure of 
[C~(SC,H,-O-S~M~~),]~- (I) illustrating the unique orientation of the 
rings in I. 

conformations observed for the [M(Sc6H,),I2- class of complexes. 
Furthermore, the ortho hydrogens of the rings exhibit an even more 
pronounced preference to orient toward one of the sulfur atoms, 
as shown in Figure 2b. For each ring this configuration gives rise 
to close contacts between the ortho hydrogens and the sulfur atoms, 
which result in an expansion of the Cd-S-C angles to 115.5’ 
(average) from the value of 109’ observed for the [Cd(SC6H5),12-. 

The distortions in the ring conformation of I relative to those 
adopted by the [M(SC,H5)4]2- complexes appear to be conse- 
quences of the introduction of the sterically demanding -SiMe, 
groups in the ortho positions of the rings. Adoption by I of the 
conformations exhibited by the complexes with the sterically 
“innocent” thiophenolate ligand would result in significant contact 
interactions between the protons of the -SiMe3 groups and either 
the ring protons or the methyl protons of the adjacent ligands. 
In fact, the ring conformation adopted by I results in no signif- 
icantly close nonbonding distances; no H-H distances are sig- 
nificantly shorter than the sum of the van der Waals radii of two 
hydrogen atoms, 2.4 A, suggesting that the observed conformation 
effectively minimizes steric interactions. 

Structural types characterized for Cd complexes with thiolate 
ligands include discrete molecular structures, ranging in size from 
mononuclear [Cd(SR),I2- through tetranuclear [Cd4- 
(SR)lo]2-,21 to octanuclear [ICd8(SCH2CH20H)12]3+22 and de- 
canuclear [Cdlo(SCH2CH20H)l,]4+ 23 and [CdloS4(SPh)16]4-.24 
Nonmolecular types include the one-dimensional nonmolecular 
structure {Cd[SCH(CH2CH2)2NHCH3]22+)_,25 the two-dimen- 
sionally nonmolecular [Cd(SCH2CH20H)2]..,26 and the three- 
dimensionally nonmolecular polyadamantanoid structure of 
[Cd(SPh)2],.27 Although a family of the three species [Cd- 
(SR)4]2-, [Cd2(SR),12-, and [Cd,(SR)lo]2- has been isolated and 
structurally characterized for R = -C2H6 and/or -C6H5, [Cd- 
(Sc6H4-o-SiMe3),l2- is unique for the sterically hindered thiolate 
complex under all reaction conditions. This observation is con- 
sistent with the general ability of bulky ligands to stabilize mo- 
nonuclear species or small oligomers. 

(20) Coucouvanis, D.; Swenson, D.; Baenzige, N .  C.; Murphy, C.; Holah, 
D. G.; Sfarnas, N.; Simpoulos, A.; Kostikas, A. J .  Am.  Chem. SOC. 
1981, 103, 3350. 

(21 )  Hagen, K.  S.; Holm, R. H. Inorg. Chem. 1983, 22,  3171. 
(22) Burgi, H. 9.; Gehrer, H.; Strickler, P.; Winkler, F. K. Helu. Chim. Acta 

1976, 59, 2558. 
(23) Strickler, P. J .  Chem. SOC., Chem. Commun. 1969, 655 
(24) Choy, A.; Craig, D.; Dance, 1.; Scudder, M J .  Chem. SOC., Chem. 

Commun. 1982, 1246. 
(25) Bayon, J .  C.; Brianso, M. C.; Brianso, J .  L.; Gonzalez Duarte, P. Inorg. 

Chem. 1979, 18, 3478. 
(26) Biirgi, H.  B. Helo. Chim. Acta 1974, 5 7 ,  513. 
(27) Craig, D.; Dance, I. G.; Garbutt, R Angew. Chem., Int .  Ed. Engl. 1986, 

25. 165. 
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Figure 3. 
showing the atom-labeling scheme. 

ORTEP view of the structure of [Cu(SC,H4-o-SiMe3)l12, 

W 
Figure 4. Cu,,Si2 core, highlighting the eight-membered Cu4S4 cycles. 

Figure 5. Schematic view of the S atom arrangement of [Cu(SC*Hd-o- 
SiMe3)] ,*, illustrating the exterior trigonal prism (faces 2,6,10 and 1,5,9) 
and the interior trigonal prism (faces 4,8,12 and 3,7,11). 

Description of the Structure of the [CU(SC6H,-0-SiMe3)],2 (11). 
As shown in Figure 3, the structure of [Cu(SC6H4-o-SiMe3)],, 
consists of discrete dodecanuclear clusters of unique molecular 
geometry. The structure is best described as a molecular paddle 
wheel with the C U , ~ S , ~  core arranged as illustrated in Figure 4. 
The two nearly parallel but staggered (ca 10’) Cu3S3 rings and 
the bridging Cu(lO), Cu(1 l ) ,  and Cu(12) atoms provide the 
central cylinder of the paddle wheel, while the paddles are con- 
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Table IX. Ranges of Bond Distances (A) and Angles (deg) for the 
CuIIS12 Core of ICu(SCnH,-o-SiMe,)l12 (11) 

bond type 
digonal Cu-doubly bridging S (Cu(2)-S(l), 

Cu(2)-S(2), Cu(S)-S(S), Cu(5)-S(6), 
Cu(8)-S(9), Cu(8)-S(lO)) 

Cu(lO)-S(4), Cu(1 l)-S(7), Cu(ll)-S(8), 
Cu( 12)-S( 1 l ) ,  Cu( 12)-S( 12)) 

(CU(l)-S(l), Cu(3)-S(2), Cu(4)-S(5), 
Cu(6)-S(6), Cu(7)-S(9), Cu(9)-S( I O ) )  

(Cu(l)-S(l l ) ,  CU(4)-S(3), Cu(7)-S(7), 

(Cu(l)-S(3), Cu(4)-S(7), Cu(7)-S(I 1). 
C~(3)-S(12) ,  Cu(6)-S(4), Cu(9)-S(8)) 

digonal Cu-triply bridging S (Cu( 10)-s(3), 

trigonal-planar Cu-doubly bridging S 

trigonal-planar Cu-triply bridging S 

Cu(3)-S(4), Cu(6)-S(8), C~(9)-S(12)) 
trigonal-planar Cu-triply bridging S 

S-Cu-S (digonal CU sites Cu(2), Cu(5), Cu(8)) 
S-Cu-S (digonal Cu sites C(10), C(11). C(12)) 
S-Cu-S (trigonal planar Cu) 

Cu-S-Cu (interior ring angle) 
C-S-C (ring sulfur) 

Cu-S or 
S-Cu-S range 

2.142 (10)-2.169 (10) 

2.189 (9)-2.212 (8) 

2.198 (8)-2.220 (8) 

2.243 (8)-2.263 (8) 

2.301 (7)-2.315 (7) 

174.3 (3)-175.2 (3) 
163.1 (3)-163.5 (3) 
142.0 (3)-144.4 (3), 

131.5 (9)-135.4 (8) 
74.1 (9)-78.1 ( lo) ,  

105.3 (3)-111.4 (3) 

83.3 (8)-95.6 (9), 
118.6 (9)-121.9 (8) 

structed from the exocyclic [Cu(SR),]- groups that bridge the 
two hexanuclear rings. In gross geometry, the Cu12S12 core is 
reminiscent of the structure of [23] (1 ,3 ,5)cy~lophane.~~ Alter- 
natively, the structure may be described as an expanded trigonal 
prism of thiolate sulfur atoms (S(1), S(2), S(5) ,  S(6), S(9), S(10)) 
enclosing an interior s6 trigonal prism (S(3), S(4), S(7), S(8), 
S(11), S(12)), with the vertices of the interior prism located 
virtually at the midpoints of the edges defining the triangular faces 
of the exterior prism. An idealized view of the arrangement of 
sulfur atoms is presented in Figure 5. The thiolate sulfur atoms 
are bridged by six digonal Cu atoms located approximately at the 
midpoints of the rectangular faces of the inner and outer trigonal 
prisms and by six digonal planar Cu atoms situated on the tri- 
angular faces so as to leave vacant only the central inner triangles 
of the opposing faces. Thus, the C U ~ ~ S , ~  core possesses approx- 
imate 3-fold symmetry. 

There are three distinct copper geometries associated with the 
Cu12S12 core. The six Cu centers of the interior Cu3S3 heterocycles 
display distorted-trigonal-planar geometry, while the three Cu 
atoms bridging the opposing triangular faces of the exterior exhibit 
a trigonal-prism geometry and the three Cu atoms bridging the 
triangular faces of the interior prisms exhibit digonal coordination. 
The bond lengths and angles associated with these distinct copper 
geometries are tabulated in Table IX. 

The set of digonal Cu centers Cu(2), Cu(5), and Cu(8) displays 
unremarkable geometry with an average Cu-S bond distance of 
2.160 (9) A and a S-Cu-S valence angle of 174.7 ( 5 ) ' .  On the 
other hand, the Cu centers spanning the faces of the interior prism, 
Cu( lo), Cu( 1 I ) ,  and Cu( 12), are significantly distorted from 
idealized digonal geometry, as illustrated by the S-Cu-S angle 
of 163.3 (6)'. All three Cu atoms are displaced toward the interior 
of the prism, with a concomitant increase in the Cu-S bond lengths 
to 2.200 (9) A (average) from a value of 2.160 (9) A for the 
exterior digonal Cu sites. We can offer no convincing rational- 
ization (vide infra) for this observation as there do rot  appear 
to be significant secondary Cu-S interactions or S- --S interactions 
within the core. The Cu sites associated with the Cu3S3 rings 
display a number of distortions from the idealized trigonal-planar 
geometry. There are three distinct Cu-S bond distances associated 
with each trigonal Cu site: 2.210 (10) 8, for the bond length to 
the doubly bridging S atoms of the exterior prism and 2.309 (10) 
and 2.253 (IO) 8, for the distances to the triply bridging S atoms 
of the interior prism and the Cu3S3 heterocycles. The bond 

(28) Keehn, P. M. In Cyclophanes; Keehn, P. M., Rosenfeld, S. M., Eds.; 
Academic Press: New York, 1983; Vol. I, pp 69-239. Hanson, A. W. 
Crysf.  Struc?. Commun. 1980, 9,  1243. 

distances with the Cu3S3 rings display a long-short alternation. 
The valence angles at the trigonal Cu centers are also distorted 
such that two of the angles are equivalent at 107.5 (9)' while the 
third presents a value of 143.6 (8)'. The enlarged angles are 
exterior to the Cu3S3 rings and produces a skewed geometry for 
the paddles, as shown in Figure 4. 

Although both linear and trigonal-planar geometries are known 
for copper-thiolate clusters,29 it is unusual to find both types of 
coordination in the same molecule. In complexes studied to date, 
sterically encumbered ligands have been shown to favor linear 
coordination for &(I), not an unanticipated consequence of the 
ligand design.% However, the structure of [C~(SC~H~-o-Si rne~) l !~  
demonstrates that modification of the electronic and/or steric 
properties of the substituents may effect pronounced structural 
changes. 

The substituted rings of the -SC6H-o-SiMe3 ligands adopt a 
conformation that orients the ring planes of the groups attached 
to the interior s6 prism nearly perpendicular to the cu3s3 best 
planes, while the rings associated with the exterior s6 trigonal 
prism are aligned closely parallel to the Cu3S3 planes. One 
consequence of this conformation is the expansion of one of the 
exterior S-Cu-S angles a t  each of the Cu centers in order to 
minimize nonbonding interactions between adjacent pairs of in- 
terior and exterior ligand groups. Furthermore, the adjacent 
exterior C-S-Cu angle at each of the Cu3S3 ring S atoms also 
expands to an average of 119.6 (20)' as a result of this particular 
ligand conformation. Thus, two of the angles at the ring S atoms 
are expanded from limiting tetrahedral values: the interior Cu- 
S-Cu angle to 131.3 (12)' and the exterior C-S-Cu angle to 119.6 
(20)'. To compensate for this angle expansion, the two Cu-S-Cu 
angles to the diagonal Cu centers bridging the Cu3S3 rings contract 
to average values of 76.1 (1 8) and 89.3 (1 7)'. Consequently, the 
S-Cu-S angles a t  Cu( lo), Cu( 1 l ) ,  and Cu( 12) deviate consid- 
erably from the diagonal limit of 180' and may dictate the dis- 
placement of these Cu centers toward the interior of the central 
cylinder. 

Since there are no significant intramolecular H-H contacts 
(less than 2.5 A), the observed ring conformation effectively 
minimized steric interactions between the ligands. There are a 
number of significant intermolecular H-H contacts, listed in Table 
X, which arise from the nestling of rings in adjacent clusters in 
the structure. The observed ligand conformation may also serve 
to effect efficient packing of clusters. 

Description of the Structure of the [Ag(SC&-o-Sie3)h Dimer 
(111). As illustrated in Figure 6a, the structure of [Ag- 
(SC6H4-o-SiMe3)l4 consists of a eight-membered cycle of alter- 
nating silver and sulfur atoms, A&S4, which is distinctly nonplanar, 
as a consequence of folding along the S(l)-S(3) axis to produce 
a dihedral angle of 139.4' between the best planes through S- 
(l)Ag( l)S(4)Ag(4)S(3) and S(3)Ag(3)S(2)Ag(2)S( I). The steric 
influence of the thiolate ligand -SC6H4-o-SiMe3 is insufficient 
to prevent close approach of [Ag4S4] units, thus allowing the 
formation of secondary Ag(3)-S(2') interactions with a distance 
of 3.053 (7) A and producing the bis-cyclic structure 
[(AgSC6H4-o-SiMe3J4I2, illustrated in Figure 6b. 

The geometry at Ag(l), Ag(2), and Ag(4) is effectively linear 
with an average Ag-S bond distance of 2.380 (14) A. In contrast, 
the geometry about Ag(3) is distinctly "T"-shaped, rather than 
trigonal planar, with an average Ag(3)-S bond distance of 2.408 
(1 2) A within the Ag4S4 cycle. 

The [(Ag(SC6H4-o-SiMe3)]4]2 structure is a member of the 
general class of neutral [AgSR], structural types. The degree 
of aggregation of these silver thiolate species appears to depend 
intimately upon the nature of thiolate ligands, such that there is 
an inverse relationship between the value of n and the steric bulk 
of the ligand. Akerstrom3' has argued that the degree of asso- 

(29) Yang, Q.; Tang, K.; Liao, H.; Han, Y.; Chen, Z.; Tang, Y. J .  Chem. 
SOC., Chem. Commun. 1987, 1072. Nicholson, J.  R.; Abrams, I. L.: 
Clegg, W.; Garner, C. D. Inorg. Chem. 1985, 24, 1092. 

(30) Tang, K.  L.; Yang, Q. C.; Yang, J.  P.; Liao, H.; Tang, Y.  Q. Private 
communication on the structures of [ C U S C H ( S ~ M ~ , ) ~ ] ,  and [CuSC- 
(SiMe&l+ 
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Table X. Close Nonbonding Contacts (A) in [Cu(SC6H4-c-SiMe3)] 12 (11)" 
H(37C)*-H( 34)* 2.423 H( 1 291).**H(63)c 2.332 H( 127B)-H(78C)g 2.413 
H(49A)-H(54)b 2.336 H(281 B)*-H(64)" 2.512 H( 128F)-H(38C)g 2.461 
H(67C)-.H(35)b 2.545 H( 128D)--H(64)' 2.586 H( 128F)*-H(79B)g 2.538 
H(109A)-*H(95)c 2.550 H(78B)-**H(48B)b 2.374 H( 127B)*-H(79B)g 2.548 
H(78A)-.H( 14)d 2.594 H(78C)--H(48B)b 2.418 

a Molecules are related by the following symmetry operations: (a) 1.0 - x ,  -y, 1 .O - z ;  (b) 2.0 - x ,  -y, 1.0 - z ;  (c) 2.0 - x ,  1.0 - y ,  1.0 - z ;  (d) 0.5 
+ x , 0 . 5 - y , - 0 . 5 + z ; ( e ) - 0 . 5 + x , 0 . 5 - y , 0 . 5 + z ; ( f ) - O . 5 + x , 0 . 5 - y , - 0 . 5 + z ; ( g ) 0 . 5 + x , 0 . 5 - y , 0 . 5 + z .  

Figure 6. (a, top) Structure of the tetranuclear core [Ag(Sc6&-0- 
SiMe3)].,, showing the atom-labeling scheme. (b, bottom) Fusing of two 
tetranuclear units via Ag(3)-S(2') secondary interactions giving the 
bis-cyclic structure of [[Ag(SC6H4-o-SiMe~)14),. 

ciation of silver thiolate complexes [AgSR], is related to the chain 
branching at the thiolate. Thus, silver tert-alkanethiolates are 
octameric in solution while sec-alkanethiolate complexes are 
dodecameric. Of the structurally characterized [AgSR] complexes 
[AgSCMeEt,], contains a chain of two intertwined but uncon- 
nected [Ag(p-SR)], strands, while [AgSC6H11] displays a cyclic 
dodecameric structure.32 In structures where there is considerable 
bulk associated with the substituents at the a-carbon, such as the 

(31) Akerstrom, S. Ark. Kemi 1965, 24, 505. 
(32)  Dance, I .  G.; Fitzpatrick, L. J.; Rae, A. D.; Scudder, M. L. Inorg. Chem. 

1983, 22, 3785. 

series [Ag(SR)], where R = -CH,(SiMe3)3-,, n is clearly a 
function of steric bulk, decreasing with increasing m.33 Thus, 
[AgSC(SiPhMe,),] consists of a cyclic trinuclear structure while 
[AgSC(SiMe,),], consists of a cyclic tetranuclear structure. In 
contrast, the less hindered ligand -SCH(SiMe3)2 is similar to 
-SC6H4-0-SiMe3 in allowing formation of secondary Ag- - -S 
interactions to produce a bis-cyclic structure [(AgSCH(SiMe3)z)4]2. 
The consequences of further reduction in ligand bulk are dra- 
matically illustrated by the polymeric structure of [Ag4(SCH2- 

The [(Ag(SC6H4-o-SiMe3))4]2 structure is closely related to the 
bis-cyclic structure of [(AgSCH(SiMe,),),], with a number of 
significant differences. The tetranuclear Ag,S, units of 
[(AgSCH(SiMe,),),], achieve a closer approach than that observed 
for [(Ag(SC6H4-o-SiMe3))4]2, as demonstrated by eight Ag- - -S 
interactions in the 3.17-3.38 8, range in contrast to only two close 
contacts a t  3.05 8, for the title complex. As a consequence, all 
eight Ag centers of [(AgSCH(SiMe3)2)4]2 display "T"-type ge- 
ometry. Furthermore, the Ag4S4 cycles of this structure deviate 
considerably from planarity, displaying a dihedral angle of 78.0° 
between least-squares planes through S( 1)Ag( 1 )S(4)Ag(4)S(3) 
and S(3)Ag(3)S(2)Ag(2)S(l), as compared to an angle of 139.6' 
for [(Ag(SC6H4-o-SiMe3))4]2. The orientations of the thiolate 
substituents relative to the Ag4S4 cycle also display considerable 
differences for these structures. While all four substituents are 
directed to the same side of one face of the Ag4S4 cycle in 
[{AgSCH(SiMe,),],], to give an aaaa configuration, in [(Ag- 
(SC,H,-O-S~M~,))~], three substituents are directed to one side 
of the Ag4S4 cycle so as to minimize interactions with the second 
Ag4S4 cycle, while the fourth substitutent is disposed toward the 
opposite side, producing the aaab configuration. This contrasting 
orientation of substituents appears to be related to the relative 
steric bulk of the -CH(SiMe3) and -C6H4-o-SiMe3 groups. Thus, 
this disposition of substituents and the overall decreased interaction 
of Ag4S4 units in [(Ag(SC,H4-o-SiMe3))4]2 relative to [(AgSCH- 
(SiMe3)J4], would suggest that -SC6H4-o-SiMe3 displays an 
effectively greater steric influence than -SCH(SiMe3),. 

The cyclic structural unit [Ag,(p-SR),] appears as a recurring 
theme in the structural chemistry of [Ag(SR)], species. A cyclic 
tetranuclear unit has been identified in the structures of 
(Ph3P)2(AgSCMeEt2),34 and of [Ag4(SCH2SiMe3),],, in addition 
to those of [AgSC(SiMe,),], and the examples discussed above. 

Although a number of anionic silver thiolate complexes of 
general type [AgXSR),IX-Y have been structurally characterized 
in recent y e a r ~ , ~ ~ - ~ O  including one with a conventional type bulky 
thiolate ligand [Ag(SC6HMe4),]-, we find no evidence under 
similar reaction conditions for anionic silver thiolate species with 
ligands of the -SC6H,-,(SiMe3), or -SCH3-,(SiMe3), classes. 
Whether this observation is a consequence of the tendency of 
silver-thiolate interactions to form cyclic Ag4S4 units when bulky 

(SiMe3)13In(OCH3),. 

(33) Tang, K.; Aslam, M.; Block, E.; Nicholson, T.; Zubieta, J. Inorg. Chem. 
1987. 26, 1488. 

(34) Dance, I. G.; Fitzpatrick, L.; Scudder, M.; Craig, D. J .  Chem. SOC., 
Chem. Commun. 1984, 17. 

(35) (a) Hong, S.; Olin, A,; Hesse, R. Acta Chem. Scand. A 1975, A29, 583. 
(b) Dance, 1. G. Inorg. Chim. Acfa 1977, 25, L17. 

(36) Bowmaker, G. A,; Tan, L.-C. Aust. J .  Chem. 1979, 32, 1443. 
(37) Dance, I. G. Aust. J .  Chem. 1978, 31, 2195. 
(38) Dance, 1. G. Inorg. Chem. 1981, 20, 1487. 
(39) Koch, S. A.; Fikar, R.; Millar. M.; O'Sullivan, T. Inorg. Chem. 1984, 

23, 121. 
(40) Henkel, G.; Betz, P.; Krebs, B. Angew. Chem., Inf. Ed. Engl. 1987, 26, 

145. 
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thiolate substituents effectively block further secondary interactions 
or of some more subt le  steric or electronic effects remains pro- 
blematical. 

Foundation. 
Supplementary Material Available: Tables of bond lengths (Tables S1 

and 5103. bond anales, (Tables S2 and S11). anisotroDic temDerature 

Acknowledgment. We gratefully acknowledge support from 
the National Science Foundation’ the National Institutes Of 
Health, the donors of the  Petroleum Research Fund, administered 
by the  American Chemical the Herman Frasch Faun- 
dat ion,  and S o c i i t i  Nat iona le  Elf A w i t a i n e .  Funding for t h e  

factors (Tables S 3 8 n d  SI 2). and calculated hydrogen atom positions 
(Tables S4 and S13) for I and 111, tables of bond lengths (Table S6), 
bond angles (Table S7), and anisotropic temperature factors (Table S8) 
for 11, and a summary of the experimental details for the X-ray dif- 
fraction studies of 1-111 (Table S15) (22 pages); tables of observed and 
calculated structure factors (Tables s5. s9 .  and S14) for 1-111 (65 

300-MHz NMR facility was provided by the  Nationalscience pages). Ordering information is given on any current masthead page. 

Contribution from the Research School of Chemistry, Australian National University, GPO Box 4, Canberra, ACT 2601, Australia, 
Chemistry Department, University of Tasmania, GPO Box 252C, Hobart, Tasmania 7001, Australia, 

and Division of Mineral Products, CSIRO,  PO Box 124, Port Melbourne, Victoria 3207, Australia 

Magneto-Structural Correlations and Metal-Metal .Bonding in Exchange-Coupled 
A3MoZX9 (X = C1, Br, I) Complexes 
Robert Stranger,**+ Peter W. Smith,$ and Ian E. Greys 
Received June 13, 1988 

The magnetostructural properties and the role of M-M bonding in A3M02X9 (X = CI, Br, I) complexes are examined. Structural 
and magnetic data are given for the new salts A3M02X9 [A = Rb, NH4, RNH3 (R = Me, Et, Bu, Hex), R2NH2 ( R  = Me, Et), 
Me,NH], A,Mo2Br9 (A = Rb, Me4N), and A3M0219 (A = Cs, EtNH,). The structure of (MeNH3),Mo2C19 was refined by 
Rietveld analysis of powder X-ray diffraction data. It has orthorhombic symmetry, space group Cmcm (2 = 4), with unit ceH 
dimensions of a = 7.187 (1) A, b = 15.086 (1) A, and c = 17.649 (1) A. The MeNH, group is oriented along the b axis, and 
the geometry of the Mo2C19)- anion is almost identical with that in Cs3M02C19. The cation effect on the M2X9 structure is shown 
to result from a size increase along the c axis direction of the A( l )  cation lying in the plane of the bridging halogens. For the 
strongly coupled Mo2X93- anion, calculations show that the ground-pair levels no longer obey a Heisenberg (HDVV) coupling 
although the S = 0, 1, 2 pair spin levels still follow a Land6 type interval separation. The ground exchange coupling is shown 
to be very sensitive to the single-ion electron repulsion parameters, and the weakly coupled limit applies only when the single-ion 
Coulombic exchange is at least 5 times greater than the largest pair-exchange parameter. The observed correlation between Jab 
and the M-M separation in A,Mo2CI9 complexes is modeled by using a semiquantitative M O  model based on the M-M u-orbital 
overlap. 

Introduction 
The complex salts of stoichiometry A3M2X9 represent an ideal 

series to study magneto-structural correlations in exchange- 
coupled systems since variation in A, M, or X can significantly 
a l ter  t h e  observed magnetic and spectroscopic properties of the 
M2X93- binuclear unit. Studies  on a number of such systems 
containing paramagnetic M3+ transition-metal ions have appeared 
previously in t h e  Intermediate betw.een the  weakly 
coupled Cr2X:- and metal-metal-bonded W2X93- anions are the  
complex salts of Mo,X,~-. Magnet ic  studies on this 
have shown t h e  ground exchange coupling to  be strongly anti- 
ferromagnet ic  and qui te  sensitive to t h e  size of t h e  univalent A 
c a t i ~ n . ~ ~ . ~ ’  An exponential relationship between the ground 
magnetic exchange constant Jab and the  M-M separation in the 
binuclear uni t  was obtained in t h e  case of spherical A cations. 
The metal-metal distances used were derived from the  c axis unit 
cell lengths on t h e  assumption of a constant  z / c  fractional co- 
ordinate  for t h e  Mo atoms.  However, we recently reported35 
s t ructural  refinements using the  Rietveld methoda on a number 
of alkali-metal and alkylammonium salts of Mo2X93- (X = CI, 
Br, I). The previous assumption of a constant  z / c  fractional 
coordinate  for Mo was not observed, particularly for the alkyl- 
ammonium salts. Furthermore,  magnet ic  studies on a number 
of substituted pyridinium and piperidinium salts of Mo2X9’-. (X 
= CI, Br) have since been reported38 and these salts deviate 
significantly from the above Jab versus M-M separat ion curve. 
Finally, previous magnet ic  ~ t u d i e s ~ ~ - ~ ~  have ignored t h e  effects 
of M-M bonding on t h e  ground exchange coupling, yet the 
electronic spec t rum of Cs3M02C19 has  now been interpreted on 
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t h e  basis of a large M-M u interaction and two weaker T in- 
t e r a c t i o n ~ . ~ ~  
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