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of additional dimolybdenum thiocyanato compounds. 
In Figure 5 we present a plot of the 6 - 6* transition energies 

versus the first reduction potentials (not available for Mo2Br4- 
(PMeJ4 in CH2CI2). T h e r a  a good linear relationship, especially 
for the reductions measured in THF. Because of the ease of 
reduction of M o , ( N C S ) ~ ( P M ~ , ) ~ ,  we are exploring the possibility 
that  a compound containing the [ M o ~ ( N C S ) ~ ( P M ~ , ) ~ ] -  ion may 
be obtainable. 

It is clear from Table V that over the series of five M02X4- 
(PMe3)4 compounds, the Mo-Mo distance is essentially constant, 
despite the large variation in Ell,  and 6 - 6* values. The con- 
clusion we draw from the combined data is that  the changes in 
X have little influence on the energy of the H O M O  (6 orbital) 

but, rather, they change the energy of the L U M O  ( 6 * ) .  Our 
observations also support and extend the work of Gray et who 
suggested that the 6 - 6* transition borrows intensity from the 
lowest L M C T  band. Whether this relationship is capable of 
quantitative expression, however, remains uncertain. N o  doubt, 
experimental data on additional M o ~ X ~ ( P M ~ ~ ) ~  compounds would 
be informative, and we are  trying to prepare several of them, 
especially the M o ~ F ~ ( P M ~ ~ ) ~  molecule, which may be the most 
important one to have. 
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The thiolato-bridged dinuclear compound Ir2(SPh)2(COD)2 (1) was obtained from the alkoxide-bridged analogue by ligand 
exchange. 1 crystallizes in the space group P2,/c with a = 11.249 (6) A, b = 11.564 (5) A, c = 19.568 (10) A, 6 = 100.28 ( 5 ) O ,  

and Z = 4. The dinuclear molecule consists of Ir atoms with square-planar coordination sharing a S . 4  edge. The Ir-Ir separation 
of 3.1 81 (1) agrees with the assumed absence of a bond. The dinuclear compound is nonrigid in solution. Upon oxidative addition 
of halogens (Br2, 12), the dimeric M-M-bonded compounds of Ir(II), Ir2X2(p2-SPh)2(COD)2, are obtained. Alternatively, the 
Br and I derivatives can be prepared by electrochemical reduction of Ir2(p2-X),X2(COD), (X = Br, I), followed by oxidative 
addition of PhSSPh. The chloro analogue, 2, was prepared by oxidative addition of PhSSPh to Ir2CI,(COD), and was structurally 
characterized. It crystallizes in the space group Pi with a = 8.370 (2) A, b = 12.155 (1) A, c = 13.184 (2) A, a = 94.33 ( 1 ) O ,  

= 97.63 (2)O, y = 96.47 (l)', and Z = 2. The molecules are M-M-bonded dimers consisting of edge-sharing square pyramids. 
The Ir-Ir bond length is 2.800 (1) A. The I3C and 'H NMR spectra indicate that the solid-state structure is retained in solution. 
The phenyl rings of the thiolate bridges exhibit a syn relationship with respect to the four-membered [IrS], core, and the mean 
planes of the phenyl rings are approximately perpendicular to the Ir-Ir vector. The average Ir-S bond length is 2.345 (2) A. Other 
important bond lengths and angles are given in Table 111. 

Introduction 
Diiridium(I1) compounds containing iridium-iridium bonds are 

far fewer than the homologous dirhodium(I1) compounds. Only 
a limited number of examples are known containing pyrazolate,] 
thiolato,2 and other different bridging ligands., There is only 
one example reported of a diiridium(I1) compound with no 
bridging ligand supporting the iridium-iridium bond.4 

W e  have recently foundS that  by reacting I r2(0Me)2(COD)2 
with iodine a new Ir(I1) complex, I r2 (~2- I ) z12(COD)z ,  was ob- 
tained, which we used as starting material for the synthesis of 
cluster compounds. 

W e  report here the preparation of several thiolato-bridged 
iridium compounds and the crystal structures of Ir,(SPh),(COD), 
and I r2C12(~z-SPh)2(COD)2.  
Experimental Section 

IrC13.3H;0 was purchased from Engelhard Industries and diphenyl 
disulfide from Aldrich Chemical Co. All manipulations were done under 

Texas A&M University. * Universidad de Valencia. 

dry nitrogen or argon. The solvents were of analytical grade and were 
distilled under nitrogen prior to use. Ir2C12(COD),6 and Ir2(OMe),- 

~ ~~ 

(1) (a) Beveridge, K. A,; Bushnell, G. W.; Dixon, K. R.; Eadie, D. T.; 
Stobart, S. R. J .  Am. Chem. SOC. 1982, 104, 920. (b) Colleman, A. 
W.; Eadie, D. T.; Stobart, S. R.; Zaworotko, M. J.; Atwood, J. L. J .  
Am. Chem. SOC. 1982, 104, 922. (c) Powell, J.; Kuksis, A.; Nyburg, 
S. C.; Ng, W. W. Inorg. Chim. Acta. 1982, 64, L211. (d) Bushnell, 
G. W.; Fjeldsted, D. 0. K.; Stobart, S. R.; Zawarotko, M. J. J .  Chem. 
SOC., Chem. Commun. 1983,580. (e) Beveridge, K. A.; Bushnell, G. 
W.; Stobart, S. R.; Atwood, J. L.; Zaworotko, M. J. Organometallics 
1983, 2, 1447. ( f )  Bushnell, G. W.; Stobart, S. R.; Vefghi, R.; Zaw- 
orotko, M. J. J .  Chem. SOC., Chem. Commun. 1984,282. (g) Atwood, 
J.  L.; Beveridge, K. A.; Bushnell, G. W.; Dixon, K. R.; Eadie, D. T.; 
Stobart, S. R.; Zaworotko, M. J. Inorg. Chem. 1984, 23, 4050. (h) 
Marshall, J. L.; Stobart, S. R.; Gray, H. B. J .  Am. Chem. SOC. 1984, 
106,3027. (i) Caspar, J. V.; Gray, H. B.; J.  Am. Chem. SOC. 1984,106, 
3029. (j) Oro, L. A.; Pinillos, M. T.; Royo, M.; Pastor, E. J. Chem. 
Res., Synop. 1984, 206. (k) Bushnell, G. W.; Fjeldsted, D. 0. K.; 
Stobart, S. R.; Zaworotko, M. J.; Knox, S. A. R.; Macpherson, K. A. 
Organometullics 1985, 4, 1107. (I) Bushnell, G. W.; Decker, M. J.; 
Eadie, D. T.; Stobart, S. R.; Vefghi, R.; Atwood, J. L.; Zaworotko, M. 
J. Organometallics 1985, 4, 2106. (m) Fjeldsted, D. 0. K.; Stobart, 
S. R. J .  Chem. SOC., Chem. Commun 1985, 908 
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Table I. Crystallographic Details for Ir2(SPh)2(COD)2 (1) and 
Ir,Cl,(~,-SPh),(COD)1 (2) 

formula 
fw 
space group 
syst abs 

0,  A 
b, A 
c, A 
a, deg 
8, deg 
Y, deg v, A3 

dcalcd. g/cm3 
cryst size, mm 
p(Mo Ka), cm-’ 
data collcn instrum 
radiation (monochromated in 

incident beam) 
orientation reflcns: no.; range 

(20), deg 
temp, OC 
scan method 
data collcn range (20), deg 
no. of unique data, total no. 

with R: > 3u(F;) 
no. of params refined 
transmissn factors: max, min 
R“ 

quality-of-fit indicator‘ 
largest shift/esd, final cycle 
largest peak, e/A3 

RWb 

1 

C26H34S21r2 
819 

h01: I = 2n + 1 
OkO: k = 2n + 1 
11.249 (6) 
11.564 (5) 
19.568 (10) 

100.28 (2) 

2505 (2) 
4 

P2dC 

2 

C26H34S2C12S2rr2 
890 
P1 
none 

8.370 (2) 
12.155 (1) 
13.184 (2) 

97.63 (2) 
96.47 
1315.3 (7) 
2 

94.33 (1) 

2.17 2.25 
0.1 X 0.2 X 0.3 0.1 X 0.2 X 0.2 
107.5 104.4 

Enraf-Nonius CAD4 
Mo K a  (ha  = 0.710723 A) 

25; 15-32 25; 16-30 

25 25 
0-20 w-20 
4-45 4-50 
2951, 2467 4617, 4009 

289 307 

0.031 0.028 
0.042 0.045 
1.41 1.468 
0.03 0.16 
0.798 0.835 

99.9, 37.8% 

a R  = CllFol - l ~ c l l / C l ~ o l .  bRw = [ D J ( l F o l  - I~c1)2/cwl~01211’2; 
1/u2(1F0l). cQuality of fit = [Zw(lFol - IFcD2/(Nobservnr - Nparams)11’2. 

(COD); were prepared by literature procedures. The ’H and 13C NMR 
spectra were recorded with a Bruker AC200 spectrometer, operating at 
200.1 32 and 50.323 MHz respectively. The electrochemical experiments 
were carried out in a three-electrode cell. The working and auxiliary 
electrodes were platinum disk and wire, respectively, and the reference 
electrode was a saturated calomel electrode electrically connected to the 
solution via a ‘salt bridge” containing a saturated solution of the sup- 

1 (a) Thorez, A,, Maisonnat, A., Poilblanc, R., J .  Chem. SOC., Chem. 
Commun. 1977, 518. (b) Bonnet, J. J.; Galy, J.; De Mountauzon, D.; 
Poilblanc, R. J .  Chem. Soc., Chem. Commun. 1977, 47. (c) Bonnet, 
J. J.; Thorez, A,; Maisonnat. A,; Galy, J.; Poilblanc, R. J .  Am. Chem. 
SOC. 1979,101, 5940. (d) Teo, B.-K.; Snyder-Robinson, P. A. J .  Chem. 
SOC., Chem. Commun. 1979, 255. (e) De Mountauzon, D.; Kaick, Ph.; 
Poilblanc, R. J .  Organomet. Chem. 1980, 186, 121. (0 Bonnet, J. J.; 
Kalck, Ph.; Poilblanc, R. Angew. Chem., Int .  Ed. Engl. 1980, 19, 551. 
(8) Teo, B.-K.; Snyder-Robinson, P. A. Inorg. Chem. 1981, 20,4235. 
(h) Kalck, Ph.; Bonnet, J. J. Organometallics 1982.1, 1211. (i) Kalck, 
Ph.; Bonnet, J. J.; Poilblanc, R. J .  Am. Chem. SOC. 1982, 104, 3069. 
(j) El Amane, M.; Mathieu, R.; Poilblanc, R. Organometallics 1983, 
2, 1618. (k) Mueting, A. M.; Boyle, P.; Pignolet, L. H. Inorg. Chem. 
1984, 23, 44. 
(a) Angoletta, M.; Ciani, G.; Manassero, M.; Sansoni, M. J .  Chem. 
SOC.,  Chem. Commun. 1973, 789. (b) Bellon, P. L.; Benedicenti, C.; 
Caglio, G.; Manassero, M. J .  Chem. SOC., Chem. Commun. 1973, 946. 
(c) Angoletta, M.; Bellon, P. L.; Manassero, M.; Sansoni, M. J .  Or- 
ganomet. Chem. 1974, 81, C40. (d) Angoletta, M.; Malatesta, L.; 
Caglio, G. J .  Chem. Soc., Dalton Trans. 1977, 2131. (e) Rausch, M. 
D.; Gastinger, R. G.; Gardner, S.  A,: Brown, R. K.; Wood, J. S.  J .  Am. 
Chem. Soc. 1977, 99, 7870. (f) Corrigan, P. A,; Dickson, R. S.; Fallon 
G. D.; Michel, L. J.; Mok, C. Aust. J .  Chem. 1978, 31, 1937. (8) 
Rodman, G. S.; Mann, K .  R.; Inorg. Chem. 1985, 24, 3507. (h) Oro, 
L. A.; Ciriano, M. A,; Villaroya, B. E.; Tiripicchio, A,; Lahoz, F. J. J .  
Chem. SOC., Dalton Trans. 1985, 1891. 
Rasmussen, P. G.; Anderson, J. E.; Bailey, 0. H.; Tamres, M.; Bayon, 
J. C. J .  Am. Chem. SOC. 1985, 107, 279. 
Cotton, F. A.; Lahuerta, P.; Sanaii, M.; Schwotzer, W. J .  Am. Chem. 
1985, 107, 8248. 
Crabtree, R. H.; Quirk, J. M.; Felkin, H.; Fillebeen-Khan, T. Synrh. 
React. Inorg. Met.-Org. Chem. 1982, 12(4), 407. 
Pannetier, G.; Fougeroux, P.; Bonnaire. R.; Platzer, N. J .  Less-Common 
Mer. 1971, 24, 92. 

Table 11. Positional Parameters and Their Estimated Standard 
Deviations 

atom X Y z B,’ 

0.08871 (3) 
0.23816 (4) 
0.0376 (2) 
0.2484 (2) 

-0.0781 (9) 
-0.152 (1) 
-0.238 (1) 
-0.265 (1) 
-0.193 (1) 
-0.099 (1) 

0.3841 (9) 
0.426 (1) 
0.535 (1) 
0.603 (1) 
0.558 (1) 
0.453 (1) 
0.182 (1) 
0.1031 (9) 

-0.016 (1) 
-0.123 (1) 
-0.0869 (9) 
-0.0191 (9) 
0.024 (1) 
0.150 (1) 
0.410 (1) 
0.421 (1) 
0.431 (1) 
0.331 (1) 
0.202 (1) 
0.217 (1) 
0.294 (1) 
0.417 (1) 

0.08476 (3) 
0.09346 (3) 
0.2771 (2) 
0.3056 (2) 
0.3046 (2) 
0.0982 (2) 
0.3692 (8) 
0.4398 (9) 
0.508 (1) 
0.499 (1) 
0.429 (1) 
0.363 (1) 
0.2822 (8) 
0.314 (1) 
0.451 (1) 
0.554 (1) 
0.522 (1) 
0.383 (1) 

0.0604 (8) 
-0.0116 (9) 

-0.030 (1) 
-0.088 (1) 
-0.0890 (9) 
-0.1751 (9) 
-0.2819 (9) 
-0.1988 (9) 

0.0910 (9) 
0.035 (1) 

-0.063 (1) 
-0.0620 (9) 
-0.1580 (9) 
-0.281 (1) 
-0.204 (1) 

-0.020 ( 1) 

Compound 1 
0.18672 (3) 0.33555 (2) 
0.28040 (3) 0.47822 (2) 
0.3057 (2) 0.4234 (1) 
0.3196 (2) 0.3621 (1) 
0.2679 (9) 0.4697 (4) 
0.358 (1) 0.4851 (5) 
0.342 (2) 0.5267 (7) 
0.228 (2) 0.5430 (7) 
0.133 (1) 0.5267 (6) 
0.1565 (9) 0.4907 (5) 
0.2933 (8) 0.3308 (4) 
0.3849 (8) 0.2954 (5) 
0.371 (1) 0.2704 (5) 
0.270 (1) 0.2822 (6) 
0.179 (1) 0.3176 (6) 
0.1900 (9) 0.3435 (5) 
0.0758 (8) 0.2749 (5) 
0.1498 (8) 0.2307 (4) 
0.1066 (9) 0.1873 (5) 
0.1258 (9) 0.2229 (5) 
0.1245 (8) 0.3019 (5) 
0.0366 (8) 0.3378 ( 5) 

-0.0699 (8) 0.3030 (5) 
-0.0530 (8) 0.2854 (6) 
0.206 (1) 0.5139 (6) 
0.329 (1) 0.5189 (5) 
0.399 (1) 0.5836 (6) 
0.374 (1) 0.6250 (6) 
0.2031 (9) 0.5711 (5) 
0.3254 (9) 0.5805 (5) 
0.112 (1) 0.5998 (6) 
0.133 (1) 0.5811 (7) 

Compound 2 
0.1 1689 (2) 0.23957 (2) 
0.34791 (2) 0.24011 (2) 

0.4846 (2) 0.2011 (2) 
0.2501 (1) 0.3064 (1) 
0.2209 (1) 0.0955 (1) 
0.2489 (6) 0.4417 (5) 
0.1576 (7) 0.4705 (6) 
0.1520 (8) 0.5717 (7) 
0.241 (1) 0.6453 (7) 
0.3304 (9) 0.6162 (8) 
0.3363 (8) 0.5133 (8) 
0.2391 (6) 0.0427 (5) 

-0.0154 (1) 0.2087 (2) 

2.105 (8) 
2.353 (8) 
2.42 (5) 
2.34 (5) 
2.9 (2) 
4.5 (3) 
7.5 (4) 
7.1 (4) 
5.3 (3) 
3.8 (3) 
2.6 (2) 
3.4 (2) 
4.0 (3) 
5.3 (3) 
4.2 (3) 
3.5 (3) 
3.1 (2) 
2.5 (2) 
3.7 (2) 
3.6 (2) 
3.0 (2) 
3.1 (2) 
4.0 (3) 
4.8 (3) 
5.0 (3) 
3.8 (3) 
5.8 (3) 
5.2 (3) 
3.9 (3) 
3.8 (3) 
5.0 (3) 
6.0 (3) 

1.909 (5) 
2.098 (5) 
3.42 (4) 
3.79 (4) 
2.19 (3) 
2.28 (3) 
2.4 (1) 
3.6 (2) 
4.8 (2) 
5.7 (2) 
7.6 (2) 
6.7 (2) 
2.5 (1) 

0.3361 (6) 
0.3519 (7) 
0.2669 (8) 
0.1731 (8) 
0.1584 (7) 
0.1016 (6) 
0.0082 (5) 

-0.1043 (7) 
-0.1230 (7) 
-0.0196 (6) 

0.0698 (7) 
0.0590 (9) 
0.1043 (8) 
0.3875 (7) 
0.4810 ( 6 )  
0.5840 (7) 
0.5647 (7) 
0.4542 (6) 
0.3566 (6) 
0.3504 (9) 
0.3930 (9) 

-0.0053 (5) 3.6 (2) 
-0.0567 (6) 4.5 (2) 
-0.0612 (6) 4.2 (2) 
-0.0179 (6) 4.2 (2) 

0.0365 (6) 3.6 (2) 
0.3866 (5) 3.2 (1) 
0.3646 (5) 2.7 (1) 
0.3272 (7) 4.2 (2) 
0.2105 (7) 4.6 (2) 
0.1540 (6) 3.7 (2) 
0.1821 (7) 3.7 (2) 
0.2701 (8) 5.1 (2) 
0.3752 (6) 4.3 (2) 
0.3798 (6) 3.8 (2) 
0.3637 (6) 3.2 (1) 
0.3210 (7) 4.8 (2) 
0.2143 (8) 5.3 (2) 
0.1556 (7) 3.9 (2) 
0.1739 (6) 3.7 (2) 
0.2484 (8) 5.2 (2) 
0.3579 (8) 5.7 (2) 

“Values for anisotropically refined atoms are given in the form of 
the isotropic equivalent displacement parameter defined as (4/3) [a2B- 
(1,l) + b2B(2,2) + c2B(3,3) + ab(cos y)B(1,2) + ac(cos P)B(1,3 + 
bc(cos a)B(2,3)]. 

porting electrolyte. Cyclic voltammograms were obtained with a pro- 
gramming function generator Model 305 from H.Q. Instruments were 



Ir,(SPh),(COD), and Ir,C12(p2-SPh)2(COD)2 

Table 111. Important Bond Distances (A) and Bond Angles (deg) for 
Ir2(SPh)2(COD)2 (1) and Ir2C12(SPh)2(COD)2 (2) 

1 2 
~~ 

Ir( 1)-Ir(2) 
Ir(1)-S(1) 
Ir ( 1 )-S( 2) 
Ir(2)-S(1) 
Ir(2)-S(2) 
Ir( 1)-Cl(1) 
Ir(2)-C1(2) 
Ir(1)-C(13) 
Ir( 1)-C( 14) 
Ir(1)-C(17) 
Ir(1)-C(18) 
Ir(2)-C(21) 
Ir(2)-C(22) 
Ir(2)-C(25) 
Ir(2)-C(26) 
SU)-C(1) 
s w c ( 7 )  
C(13)-C( 14) 
C(  17)-C( 18) 

C(25)-C(26) 
C(2 1)-C(22) 

3.181 (1) 
2.352 (2) 
2.351 (2) 
2.331 (2) 
2.341 (2) 

2.142 (8) 
2.130 (7) 
2.095 (9) 
2.123 (8) 
2.177 (10) 
2.144 (9) 
2.130 (8) 
2.121 (8) 
1.768 (9) 
1.769 (10) 
1.410 (12) 
1.385 (12) 
1.430 (14) 
1.433 (13) 

2.800 (1) 
2.338 (1) 
2.367 (1) 
2.349 (1) 
2.368 (1) 
2.450 (1) 
2.426 (1) 
2.225 (6) 
2.211 (6) 
2.194 (6) 
2.186 (6) 
2.209 (6) 
2.205 (5) 
2.209 (6) 
2.202 (6) 
1.795 (6) 
1.772 (6) 
1.430 (9) 
1.411 (9) 
1.374 (9) 
1.423 (11) 

Ir( 1)-S( 1)-Ir(2) 85.43 (8) 73.37 (4) 
Ir( l)-S(2)-Ir(2) 85.38 (7) 72.51 (4) 
S( 1 )-Ir( 1 )-S( 2) 74.51 (7) 80.68 (5) 
S( 1)+(2)-S(2) 74.99 (8) 80.42 (5) 

connected to a Model 552 Amel potentiostat and a Riken Denshi F-35 
X-Y recorder. The solvent was THF, which had been freshly distilled 
over Na-benzophenone. The supporting electrolyte, Bu,NPF6, was re- 
crystallized from ethanol and dried at 80 OC under vacuum for 48 h. 
Controlled-potential electrolyses were carried out in a three-compartment 
cell separated by fritted glass. Working and auxiliary electrodes were 
of platinum mesh. A Model 552 Amel potentiostat was used for con- 
trolled-potential electrolysis. The charge transferred was calculated by 
recording intensity versus the electrolysis time and carrying out an in- 
tegration. The system was calibrated against cobaltocene. 

X-ray Crystallographic Procedures. The crystallographic work fol- 
lowed the general procedures that were described previously.8 The 
crystal parameters and basic information corresponding to data collection 
and structure refinement for compounds 1 and 2 are given in Table I. 
Atomic coordinates are listed in Table 11. Important bond distances and 
angles are given in Table 111. In both structures the positions of the two 
iridium atoms were obtained from the three-dimensional Patterson map. 
The remaining atoms were located by using successive least-squares 
refinement and difference Fourier maps. The refinement converged at 
residuals of R = 0.031, R, = 0.042 for 1 and R = 0.028, R, = 0.045 for 
L. 

Synthesis of Ir2(SPh),(COD), (1). Ir2(0Me)2(COD)2 (131 mg, 0.5 
mmol) was dissolved in 8 mL of dichloromethane, and PhSH (0.05 mL, 
0.5 mmol) was added with stirring. After 10 rnin the solution was 
evaporated to dryness. The resulting oil was dissolved in dichloromethane 
and chromatographed on a column (25 X 2 cm) packed with silica gel 
in hexane. Elution with dichloromethane yielded a yellow band, which 
after evaporation to dryness and further crystallization from dichloro- 
methane-hexane gave yellow crystals of 1. Yield: 120 mg, 70%. 

Synthesis of Ir2C12(p2-SPh)2(COD)2 (2). Diphenyl disulfide (92 mg, 
0.42 mmol) was added to a solution of Ir2CI2(COD), (260 mg, 0.39 
mmol) in 20 mL of dichloromethane. The solution, which immediately 
became deep red, was stirred for 1 h and then concentrated under re- 
duced pressure. It was transferred to a chromatography column (2 X 
20 cm) packed with silica gel in dichloromethane. The column was eluted 
with dichloromethane, and a small yellow band, identified as 1r2- 
(SPh)2(COD)2, was collected. Further elution with the same solvent 
afforded a red band; this fraction was concentrated under reduced 
pressure to about 5 mL and then carefully layered with a large excess 
of hexane. Red crystals of 2 (175 mg, 50% yield) were collected after 
2-3 days. Crystals suitable for X-ray crystallography were obtained by 

(8) (a) Calculations were done on the VAX-11/780 computer at Depart- 
ment of Chemistry, Texas A&M University, College Station, TX, with 
the VAX-SPD software package. (b) Bino, A,; Cotton, F. A,; Fanwick, 
P. E. Inorg. Chem. 1979, 18, 3 5 5 8 .  (c) Cotton, F. A,; Frenz, B. A,; 
Deganello, G.; Shaver, A. J .  Organomef. Chem. 1973, 50, 227. (d) 
North, A. C. T.; Phillips, D. C.; Mathews, F. S .  Acta Crystallogr., Sect. 
A:  Cryst. Phys., Diffr., Theor. Gen. Crystallogr. 1968, A24, 351. 
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Table IV. "C NMR Data 
'J(C-H), I J(C-H), 

compd 6(-CH)" HZ 6(-CHz)" HZ 
Ir2C12(COD), 61.7 158 31.3 129.5 
Ir2(OMe)2(COD)2 56.4 152.2 3 1.4 126.5 
MSPh)ACOD)2 64.6 155.4 31.6 127.8 
Ir2C12(SPh)2(COD)2 85.1 

84.6 
82.1 
81.9 

Ir2Br2(SPh),(C0D), 82.7 
82.6 
81.2 
80.7 

Ir212(SPh)2(COD)2 79.2 
79.1 
78.4 
78.2 

34.6 
61 34.1 

30.8 
30.4 
34.1 

60 33.5 
31.9 
30.4 
34.1 

58 33.7 
33.2 
32.4 

In CDCI,; 6 > 0 resonances downfield from TMS. 

Figure 1. ORTEP view of 1 

30 

30 

29 

this procedure. Anal. Calcd for C28H34S2C12Tr2: C, 37.8; H, 3.8. Found: 
C, 37.8; H, 3.8. 

Synthesis of Compounds I I ~ X ~ ( ~ , - S P ~ ) ~ ( C O D ) ~  [X = Br (3), X = I 
(4)]. Method A. Oxidative Addition of Halogens to Compound 1. To 
a solution of Ir2(SPh)2(COD)2 (163.7 mg, 0.2 mmol) in 10 mL of di- 
chloromethane was added an equimolar amount of X, (X = Br, 3.15 mL 
of a 10.15 M Br2 solution in CC1,; X = I, 50.8 mg, 0.2 mmol). In both 
cases the solution turned immediately to a red-brown color. After 30 rnin 
of stirring, the solvent was removed, and the crude product was dissolved 
in 2 mL of dichloromethane and chromatographed on a column (25 X 
2 cm) using silica gel in hexane as support. Elution with CH2C1, (X = 
Br) or CH2C12/hexane 1:l (X = I) separated a red-brown (X = Br) or 
deep red (X = 1) band, which was collected and evaporated to dryness. 
Recrystallization from CH2C12/hexane gave compounds 3 and 4 as 
crystalline solids. Yields: X = Br, 153 mg, 77%; X = I, 139 mg, 65%. 
Anal. Calcd for C28H34S2Br21r2 (3): C, 34.3; H, 3.4. Found: C, 34.3; 
H, 3.4. Calcd for C28H34S2121r2.2CH2C12 (4): C, 28.9; H,  3.1. Found: 
C ,  28.8; H, 2.9. The existence of two solvent molecules in the lattice was 
confirmed by 'H NMR. 

Method B. Electrochemical Reduction of Ir2(p2-X)2X2(COD)p (X = 
Br, I). A solution of 43 mg (0.04 mmol) of Ir2(w2-I)212(COD)2 in 15 mL 
of 0.15 M THF in Bu4NPF6 was placed in the cathodic compartment of 
the electrolytic cell, at room temperature. This solution was electro- 
chemically reduced at -0.45 V vs SCE. During this process the solution, 
initially dark red, turns yellow. The electrolysis was considered com- 
pleted when the current dropped below 1% of the initial intensity (about 
45 min). Diphenyl disulfide (8.46 mg, 0.04 mmol) was added to this 
solution. After 15 rnin of stirring, the resulting purple solution was 
evaporated to dryness, and the residue was extracted several times with 
toluene. The extracts were evaporated to dryness and purified by chro- 
matography on a column (25 X 2 cm) using silica gel in hexane as 
support. Elution with Cl,CH, separated a deep red band, which was 
collected and evaporated to dryness. Recrystallization with Cl,CH,/ 
hexane gave the pure product. Yield: 18%. 
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C(231 

241 C( l61  

Figure 2. ORTEP view of 2. 

The homologous bromine compound can be prepared by an exactly 

13C NMR spectral data for the four new compounds as well as the 
analogous method. Yield: 14%. 

starting materials are presented in Table IV. 

Results and Discussion 
Molecular Structure of 1. Figure 1 shows a perspective view 

of 1 and also defines the atom-numbering scheme. The dinuclear 
unit is composed of two iridium atoms that have a square-planar 
arrangement Ir(COD)S,; the two squares share an edge defined 
by the bridging S atoms. The phenyl rings of the thiolato bridges 
exhibit a syn configuration with respect to  the four-membered 
[IrSI2 core, and the mean planes of the phenyl rings are  ap- 
proximately perpendicular to the Ir-Ir vector. The average Ir-S 
bond length is 2.345 (7)  A.  The Ir-Ir separation of 3.181 (1) 
A is consistent with the expected repulsive interaction between 
the metal centers. 

It is interesting to compare the molecular structure of 1 with 
that of the previously reported I r2C12(COD)~  in order to evaluate 
the structural differences resulting from the replacement of the 
soft sulfur bridges by the considerably harder chloride bridges. 
W e  find that the Ir-S bond length (2.345 (7) A) is si nificantly 

the fact that  the covalent radius of S is about 0.05 larger than 
that of C1. Also, the butterfly-shaped core is flattened out in the 
sulfur compound, resulting in a larger metal separation. We 
attribute this, tentatively, to a higher degree of r-bond character 
for the Ir-S bonds, thereby compensating, in part, for the electron 
deficiency of the Ir centers with respect to a rare-gas electron 
configuration. 

The structure of the carbonyl analogue of 1, I r2(SPh)2(C0)2,  
has been reported in a preliminary fashion, and a metal separation 
of 3.10 A has been given.2b Additionally there is a pairwise 
stacking resulting in a second relatively short Ir-Ir distance (3.37 
A). This stacking, naturally, is not observed in 1 as the C O D  
ligands prevent a close interaction between dimers. According 
to both I3C and ‘H NMR spectra, compound 1 as well as Ir,- 
Cl,(COD), are nonrigid in solution. Consequently only one type 
of olefinic carbon or proton is observed at  room temperature. A 
plausible mechanism accounting for the simplicity of the spectra 
involves the inversion of the butterfly-shaped core. 

Molecular Structure of 2. A perspective view of the molecular 
compound 2 is shown in Figure 2. Each Ir center exhibits a 
square-pyramidal coordination sphere with the C O D  and the 
thiolato ligands defining the square and the C1 atoms occupying 
the apical positions. The two square pyramids are united along 
a common basal edge defined by the sulfur atoms in such a way 
that the apical C1 atoms are cisoid. The average Ir-S bridging 

shorter than the analogous Ir-Cl distance (2.401 4) w ), despite 

(9) Cotton, F. A,; Lahuerta, P.; Sanafi, M.; Schwotzer, W. Inorg. Chim. 
Acta 1986, 120, 153. 

Figure 3. ORTEP view of 2 along the Ir-Ir axis. 

bond length is 2.356 (14) A, and the Ir-Cl distance is 2.44 (2) 
A. The short Ir-Ir distance (2.800 (1) A) indicates the existence 
of an Ir-Ir single bond. This leads to an 18-electron configuration 
a t  each metal center and agrees with the diamagnetic behavior 
of 2 in the N M R  experiments. Interestingly the configuration 
of the phenyl substituents is anti with respect to the four-membered 
core; this is most clearly seen in the view along the M-M axis 
shown in Figure 3. All main features of configuration are retained 
in solution on the N M R  time scale as the signals corresponding 
to the four inequivalent olefinic protons appear sharp and well 
separated in the chemical shift range 5.2-4.6 ppm. In the 13C 
N M R  spectrum there are  four resonances between 81.9 and 85.1 
ppm that  can plausibly be assigned to the four magnetically 
inequivalent olefinic carbon atoms. Compounds 3 and 4 behave 
spectroscopically very similarly, indicating that they have essen- 
tially the same structure as 2. The average 13C chemical shift 
value for the olefinic carbons in 2-4, 83.4, 81.8, and 78.7 ppm, 
decrease in going from the chloro to the iodo compound. 

Chemical Reactions. The reaction of I r2(0Me)2(COD)2 with 
thiophenol, eq 1, gave 1 in high yield (>80%). The driving force 
for this reaction must be the greater strength of the Ir-S (soft 

(C0D)Ir / \Ir(COD) + 2PhSH - (C0D)Ir  / \Ir(COD) + 
Me Ph 
0 S 

\S/ 
Ph 

L O /  
Me 

2MeOH (1)  

acidsoft  base) bonds formed compared to the strength of the I r -O 
bonds (soft acid-hard base) in the starting compound. The short 
Ir-S bond lengths found in the crystal structure of 1 support this 
idea. Compound 1 in solution is fairly reactive and air-sensitive. 
It undergoes oxidative addition of Br2 or 1, (eq 2), yielding 

Ph x Ph x 
s 

(COD)I;/ \Ir(COD) + X ?  - (C0D)Ir- ’ /s\!rCOD) ( 2 )  \ s /  
Ph 

\S/ 
Ph 

X?=CI2 .  B r 2 .  I 2  

compounds 3 and 4. Similar reactions but with different substrates 
have been described for other diiridium(1) compounds containing 
thiolato bridges.2f,h Compound 2 can be made not only by a similar 
reaction with C1, but also by reacting Ir2C1,(COD), with diphenyl 
disulfide (eq 3). During the purification of 2 made by the latter 

CI Ph CI 
I CI 

/ \  ‘ \Ir(COD) (C0D) I r  I r (C0D) + PhSSPh - (CODIIr- 
\S’ 

Ph 
‘CI ’ 

(3 )  

method, small amounts of 1 were separated from the reaction 
mixture. The origin of this compound is not obvious but it might 
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be produced by the action of small amounts of benzenethiol 
generated in solution by decomposition of diphenyl disulfide also 
(eq 4). It is interesting that in reaction 3 not only does oxidative 
addition occur but also migration of the preferred bridging ligands, 
PhS, occurs concomitantly. 

Ph 

I r C O D )  + / \  CI / s \  
(C0D)Ir I r (C0D) + PPhSH - (CODKr 

'S' 
Ph 

2HCI (4) 
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Tris((trifluoromethyl)sulfonyl)methane, HC(S02CF3),, is prepared from CH3MgBr and CF3S02F. Known H2C(S02CF3)2 is 
an intermediate. This novel material is a very strong C-H acid. Some derivatives, such as salts and halogen compounds, are 
described. The crystal structure of KtC(S02CF3),-.H20 is presented. Crystal data: a = 605.91 (6) pm, b = 1398.77 (8) pm, 
c = 1605.60 (13) pm, Pc2,b, Z = 4. 

Introduction 
In search of extremely electronegative groups having carbon 

as the central atom we sought a way of preparing CH(S02CF3)3.  
One motive for this search was the potential for forming a stable 
xenon-carbon bond. Many other carbon ligands, such as C(CN)3, 
C(NO2)3, C N ,  C6FS, or C(S02F)3 , '  have failed to do this. The 
only unconfirmed report of macroscopic amounts of a Xe-C- 
bonded species is that of Xe(CF,)2,2 which is supposed to be 
thermally quite unstable. 

The success of preparing xenon-nitrogen bonds, first with the 
N ( S 0 2 F ) ,  ligand3 and later and better with the N ( S 0 2 C F 3 ) 2  
ligand,4 suggested C(S02CF3) ,  as a possible candidate for a 
Xe-C-bonded ligand, even though C(S02F) ,  had failed to give 
a xenon-carbon bonded  specie^.^ 
Results and Discussion 

Our first attempts to prepare HC(S02CF3)3  were unsuccessful. 
Thus we have not been able to obtain the title compound by 
transfer of trifluoromethyl groups onto H C ( S 0 2 0 H ) ,  or HC(S-  
02F)3.' W e  were also unable to oxidize the known HC(SCF3),  
molecule.6 These negative findings led to the trifluoromethyl 
sulfonation of C H 2 ( S 0 2 C F 3 ) 2  or, in other words, stepwise tri- 
fluoromethyl sulfonation of methane. CH2(SO2CFJ2 is prepared 
from CH3MgBr and C F 3 S 0 2 F  and is itself a quite strong C H  
acid.' In fact, with CH3MgBr,  2 mol of C H 4  are  formed, an 
indication of the existence of the C(S02CF3)22-  dianion in solu- 
tion.' This dianion is reacted with C F 3 S 0 2 F  to give C(S02CF3)3- 
from which the title compound can be isolated. It is possible to 

(1) DesMarteau, D. D.; Kloter, G.; Seppelt, K., unpublished results. 
(2) Turbini, L. J.; Aikrnan, R. E.; Lagow, R. J. J .  Am. Chem. SOC. 1979, 

101, 5833. 
(3) LeBlond, R. D.; DesMarteau, D. D. J .  Chem. SOC., Chem. Commun. 

1974, 555. Sawyer, J. F.; Schrobilgen, G .  J.; Suthcrland, S. J. Inorg. 
Chem. 1982, 21, 4064. 

(4) Foropoulos, J., Jr.; DesMarteau, D. D. J .  Am. Chem. SOC. 1982, 204, 
4260. 

(5) Kloter, G.; Pritzkow, H.; Seppelt, K. Angew. Chem., Inr. Ed. Engl. 1980, 
19, 942. 

(6) Harris, J. F., Jr. J .  Org. Chem. 1967, 32, 2063. 
(7) Koshar, R. J.; Mitsch, R. A. J .  Org. Chem. 1973, 38, 3358. 
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Table I. Atomic Coordinates of K+C(S02CF3),-.H20 (Except for 
Hydrogen Atoms) 

X Y z 

K 
0 
s1 
s2 
s3 
01 
01 1 
0 3  
0 3  1 
02 
02 1 
C 
C1 
F11 
F12 
F13 
c2 
F2 1 
F22 
F23 
c3 
F3 1 
F32 
F3 3 

0.948 (4) 
0.429 (2) 
0.1031 (3) 
0.0297 (2) 
0.1196 (2) 
0.0559 (8) 

0.2030 (7) 
0.2246 (7) 

-0.0002 (81 

-0.031 1 (7) 
-0.1008 (7) 
0.0802 (9) 
0.407 (2) 
0.4428 (8) 
0.4654 (7) 
0.5276 (6) 
0.299 (1) 
0.3765 (6) 
0.4431 (6) 
0.2788 (7) 
-0.1589 (9) 
-0.2435 (6) 
-0.2915 (6) 
-0.1444 (7) 

0.51710 (0) 
0.5388 (5) 
0.2433 (2) 
0.0645 (2) 
0.2502 (2) 
0.1789 (3) 
0.3353 (3) 
0.1933 (4) 
0.3390 (3) 
0.0393 (3) 
0.0310 (3) 
0.1840 (4) 
0.2716 (5) 
0.3620 (3) 
0.2458 (4) 
0.2227 (4) 
0.0067 (5) 
0.0289 (3) 
0.0365 (4) 

0.2874 (5) 
0.3503 (4) 
0.2143 (3) 
0.3300 (3) 

-0.0871 (3) 

0.39040 (8) 
b.8584 (4) 
0.46323 (7) 
0.36421 (7) 
0.28040 (7) 
0.5294 (3) 
0.4610 (3) 
0.2138 (2) 
0.3020 (3) 
0.2807 (2) 
0.4325 (3) 
0.3696 (3) 
0.4768 (4) 
0.4648 (3) 
0.5522 (3) 
0.4242 (3) 
0.3801 (4) 
0.4554 (2) 
0.3245 (3) 
0.3760 (3) 
0.2468 (4) 
0.2996 (3) 
0.2401 (3) 
-0.1733 (2) 

Table 11. Selected Bond Distances in K+C(S02CF3),-.H20 (pm)" 
c-s 169.3, 172.6, 172.7 
s-0 
S-C(F) 189.5, 184.7, 184.2 
C-F 130.1, 133.6 
K*-O(S) 
K.-O(H) 294.7, 322.9 
K-F(C) 325.3, 343.3, 378.3 

143.0, 142.8, 143.5, 143.5, 143.7, 143.2 

257.9, 284.5, 284.8, 287.0, 297.6, 305.0 

Estimated standard deviations 0.3-0.8 ppm. 

circumvent the isolation of CH2(SO2CF3), by reacting CH3MgBr 
and CF,SO2F in the appropriate ratio. 
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