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The reactions of trans-[RhCI(CO)(DPM)]2 (1) (DPM = Ph,PCH,PPh,) and 
[Rh,Cl&-CO)(DPM),] (2) with CS1 have been investigated and the final prod- 
uct of each reaction, [Rh2C12(CO)(C&)(DPM)s] (3), has been structuraliy 
characterized by X-ray crystallography_ A scheme for the reaction of 2 is pre- 
sented based on monitoring the stepwise addition of CS, using 31P {lH}and 
13C{31P(1H)) NMR andinfrared spectroscopy. The scheme for the reaction of 1 
is based on infrared and *’ 31 P{‘H) NMR data and on analogies with the reaction 
of 2, and with the similar, well characterized reactions of 1 with SOz. Ccm- 
pound 3 crystallizes in the space group P2Jc with a = 22.311(3) A., b = 
22.843(3) A, c = 22.828(3) A, /3 = 115.21(l)” and 2 = 8. Based on 5929 ob- 
served reflections the structure was refined to R = 0.112 and R, = 0.143 based 
on group refinement for the phenyl rings and isotropic refinement for all other 
non-hydrogen atoms. Slight differences in the geometries of the two indepen- 
dent dimers are observed resulting from different DPM phenyl ring orienta- 
tions. However, the major features of the MO dimers are the same, having a 
CzS4 fragment bridging two quasi-octahedral rhodium atoms and bound by a 
sulfur (Rh-S (dimers A&B) = 2.347(7), 2.356(7) A) and a carbon atom 
(Rh-C = 1.90(2);1.95(2) A) to one rhodium center and by a sulfur atom 
(Rh-S = 2.386(7), 2.393(7) hi) to the other rhodium center. Other relevani 
parameters are: Rh(l)-Rh(2) = 2.811(3), 2.810(3) A; Rh(l)-Cl(l) = 2.428(6), 
2.455(6) A; Rh(2)-C1(2) = 2_508(8), 2_527(8) A; Rh(2)-C(l)O(l) = l-87(2), 
1.96(3) A. 

Introduction 

Much of the recent interest in carbon disulfide chemistry stems from the 
close similarity of this molecule to the less reactive carbon dioxide molecule. 
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Although CS2 chemistry has been actively pursued since the mid 60’s [ 11 few 
complexes containing this molecule have been structurally characterized [2-91 
and even fewer structures of CO:! complexes are known [lO-121. For the more 
extensively studied CS, molecule the commonest coordination mode, and one 
of the bonding modes also observed for the analogous CO, molecule [lo], has 
the CS2 molecule bound to the metal in a side-on manner through the carbon 
atom and one of the sulfur atoms [2,5--81 (the C,S-Q~ mode). 

Although several CS* complexes of rhodium and iridium have been prepared 
[13,14], none had been structurally characterized until recently [9]. In several 
of these complexes the C,S-q2 bonding mode of the CS2 molecule had been 
inferred based on analogies with other structurally characterized transition 
metal complexes [ 13,141, even though the C-S stretching frequencies observed 
were typically ca. 100 cm-’ lower than those observed in the structuraIly con- 
firmed complexes_ These low values of v(CS) suggest that the CS2 molecule 
may adopt another coordination geometry in these rhodium and iridium com- 
plexes. One possibility which must be considered involves the condensation of 
the CS2 molecules. Rhodium has previously displayed a tendency of condensing 
sulfur-containing ligands. For example, in [RhCl(PPh,),(PhCONCS)2] 1151 and 
[RhCl(PPh,),(C,H,OCONCS)J Cl61 tw o molecules of PhCONCS and three 
molecules of C,H,OCONCS, respectiveb- Y, are condensed at the metal centers. 
Significantly, one of the few structurally characterized CO, complexes actually 
contains a C204 fragment resulting from the condensation of two COz mole- 
cules at an iridium center [ 111. The CO stretching frequencies for this species 
are 25-75 cm- ’ lower than those in a typical C,O-q2-bound species [lo]. Fur- 
thermore, while this work was in progress the structural determination of 
[Rb(C&)($-C,H,)(PMe,)l PI was reported and indicated that the C& frag- 
ment was bound in an analogous manner to the above C,O, moiety and again 
the values of v(CS) for this species were low. 

In view of the obvious lack of structural information available on rhodium 
CS, complexes, the present study was undertaken in order to form a much- 
needed basis for spectral and structural correlations in these complexes and to 
gain a better understanding of transition metal activation of CS2 and related 
molecules. 

Experimental 

All reactions were performed under a dinitrogen atmosphere using degassed 
solvents. Infrared spectra were recorded on a Perk&Elmer Model 467 spec- 
trometer using Nujol mulls on KBr plates unless otherwise specified. 31P(1H) 
and 13C{31P{1H)) NMR spectra were recorded on a Bruker HFX-90 spectrom- 
eter. 

Preparation of [RhzClz(CO)(C~S~)(DPM)~] 
A suspension of 0.200 g (0.182 mmol) of trans-[RhCl(CO)(DPM)], (1) * in 

25 ml of CH,Cl, was treated with 10 ml of CSz and allowed to react for 24 h. 
To the resulting red solution was added 25 ml of diethyl ether to induce crys- 

* DPM = Bh2PCH2PPh2. 
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tallization. The red microcrystahine sample of 3, obtained in about 80% yield, 
showed the following bands in the infrared spectrum: Y(CO) = 2040(sh), 2020s 
cm-‘; v(CS) = 105Om, 995(sh), 980s cm -l. Although satisfactory elemental 
analyses were obtained for C, H and Cl, suitable results for S were never ob- 
tained. Elemental analyses: Found: C, 51.6; H. 4.56; Cl, 6.23; S, 4.11. 
[Rh&12(CO)(C&)(D?_M)Z], cakd.: C, 51.9; H, 3.61; Cl, 5.78; S, 10.5%. Com- 
pound 3 was also prepared in a manner analogous to that shown above, from 
the reaction of CS2 with a CH,Cl, solution of [Rh.Cl&-CO)(DPM),]. 

Spectroscopic studies 
A solution was prepared by dissolving 0.100 g (0.072 mmol) of 

[Rh&l&-CO)(DPM),] (2) in 4 ml of CDzCll in a 10 mm NMR tube. The ‘lP- 
C’H) NMR spectrum was recorded at 233 K. Subsequent 31P{1H) NMR spectra 
were then recorded after each 1.5 pl(O.025 mmol) addition of CSz until aI1 of 
2 had been converted to [Rh2CI,(CO)(C&)(DPM)Z] (3). In addition to reso- 
nances assignable to 2 (6 = 19.7 ppm *; I’J(Rh-P) + “J(Rh-P)I** = 115.9 Hz) 
and 3 (6 = 7.5 ppm; AA’BB’XY multiplet), two additional resonances due to 
symmetric species at 6 = 15.7 ppm (I’J(Rh-P) f YJ(Rh-P)I = 116.5 Hz) and 
6 = 14.3 ppm ( I’J(Rh-P) + “J(Rh-P) I = 98.2 Hz) were also observed at inter- 
mediate times in the reaction. The 13C{31P{1H33 NMR spectra were simBarly 
monitored using exactly the same technique and starting with 
[Rh&12(~-13CO)(DPM)Z]. Carbonyl resonances assignable to 2 (6 = 229.0 
ppm ***; triplet; W(Rh-C)I = 44.9 Hz), 3 (6 = 191.5 ppm; doublet; 
iJ(Rh-C)l = 69.1 Hz) and a third species (6 = 186.5 ppm; doublet; lJ(Rh-C) I = 
80.1 Hz) were observed_ 

Infrared spectra were obtained in an analogous manner, by recording the 
solution spectrum after each stepwise addition of 7 tcl(O.116 mmol) of CSZ to 
a CH&12 solution of 2 (0.500 g, 0.465 mmol, in 30 ml). Unfortunately, the 
CS? stretching region was obscured by DPM and free CS2 bands. In the bridging 
carbonyl region only one band, attributable to 2, was observed (v(C0) = 1750 
cm-‘). In addition, two vibrations were observed in the terminal carbonyl 
region; the one at 2030 cm -I increased in intensity throughout the experiment 
and was assigned to species 3, and the second at 1990 cm-l was observed at 
intermediate times in the experiment. 

Crystallization of [Rh,Cl,(CO)(C,S4)(DPM)2] 
To a solution of 0.100 g (0.0798 mmol) of 3 in 10 ml of CH2Clz were added 

2 ml of CS, and 7 ml of diethyl ether. Crystahization was induced from this 
solution by slow cooling, yielding red crystaIs. An infrared spectrum verified 
that it was species 3. 

X-Ray data collection 
Red crystals of [Rh2C12(CO)(C,S,)(DPM),I were mounted in glass capillaries. 

Preliminary film data showed that these crystals were of only mediocre quality; 

* Positive 6 values are downfield from H3PO4. 
** IlJ(Rh-P) + xJ(Rh-P) I is taken as the splitting between the two major peaks. 

*** Positive 6 values are downfield from external tetramethykilane (TMS). 
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however, repeated attempts to obtain crystals of better quality failed. The 
structural investigation was therefore continued on the original crystals. These 
crystals belong to the monoclinic system with extinctions (h01, I odd; OkO, 
k odd) characteristic of the centrosymmetric space group P2Jc. The density 
calculation, and the cell parameters, indicated that 2 = 8, revealing that two 
independent dimers per asymmetric unit were present. Therefore, a cell reduc- 
tion [17 J was performed to rule out the possibility that the crystals might 
belong to a system of higher symmetry. The cell reduction confirmed the P2Jc 
cell as the reduced cell and the solution of the structure verified this, showing 
that the two independent dimers in the asymmetric unit have slight but signifi- 
cant differences in their geometries (vide infra) and different orientations. 

Accurate cell parameters were obtained by a least-squares analysis of the 
setting angles of 12 carefully centered reflections chosen from diverse regions 
of reciprocal space (50” < 28 < 70”, Cu-K, radiation) and obtained by using a 

TABLE 1 

SUMMARY OF CRYSTAL DATA _4ND INTENSITY COLLECTION FOR [Rh2CI&,,)(C2S4)(DP&$)2] 

Compound 
FOlZlula 
FormuIar weight 
Cell parameters 
a (A) 
b (A) 
c (A) 
4 P) 
v (X3) 
z 
Density <g cme3) 

Space group 
crystal dimensions (mm) 
Crystal volume (mm3) 
Cws’stal faces 
Temperature (OC) 
Radiation 
P (cm-l) 
Range in absorption 
correction factors 
Receiving aperture @nmm) 
Takeoff angle co) 
Scan speed 
Scan range (“) 

Background counting time 0) 

28 iimits c) 
20 limits for centered 
reflections (O) 
Final number of variables 
Unique data collected 
Unique data used 
(Fzo 2 3a&N 
Error in observation 
of unit weight 
R 

RW 

CRh2C12(CO)(C2S4)(DPh1)23 
~;d-L&~2OzP&W% 
1225.80 

22.311(3) 
22.843<3) 
22.828<3) 
115.210) 
10526 
8 
1.547 (calcd.) 
l-56(2) (expt?. by flotation) 
C&P2I/C 
0.586 X 0.211 X 0.629 
0.0458 mm3 
Of the form {loo}. $01). and (010) 
20 
Cu-K, (A = 1.540562 a) filtered with 0.5 mm thick nickel foil 
90.85 
0.081+).230 

6 X6;30cmfromthecrystal 
6.2’ 
20 in 28 /min 
1.00 below Km1 to 
1.00 ab eve h&2 
10 (2O G 28 =Z SOa) 
20 (SO0 < 20 < 100°) 
2 < 28 < 100 
50 G 28 Q 60 

337 
11195 
5929 

2.467 

0.112 
0.143 
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narrow X-ray source (see Table 1 for pertinent crystal data)_ 
Intensity data were collected on a Picker four-circle automated diffractome- 

ter equipped with a scintillation counter and pulse-height analyzer tuned to 
accept 90% of the Cu-K, peak. Background counts were measured at both ends 
of the scan range with crystal and counter stationary. Standard deviations in 
the intensities were computed using a value of 0.05 for p [18]. The intensities 
of three standard reflections were measured automatically every 100 reflections 
and four additional standards were measured three times a day. All standards 
underwent an approximate 10% linear decay and the data were corrected for 
this apparent decomposition. 

The intensities of 11195 unique reflections were measured using Cu-K, 
radiation between the limits 3” d 28 S 100° _ Data collection was suspended at 
28 = 100” since beyond this few reflections were observed. Of the measured 
reflections only 5929 were significantly above background (F*/o(F’) > 3.0) and 
were used in subsequent calculations. During data collection a clear colourless 
liquid was observed condensing on the inside of the capillary. However, by the 
time data collection had finished this liquid had disappeared (presumably 
though a pinhole in the capillary) so no identification of this liquid was possi- 
ble. Absorption corrections were applied to the data using Gaussian integration 
1191. 

Solution 0 f structure 
The Rh and P atom positions were derived using a combination of Patterson 

syntheses and direct methods (Multan [20])_ Solution of the structure was nqt 
trivial owing to the orientations of the two independent dimers which had the 
Rh-P vectors of one dimer parallel to the Rh-Rh vector of the other. The 
remaining atoms were located from subsequent least-squares calculations and 
electron density difference maps. Structure factors were calculated using the 
atomic scattering factors taken from Cromer and Waber’s tabulation 1211 for 
all atoms except hydrogen for which the values of Stewart et al. 1221 were 
used. Anomalous dispersion terms 123) for Rh, P, Cl and S were included in 
F,. The phenyl carbon atoms were refined as rigid groups and hydrogen atoms, 
although located, were included in their idealized positions as fixed contribu- 
tions and were not refined. All other nongroup atoms except hydrogens were 
refined with isotropic thermal parameters. The thermal parameters of several 
carbon atoms on groups 4 and 8 of dimer B were unusually large so these 
groups were removed and refinement continued without them. A subsequent 
difference Fourier map confirmed the original positions and indicated that the 
peaks belonging to the poorly behaved atoms were rather diffuse and about 
half the intensity of other carbon atoms. No evidence of disorder of these 
groups was observed so refinement was continued with these groups as before. 

At this point an electron density difference map revealed the presence of an 
unresolved column of electron density in the area enclosed by the phenyl rings 
of P(A3);P(A4), P(B2), and P(B4). However attempts to fit this volume to CS2, 
CH2C!12 or (C,H,),O molecules were unsuccessful. Unreasonable geometries and 
thermal parameters resulted and no significant improvement in the crystallo- 
graphic residuals was observed. The poorly resolved nature of this electron den- 
sity probably results in part from the loss of solvent of crystallization which 

(Continued on p_ 241) 
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TABLE4 

SELECTEDDISTANCES(A)IN CRh2C12(CO)(C2S4)(DPM)21 

Bond distances 

DimerA 

Rh(lFRh(2) 
Bh(l)--CI<l) 
Rh<2)-c1<2) 

Rh(U-P(1) 
Rh(2)_p(2) 

Rh(l)-p(3) 
Rh(2)-P(4) 
Rh(U-S(l) 
Rh<ltC<S) 
Rh(2)-S(4) 

Rh(2FC(l) 
S(l)_C(4) 
S(2FCX4) 

S(3)-C(4) 
.%3+c<5> 
S(4FCG) 
C(ll-wl) 

P(lW(2) 
P<2)-C(2) 

P<3)-C<3) 
P(4)--C(3) 
P(l)-C(l1) 
P(1wx21) 
P(2)-'X31) 
p(wc(41) 
P<3+c<51) 

p(3)-C<61) 
P<4k-c<71) 
P(4+C<81) 

hronbonded contacts 

2.811<3) 
2.428<6) 
2.508<8) 

2.353:7) 
2.362(7) 

2.367(8) 
2.344(8) 

2.347(7) 
1.90(2) 

2.386(7) 

1.87(2) 
1.66(2) 
l-64(3) 
l-80(3) 
1.75<3) 
l-67(3) 
l-13(2) 

1.86(2) 
1.84<3) 
l-84(2) 
l-85(2) 
1.83(l) 
1.83(l) 
1.84(l) 
1.86(2) 

1.88<2) 

l-85(2) 
1.85(l) 
1.85(l) 

DimerB 

2.810(3) 
2.455(6) 
2.527<8) 

2.327(7) 
2.347(g) 

2.347(7) 
2.372(7) 
2.356(7) 
1.95<2) 

2.393(7) 
l-96(3) 

l-73(2) 
l-65(3) 

l-73(3) 
1.75<2) 
l-62(2) 

1.01(3) 

l.&%(3) 
1.86(3) 
l-79(3) 
l-89(3) 
1.82(l) 
1.82(l) 
1.80(l) 
l-86(2) 
1.85(l) 

1.84(l) 
1.82(l) 
1.83<2) 

P<Al)---P(A2) 
P<Bl)-_-P(B2) 
P<A3)---P<A4) 
P(B3)_*-P(B4) 
Cl(A2)-.-H(A46) 
Cl(B2)*.-H(B42) 

O(Al)"'H(A22) 

H(A76)**-H(A3) 
H(A86)---H(A4) 
H(A13)---H(B25); 
H<A65)-**H<B45) 

3.016(g) 
3.094(11) 
3.025(10) 
3.096<10) 
2.42 
2.61 

2.53 
2.08 
2.16 
2.27 
2.09 

a Atomlocatedatx, y. -1 +L. b Atomlocatedat 1 +x.1/2-y.-l/2 +L. 

was observed during data collection (vide supra) and explains the poor diffrac- 
tion quzility of the crystals and the decrease in intensities of the standard reflec- 
tions during data collection. 

The final model with 337 parameters varied converged to R = 0.114 and 
R, = 0.145 [ 241. At this point an electron density difference map showed the 
highest 20 peaks (2.69-1.00 e/A3) were in the vicinities of the heavy atoms 
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TABLE5 

SELECTED ANGLES (de&IN [Rh~Cl~(CO)<C~S4)(DPhl)~] 

Rh(ZjRh(ljS(1) 
Rh(BjRh(ljCI(1) 
Rh(2)-Rh(l)--c(S) 
Rh(ZjRh(ljP(1) 
Rh(2jRh<lJ-p(3) 

Rh(ljRh(2jW2) 
Rh(ljRh(2jS(4) 

Rh(ljRh(2jWl) 
Rh(ljRh(2jP(2) 

RUljRh(2jp(4) 
CI(1jRh(ljS(1) 
C1<1)_Rh<lM<5) 
C1(1jRh(l~P(l) 

CI(ljRh(ljP(3) 

C1(2jRh(2jS(4) 
C1(2jRh(2jC(l) 

CI(2)-Rh(2jP(2) 
C1(2jRh(2)_p(4) 

S(ljRh(l)--C(S) 
S(l)_Rh(ljp(l) 
S(ljRI5(1jp(3) 

S(4jRh(2t--c(1) 
S(4jRh(2jP(2) 
S(4jRh(2tp(4) 
C(5jRh(ljp(l) 
C(5jRh(ljp(3) 
C(ljRh(2jp(2) 

c(ljRh(2jp(4) 
P(IjRh(ljP(3) 
P(2jRh(2jp(4) 

Rh(ljS(ljC(4) 
S(ljc(4jS(2) 

S(ljC(4jS(3) 
S(2jC(4jS(3) 

C(4)_%3jC(5) 
Rh(ljC(5jS(3) 
Rh(ljC<5jS(4) 
S(3F-c(5jS(4) 
Rh(2jS(4jC(S) 
Rh(2&-C(lt_O(l) 

Rh(ljP:ljC(2) 
Rh(ZjP<2jC(2) 
Rh(ljP(3jCX3) 

Rh(2jP(4jc(3) 
Rh<ljP<1)--C<ll) 
Rh(ljP(ljC(21) 
Rh<2)_P@jC(31) 

Rh(2jP(2jC(41) 
Rh(ljP(3jC(51) 

Rh<ljP(3jC<61) 
Rh(2jP(4H(71) 
Rh(2jP@jC(81) 

P(1)---c(2jP(2) 
P(3jC(3jP(4) 
C(2jP(l)-all) 
C(2jP<l~i21) 

wjp(2)-c(31) 
c(2j~(2jc(41) 

162-S(2) 
104.2(2) 
7&i(8) 

88.8(2) 
93.5(2) 

172-S(2) 
72.5(2) 
91.8<8) 
94-l(2) 
91.2(2) 
92.9<2) 

178.1(8) 
91.0(2) 
83.1(2) 

101.2(2) 
94.5(8) 
88.2(2) 
86.2(3) 

88.2(8) 
92-O(3) 
87.4(3) 

164.1(S) 

82.5(2) 
96.2(2) 

90.6(8) 
95_4(8) 
96.5(8) 

86.4(S) 
174-O(2) 
173-S(3) 

105.2(S) 
12i(2) 

118(2) 
114(l) 

102(l) 
124(l) 
120(l) 
116(l) 
91.4(8) 

169(2) 

lil.l(S) 
113.3(S) 
108.4<8) 
114.4(8) 
115.3(6) 
12&O(7) 
116.9(g) 
118.8<8) 
113.4(7) 
129Cl) 
115.6(6) 

117-l(7) 
109(l) 

110(l) 
102(l) 

99(l) 
106(l) 
100(l) 

164.3(2) 
91.7(2) 
76-O(7) 
95.4(2) 
92.2(2) 

X5.5(2) 
71.X2) 

100.3(8) 
91.3(2) 

94.7(2) 
104-O(2) 
166.5(i) 
86X2) 
93.0<2) 

93.9(2) 
94.3(S) 
89.2(3) 
86.5(3) 

88.5(7) 
86.4(3) 

86.3(2) 
171.7(S) 

94_4(3) 
93.0(2) 

89.3(7) 
92-S(7) 
87.0(8) 
86.2(8) 

172.3(3) 
171.6(3) 

104*4(S) 
123(2) 
llS(2) 
118(l) 

104(l) 
123(l) 
117(l) 
119(l) 
95.0(S) 

166(3) 

110.4(S) 
115(l) 
116.2(S) 
111-l(9) 
117.4<7) 
116.7(6) 
121.6(?) 
116(l) 

117.8(6) 
121.9(6) 
119.8(7) 
116.6(8) 
113(l) 

115(l) 
99(l) 

110(l) 

103(l) 

99(2) 
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TABLE 5 <continued) 

Dimer A Dimer B 

105(l) 
105(l) 
101.2(9) 
106(l) 

99.4<8) 
99.5(S) 

94(l) 
100.5(9) 

98(l) 
107(l) 
105(l) 

SS<l> 
101.8<8) 

970) 
102.4(8) 
102(l) 

and the cokumn oI’ electron density. A typical carbon atom on an earlier syn- 
thesis had an electron density of 3.2 e/A3. The high crystallographic residuals 
result from the poor diffraction quality of the crystal, the unaccounted for col- 
umn of electron density in the lattice, which is due presumably to solvent of 
crystallization which was lost during data collection (vide supra) and the iso- 
tropic refinement of the model. An anisotropic refinement, of at least the 
heavy atoms (Rh, Cl, S and P), would have been desirable since much of the 
residual electron density lies in the regions near these atoms. However, this was 
not attempted due to the extremely high cost associated with such a refine- 
ment. In spite of the high R factors however, there is no ambiguity about the 
correctness of the structure_ Both independent dimers are very similar with 
good agreement in their parameters, all of which are chemically reasonable 
(vide infra). Where differences in the two dimers show up these differences are 
readily explained based on the non-bonded contacts in the cell (vide infra). 

The positional and thermal parameters for the individual isotropic atoms and 
rigid group atoms are given in Tables 2 and 3, respectively. Selected bond 
lengths and angles are shown in Tables 4 and 5, respectively. A listing of ob- 
served and calculated structure amplitudes and tables of least-squares plane cal- 
culations, torsion angles and the idealized hydrogen atom parameters are avail- 
able *. 

Discussion 

Deserip tion of s fruc ture 
Figure 1 shows the two dimers and their numbering schemes and Figure 2 

presents the atoms in the equatorial planes together with some relevant dis- 
tances_ 

The complex, [Rh&lZ(CO)(C2S,)(DPM),] (3), crystallizes with two indepen- 
dent molecules per asymmetric unit. Both dimers have the same overall geome- 
try, as shown in Fig. 1, with the Rh centers bridged by two transoid DPM 
Iigands, but differ slightly in the orientations of the ligands (vide infra). Within 

* See NAPS document PO. 03822 for 22 pages of supplementary material. Order from NAPS c/o 
Microfiche Publications, P.O. Box 3513, Grand Central Station, New York. N.Y. 10017. Remit in 
advance. in U.S. funds only. S 5.50 for photocopies or S 3.00 for microfiche. Outside the U.S. and 
Canada add postage of S 3.00 for photocopy and $1.00 for microfiche. 
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Fig_ 1. A perspective view for dimes A and B of [Rb~Cl,(CO)(C2S,)(DP_~~] showing the numbering 
scheme- used_ 

each dimer the Rh atoms display distorted octahedral coordinations. One rho- 
dium atom of each dimer (Rh(Al), Rh(B1)) * has two mutually tram P atoms 
in the axial sites with the equatorial positions occupied by a ,sd.fur and a car- 
bon atom of the C!& fragment, a chloro ligand and the other Rh atom. The 
second Rh atom (Rh(A2), Rh(B2)) also has mutually tram, axial P atoms, with 
a sulfur atom of the CZS4 moiety, a chloro ligand, a carbonyl group and the 
other Rh atom occupying its equatorial sites. 

The Rh-Rh distances of 2.811(3) A and 2.81@(3) &, for dimers A and B, 
respectively, compare well with each other and are consistent with a normal 
Rh-Rh single bond, falling within the range previously reported for such dis- 
tances in similar complexes (2.7447(g) to 2.8145(7) A) [25-281. As is typi- 
cally observed when metal-metal bonding is involved in these DPM-bridged 
dimers, the Rh-Rh distance is significantly shorter than the intraligand P-P 
distances (see Table 4). This can be seen clearly in Fig. 1 where the compres- 
sion of the Rh-Rh vector is evident. 

The Rh-C and C-O distzkces of the carbonyl ligands are not unusual, com- 
paring acceptably with other determinations [ 25,29-311. However, both car- 
bony1 groups are significantly bent (Rh(AZ)-C(Al)~(Al) = 169(2)“, 
Rh(B2)--C(B1)-O(B1) = 166(3)O). A consideration of the nonbonded contacts 
indicates that in both dirners the carbonyl ligands bend in such a way as to 
minimize the contacts with the phenyl rings suggesting that the bending of 
these Iigands is steric in origin. 

The rhodium--chlorine~distances (Rh(Al)-Cl(Al) = 2_428(6) a; Rh(Bl)- 
Cl(B1) = 2.455(6) ,&c) which are tram to C(A5) and C(B5), respectively, are 

* Rh(A1) refers to atom Rh(1) of dimer A. 
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phenyl hydrogen--chloro contacts observed for these two chloro ligands 
(Cl(A2)-H(A46) = 2.42 A; Cl(B2)-H(B42) = 2.61 A). Furthermore, these 
interactions are such that they tend to force these chloro ligands away from the 
metal centers (see Fig. 1). 

The C*S,, fragment conetins two intact C& molecules (S(l)C(4)S(2) and 
S(3)C(5)S(4) fused at C(4)-S(3)_ This fragment is then bound.to one rhodium 
atom (Rh(1)) via S(1) and C(5) and to the other rhodium atom through S(4). 
Within the resulting Rh,C& metallocycles the C-S distances (X64(3)- 
1-80(3) A,-dimer A; l-65(3)-1.75(2) A, dimer B) and angles (see Table 5) com- 
pare favonrably with those reported for [Rh($-C,H,)(C&)(PMe,)l 191, where 
an analogous C& fragment was observed. These distances suggest delocaliza- 
tion over the carbon-sulfur framework and range from values comparable to 
the C-S double bond distance observed in ethylene tbiourea (1.71 A) [33] to 
single bond values (1.81 a) [33]. The Rh(l)-S(1) and Rh(2)-S(4) distances 
(average 2.352(7) and 2.390(7) .& respectively), although significantly differ- 
ent, compare favourably with other determinations involving Rh-S bonds 
[15,16,34,35]. 

The C,S, ligand can be considered as a carbene ligand, C&*-, with each of 
the coordinated sulfur atoms and the carbene atom functioning as two electron 
donors to the rhodium atoms, as shown below in the valence bond formulation. 
Therefore the rhodium atoms are formally Rh”. The usually short Rh(l)-C(5) 

Cl co 

I I 

di&nces (l-90(2) and l-95(2) A, for dimers A and B, respectively) are com- 
parable to the rhodium carbonyl distances, suggesting significantly multiple 
bond character. They are also comparable to other such distances and are 
especially close to those observed in [RhCl(PPh3)2(PhCONCS)2] Cl51 and 
[RhCl(PPh,),(EtOCONCS), Cl6 1, in which rather analogous five-membered 
metallocycle rings again resulted as a consequence of condensation of sulfur- 
containing molecules on rhodium. This distance also compares well with the 
value of 1.95(l) a, observed in the iridium complex, IrCl(C204)(PMe&, which 
contains an analogous C,O, fragment [ll]. The short Rh-C distances in these 
rhodium and iridium metallocycles may result from 7~ bonding between tbe 
carbene carbon atoms and the metal atoms or may be a consequence of the rest 
of the metallocycle forcing the central carbon atoms close to the metal atoms. 
In [Rh($-C,H,)(C,S,)(PMe,)l the analogous Rh-C distance (2.04(l) A) is 
somewhat longer than observed here although it is still short [9]. 

Within the DPM framework the parameters are, on the whole, not unusual 
and compare well with other determinations [25-311; the Rh-P and P-C dis- 
tances and the angles within the DPM framework are all typical for DPM- 
bridged rhodium dimers. It is noteworthy, however, that the two independent 
dimers in this structure do differ significantly in the orientations of the DPM 
ligands. One obvious difference lies in the orientations of the bridging methyl- 
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ene groups of the DPM ligands; in dimer A these CH, groups are tram whereas 
they are cis in dimer B. In general when the environments on each side of the 
rhodium-phosphine plane are not identical a cis-methylene arrangement is 
found 125-291. However, in these cases the methylene groups usually bend 
towards the more crowded side of the molecule, minimizing non-bonded con- 
tacts with the bulky phenyl rings. In dimer B the methylene groups are bent 
away from the bulky CZS4 group, thereby thrusting four phenyl groups into the 
vicinity of the C,S, group. To minimize contacts with this equatorial ligand, 
two of the phenyl rings orient themselves almost parallel to it while the other 
two are nearly perpendicular to the C,S4 plane but aimed between the S(4) and 
Cl(2) atoms. This arrangement of the phenyl groups results in an almost planar 
C& group giving the molecule approximate C, symmetry through the equa- 
torial plane. In contrast, the C2S4 group in dimer A is significantly puckered 
owing to the vastly different phenyl group orientations compared to dimer B; 
in particular ring 6 in dimer A is perpendicular to the C2S4 plane instead of 
parallel to it, as in B. 

The two dimers also differ in the degree of twist about the metal-metal 
bond; dimer A is severely twisted whereas dimer B has a relatively planar rho- 
dium phosphine framework (see Fig. 1). In dimer B, apart from the two rings 
which are parallel to the CZS4 ligand, all phenyl groups aim between the equa- 
torial ligand positions avoiding unfavourable nonbonded contacts. However, 
in dimer A the phosphine framework twists to avoid unfavourable contacts 
between ring 3 and the carbonyl group. If no twisting had occurred these 
groups would be in an unfavourable eclipsed conformation_ 

The above differences in the phenyl ring orientations also lead to differences 
in the equatorial ligand orientations. As already noted, one such result is the 
puckering of the CzS4 moiety in dimer A. In addition, the orientations of the 
chloro and carbonyl ligands differ in the two dimers (this is seen clearly in 
Fig. 2). These groups tend to stagger themselves with respect to the phenyl 
groups. For example in Fig. 1 we see that for dimer A, ring 2 falls between 
Cl( 1) and Rh( 2), forcing Cl( 1) towards S(l), whereas in dimer B phenyl ring 1 
falls between S(1) and Cl(l), forcing Cl(l) in this dimer towards Rh(2). Simi- 
larly the bending of the carbonyl ligands in opposite directions also results 
from different phenyl ring contacts. Therefore the differences observed in the 
two dimers can be seen to be steric in origin. A consideration of intermolecular 
contacts shows that there are no unusual interactions which would readily 
account for the above differences in the dimers. 

Reactions of tram-[RhCl(CO)(oPMIJ2 and [Rh,C12(p-CO)(DPM)2] with C’S2 
The reaction of either trans-]RhCl(CO)(DPM)]z (1) or [Rh&l&CO)- 

(DPM),] (2) with CSZ results in the formation of the final product, 
[Rh2Cl,(CO)(C,S,)(DPM)J (3). A detailed spectroscopic study (3’P{‘H} and 
13C{31P{‘H)} NMR and infrared, using 13C0 enriched [Rh,Cl,(~-13CO)(DPM),] 
for the 13C NMR experiments) of the stepwise addition of C& to a solution of 
2 yields much valuable information regarding the intermediates in the reaction. 
However, we should caution that Scheme 1, showing the postulated reaction 
sequence, is still somewhat speculative and represents what we feel is the most 
probable sequence based on the evidence and on our experience with analogous 
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SCHEME 1 

THE REACTION OF [Rh+l,(kCO)(DPM),3 (2) WITH CS2 

4 d 

OC U Cl 

3 6 

systems [25-27,301. Initially, in the 31P(1H} NMR spectrum resonances assign- 
able to unreacted 2 and two other symmetric species (4 and 5, Scheme 1) are 
observed. Species 4 is believed to be a dicarbonyl species because of the close 
similarity of its 31P NMR spectrum with those of the well characterized SO1 
[26] and CO [25] analogues, [Rh,(CO),jp-Cl)(r.r-S02)(DPMZ]’ and [Rh2(C0)2- 
(p-Cl)(p-CO)(DPM),]+, respectively, and because of the simultaneous appear- 
ance in the infrared spectrum of one new vibration in the terminal carbonyl 
region at 1990 cm-‘. The resonance due to 5 is similar to those of the analo- 
gous monocarbonyl species, 2, and the SO, analogue, [Rh,Cl.&-SO,)(DPM),] 
[ZS] and is therefore assigned a similar structure to these species as shown in 
Scheme 1. Species 4 and 5 result from CO transfer during the reaction of 2 
with CS2 as has previously been observed in the analogous reaction of 2 with 
SOZ [30] where facile carbonyl transfer was also observed, yielding di- and tri- 
carbonyl, as well as carbonyl-free products at intermediate times. What the 
actual sequence of events yielding these species is, or what other intermediates 
might be involved in their formation is not known. As one referee suggested, 
rather than proceeding directly as indicated in the scheme, CS2 attack on 2 
might yield 5 with the liberated CO reacting with 2 giving the dichlorodicar- 
bony1 species 1 which subsequently reacts with CS2 to give 4 (see Scheme 2). 
However, we have no evidence to support or refute this or any other reaction 
sequence; we know only that 4 and 5 appear essentially simultaneously. 

Soon after the appearance of 4 and 5 the resonance due to the final species, 
3, is observed. This resonance in the 31P{1H} NMR spectrum appears as a com- 
plex multiplet at 6 = 7.5 ppm arising from the AA’BB’XY spin system. Again, 
how species 4 and 5 give rise to the final product is a matter of speculation 
since no other resonance is clearly definable in the ‘lP{‘H) NMR spectra. But 
based on our previous studies and on the fact that both 4 and 5 eventually 
yield the same monocarbonyl species, 3, we feel that 6 is a reasonable inter- 
mediate. If CO loss from 4 occurs, 6 would simply result from the Cl atom 
swinging out of the bridging position into the vacated site. Just such a transfor- 
mation has been observed for the bromocarbonyl analogue of 4, [Rh2(CO)z- 
(c~-B~)(~-CO)(DPM)~ J’ Br-, in which carbonyl loss yields [Rh2Br(CO)(@O)- 
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SCHEME 2 

THE REACTION OF tmns-LRhCI<CO)(DPM)l2 (1) with CS2 

OC-Rh- 

I -co 

cs2 
- I 

3 6 

(DPM),]’ Br-, an asymmetric species analogous to 6 1303. Furthermore, if CO 
attacks 5 we would expect it to attack between the CS, and Cl ligands yielding 
6. Again there is a precedent in the reaction of [Rh2Br2(p-CO)(DPM),] with 
CO, which also yields [Rh2Br(CO)(p-CO)(DPM)zj+ Br- [30]. 

Electrophilic attack at one of the sulfur atoms of the bound C!& molecule by 
another CS2 molecule would then readily yield the final product 3 by C-S 
bond formation (between C(4) and S(3) of Fig. l), Rh-S bond formation 
(between Rh( 1) and S(1) and between Rh(2) and S(4)) and Rh-C bond rup- 
ture (Rh(Z)-C(5)). Again it must be reemphasized that we have no direct infor- 
mation regarding any possible species between compounds 4 and 5 and the 
final product. However, it is encouraging that some ionic intermediate such as 6 
is supported by the X-ray study in which the very long Rh( 2)-Cl( 2) bond 
length (vide supra) suggests loose coordination of this chloro-ligand. It is also 
noteworthy that in the absence of excess CS2 this process is reversible, giving 
back compound 2. Based on the X-ray determination we would suggest that the 
first step in this loss of C2S4 is chloride ion dissociation. 

The 13C NMR spectra of the same reaction using [Rh2C12(p-‘3CO)(DPM)z] 
initially shows the carbonyl resonance assignable to 2, as well as one additional 
species at 8 = 186.5 ppm (doublet, _I’J(Rh-C) I = 80.1 Hz), characteristic of a 
terminal carbonyl ligand and consistent with species 4. The 31P{1H) NMR spec- 
trum at this stage showed two resonances (due to 2 and 4) split by the 13C nu- 
clei and one resonance (5) unsplit by 13C, indicating that indeed species 5 is 
free of r3C0. The only other carbonyl resonance observed later in the experi- 
ment is assignable to species 3 at 6 = 191.5 ppm (doublet, lJ( Rh-C) I = 69 .I 
Hz). Similarly, the infrared spectrum * shows only bands assignable to 2,3 and 

* AlI infrared results are for l*CO complexes. 
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a band at 1990 cm-’ which is again consistent with species 4. Therefore all the 
spectral parameters and the analogies with the SO, [26,30] and carbonyl 1301 
chemistry appear to support this scheme. 

Since in each of compounds 4 and 5 the four phosphorus atoms are shown in 
the 31P NMR spectra to be chemically equivalent at --5O”C, it is suggested that 
the CS;! ligands in these species are coordinated solely through the carbon 
atoms, as has been proposed for CO:! in some of its compounds [36,37], and as 
has been observed in one such complex [ 12]_ The CS, groups would therefore 
lie perpendicular to the Rh-Rh vectors with quasi-tetrahedral geometries of 
the carbon atoms. A C-S-bound species would give rise to a more complex 31P 
NMR spectrum owing to the resulting chemical inequivalence of the phos- 
phorus atoms, unless the CS* molecule were fluctional at this temperature_ No 
evidence suggesting fluctionality of these species was observed, although we 
were unable to carry out this study at temperatures lower than -!50°C owing to 
solubility problems. 

Based on these studies on the reaction of 2 with CS, and on analogies with 
the previous studies involving CO and SO* [30] we can postulate a scheme for 
the reaction of 1 with CS, (see Scheme 2). Initial attack is probably terminal 
since this is the only site open to attack [ 30]_ The resulting species, 
[Rh,Cl(CO)(CS,)(p-Cl)@-CO)(DPM),I (7), although not observed, is analogous 
to that proposed, based on spectral data, for the initial species in SO* attack on 
1 1261. This species we believe then rearranges to [Rh2(CO)&-Cl)(cr-CS2j- 
(DPlM),] [Cl] (4), identical to the species observed in the reaction of 2 
(Scheme 1). Chloride recoordination and carbonyl loss would then proceed as 
proposed in Scheme 1 with subsequent CS, attack yielding the final species 3. 

Conclusions 

This study presents only the second structural characterization of a rhodium- 
carbon d&sulfide complex and is the first such binuclear species. It is notable 
that the only two such complexes characterized in fact contain C2S4 fragments 
resulting from activation of a metal-bound CSZ molecule and its subsequent 
condensation with another CS2 molecule_ Based on the similarities in the infra- 
red spectral parameters between these complexes and other species which were 
believed to contain C,S-$ side-on bound CS2, we suggest that these CS, species 
might instead be C& complexes. Certainly it is becoming apparent that rho- 
dium has a tendency for activating and condensing sulfur-containing molecules, 
as has now been demonstrated by several structural determinations [9,15,16]. 
In addition, one of the few structurally characterized [ll] COZ complexes, 
EfiCl(C,OJ(PPh,), 1, contains an analogous C204 moiety, indicating the similar- 
ities in the chemistry involving CO, and CS,. 

Our proposed carbon-bound CS* intermediates are especially germane to the 
CS, condensation reaction since electrophilic attack at a sulfur atom of the car- 
bon-bound CS, grcup by a free CS, molecule would readily yield the observed 
C& fragment. Although this CS* bonding mode is unprecedented in CS, chem- 
istry, a carbon-bound CO:! complex has been characterized [12], and certainly 
these proposed intermediates fit our spectral data and present logical interme- 
diates in the production of the final species 3. 
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The detailed spectroscopic investigation of the stepwise addition of CS2 to 
the binuclear complex, [Rh,Cl,(p-CO)(DPM) ] 2 , is believed to be the first such 
study and has proven invaluable in obtaining important information regarding 
the natures of the intermediate species in the reaction and the ligand rearrange- 
ments that are possible in binuclear complexes. This spectroscopic study, 
together with the structural determination of the final product, yields valuable 
insights into the transition metal activation of CS2, particularly in complexes of 
rhodium. 
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