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Introduction 
The reactions of sulfur dioxide with transition metal com- 

plexes continue to elicit attention. In addition to the inherent 
interest of SO2 complexes and the reactions of SO2 with 
transition metal compounds, there are more practical reasons 
to study SO2 chemistry. Environmental consequences of SO2 
production from the combustion of sulfur rich fuels has led to 
the implementation of various catalytic methods to remove sulfur 
from petroleum products. This important industrial process has 
stimulated studies in SO2 transition metal chemistry.' 

Sulfur dioxide has many coordination  mode^,^,^ and a large 
variety of structural motifs are found in transition metal SO2 
complexes. The ligand most commonly bridges the two metals 
in dinuclear metal species via the sulfur This 
coordination mode is similar to that adopted by the isolobal 
methylene group in p-CH2 species, and there are some closely 
related complexes with M@-X)M (X = CH2 or SO;?) core 
linkages, in which either CH2 or SO2 groups span both metal 
centersa6V8 A handful of examples of alternative bridging modes 
of the SO2 ligand have been demon~trated.~-" 

Most SO2 bridged bimetallic complexes are homonuclear, but 
examples are known in which heterodinuclear complexes are 
bridged by SO2 ligands. Among these are the species [Mo- 
(CO)2@-CO)@-SO2)@-dppm)~RhCll (Mo-Rh),12 [Co(CO)- 
Cp*@-SO2)Rh(CO)Cp*] (C0-Rh),I3 and Pd(C&)@-S02)@- 
dppm)zPtX (X = C1, C,$5).14 The latter complex contains no 
Pd-Pt bond. A series of p-dppm-bridged p-SOz complexes 
have been reported recently. These include species such as [Rh- 
(CO)@-SO2)@-dppm)2Mn(C0)31 (Mn-Rh) and [Mo(CO)z@- 
Co)@-SO~)@-dppm)2RhCN] (Mo-Rh) and others, none of 
which contain metal-metal  bond^.'^-'^ The structure of [Mo- 
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(CO)Z@-CO)@-SO~)@-~~~~)~FU-IC~I (Mo-Rh) was determined 
by an X-ray diffraction study.18 

We recently reported the synthesis and structure of [NiCp*- 
@-CO>@-CHz)W(CO)2Cp] (Ni-W).19,20 In view of the close 
relationship between pSO2 and p-CH2 species and the com- 
parative lack of structural data on heterobimetallic pSO2 
complexes, we describe the preparation of the mixed-metal SOZ- 
bridged complex [N~C~*@-SOZ)@-CO)W(CO)~C~~ (Ni-W, 2), 
elucidate its structure, and compare it with that of the [NiCp*- 
@-CHz)@-CO)W(C0)2Cp] (Ni-W, 4). 

Results and Discussion 

(a) Isolation and Spectnwcopic Characterization of 2. The 
pyrophoric heterobimetallic complex [NiCp*W(CO)3Cp] (Ni- 
W) can be considered to contain a Ni-W double bond and, 
accordingly, behaves as a coordinatively unsaturated species. l9 

A wide assortment of group 14 and group 15 two-electron donor 
ligands add to this compound to afford the coordinatively 
saturated complexes [NiCp*@-CO)zW(CO)LCp] (Ni-W; L = 
PMe3, PMelPh, CO) or [NiCp*@-L)@-CO)W(CO)2Cp] (Ni- 
W; L = Bu'NC, C H Z ) . ~ ~  More recently, we have focused our 
studies on the chemistry of the closely related methylcyclopen- 
tadienyl derivative [NiCp*W(CO)3Cp'] (Ni-W, l), which is 
significantly more soluble than [NiCp*W(CO)3Cp] (Ni-W). 
Here we discuss some chemistry of 1 with the group 16 donor 
ligands H20 and SOZ. 

Surprisingly in view of its high reactivity, compound 1, like 
its Cp congener, is inert toward water. No reaction ensues when 
an excess of 02-free water is added to deep blue thf solutions 
of 1. However, cold solutions of 1 react instantaneously with 
SO2 to afford orange brown solutions, which deposited an 
orange solid that contained 2. Orange crystals were subse- 
quently harvested. These crystals appeared to be homogeneous 
as they adopted the same habit and morphology and had similar 
dimensions. 

Spectroscopic examination of solutions of these crystals 
indicated that two species were present. The crystals contained 
a new compound 2 and, in addition, the well-known ditungsten 
complex [Wz(CO)f,Cp'z] (W-W), 3, which was identified by 
its 'H NMR and IR spectra by comparison with reference 
samples. Furthermore, addition of a genuine sample of 3 led 
to an increase in intensity of those resonances attributed to 3 in 
NMR spectra of the orange crystals. 

Large crystals of 2 could never be obtained free of 3. 
However, analytically pure samples of 2 were isolated as a 
microcrystalline powder. The spectroscopic data of this powder 
were consistent with 2 being the complex [NiCp*@-CO)@- 
SO2)W(CO)2Cp']. MS data for 3 did not show a parent ion, 
but ions corresponding to [M - SO# and [M - CO]+ were 
observed. Other p-SO2 complexes have been reported to exhibit 
weak or absent parent ions, indicating that loss of SO2 or other 
ligands is facile.l8 

The NMR data for 2 indicate that an effective mirror plane 
exists in the molecule, as is observed for the related methylene 
species [NiCp*@-CH2)@-CO)W(CO)zCp] (Ni-W, 4). Pre- 
sumably, a similar bridge-terminal exchange process in 2 
between mutually trans CO ligands generates this effective 
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Table 1. Crystallographic Data and Data Collection Parameters for 
~[N~C~*~~-SOZ)~~-CO)W(CO)ZC~~.[WZ(CO)~C~'Z] (z.%3) 

monoclinic, space group P2dn b 90.88( 1)' 
fw 1904.03 Z 2 
a 9.811(2) A R(F)" 0.024 
b 12.165(1) 8, 0.030 

formula C ~ & ~ N ~ Z O I ~ S Z W ~  C 24.490(5) 8, 

R = zlFa - Fcl/zFa. R,  = [cw(lF0 - F c I ) z ~ ~ F ~ Z l l n .  

Table 2. Positional and Equivalent Isotropic Thermal Parameters" 
for Key Atoms of Complex 2 in 

Esd's in Parentheses 
[ ~ ~ ~ ~ p * ~ - ~ ~ ~ ) ~ - ~ ~ ) ~ ( ~ ~ ) ~ ~ p ' ] . [ ~ z ( ~ ~ ) 6 ~ ~ ' ~ ]  (2"/~3) W i t h  

NiCp*(p-CH2)(pCO)W(CO)2Cp, 4 

mirror plane on the NMR time scale. The 'H and 13C NMR 
data for 2 are otherwise unremarkable. 

The solution IR of 2 exhibited three v(C0) bands: one of 
these, observed at 1794 cm-', indicated that a bridging CO 
ligand was present. Solid mull absorption bands seen at 1184 
and 1032 cm-l can be attributed to v ( S 0 )  stretches. The 
positions of absorptions and the wavenumber difference between 
the two stretches has been used to assign which bonding mode 
the SO2 ligand adopts.21 The observed IR stretching frequencies 
for 2 are consistent with those expected for a p-SO2 ligand that 
bridges the two metals. They also fall in the range of v ( S 0 )  
stretches (1 188-1147 and 1070-1024 cm-l, respectively, for 
the two sets of v(S0) stretches) that were observed for a variety 
of p402 heterobimetallic c o m p l e x e ~ . ~ ~ ~ ~ ~ ~ ~ ~  (All these latter 
species are also bridged by p-dppm or related bidentate ligands.) 

(b) X-ray Structural Analysis of 2. The data obtained for 
2 were compatible with the structure shown in Chart 1 for 2 
but did not necessarily establish this structure. Accordingly, 
crystals of 2 suitable for a single crystal X-ray diffraction study 
were obtained. As referred to earlier, spectroscopic data 
indicated that these crystals should be formulated as 2*'/23. 
Crystals in which there are two different neutral organometallic 
complexes are not common but are certainly not unprec- 
edented.22 Data collection parameters, key atom positional 
parameters, key bond lengths, and key bond angles (of 2) are 
collected in Tables 1-3. More detailed structural data tables 
for both 2 and 3 are collected in the supplementary infomation 
tables. 

Complex 2, NiCp*@-S@)@-CO)W(CO)2Cp' (Ni-W), adopts 
the structure shown in Chart 1, as indicated by the ORTEP 
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11, 3555-3565. 

0.74327(2) 
0.98980(6) 
0.8457( 1) 
0.8769(4) 
0.7959(4) 
0.5453(6) 
0.5522(6) 
0.5449(6) 
0.5345(6) 
0.5344(5) 
0.5379(7) 
0.8482(5) 
0.8422(4) 
0.8354(6) 
0.8838(4) 
0.8356(5) 
0.8837(4) 
1.1596(5) 
1.1648(5) 
1.175 l(5) 
1.1764(5) 
1.16 15(5) 
1.1574(7) 
1.1683(7) 
1.1928(7) 
1.1852(7) 
1.1636(7) 

0.02495( 1) 
-0.00622(5) 
-0.1344( 1) 
-0.2320(3) 
-0.1591(3) 

0.0279(5) 
0.1246(4) 
0.0955(5) 

-0.0176(5) 
-0.0605(5) 

0.0201(7) 
0.0854(4) 
0.1462(3) 

-0.0497(4) 
-0.0923(4) 

0.1593(5) 
0.2366(3) 
0.0443(5) 

-0.0695(5) 
-0.0831(5) 

0.0204(5) 
0.0993(4) 
0.0997(7) 

-0.1606(6) 
-0.1919(6) 

0.0449(6) 
0.2229(5) 

0.81286(1) 
0.85598(2) 
0.85816(5) 
0.8260(2) 
0.9130(2) 
0.8654(2) 
0.8324(3) 
0.7769(3) 
0.7742(2) 
0.8275(2) 
0.9251(3) 
0.8824(2) 
0.9198(2) 
0.7495(2) 
0.7132(2) 
0.7828(2) 
0.7667(2) 
0.9016(2) 
0.8911(2) 
0.8334(2) 
0.8091 (2) 
0.8513(2) 
0.9565(3) 
0.9327(3) 
0.8044(3) 
0.7492(3) 
0.8441(3) 

2.201(4) 
2.29( 1) 
2.68(2) 
3.76(8) 
4.05(8) 
4.0(1) 
4.3(1) 
4.3(1) 
4.1(1) 
3.7(1) 
5.8(2) 
3.0(1) 
4.49(9) 
3.5(1) 
4.9(1) 
3.3(1) 
4.74(9) 
3.5(1) 
3.5(1) 
3.4(1) 
3.1(1) 
3.4(1) 
6.1(2) 
6.2(2) 
5.6(2) 
5.2(2) 
6.0(2) 

B values for anisotropically refined atoms are given in the form of 
the isotropic equivalent thermal parameter B ,  defined as (4/3)[a2B(1,1) + b2B(2,2) + czB(3,3) + ab(cos y)/3(1,2) + ac(cos p)B(1,3) + bc(cos 
alB(W1. 

diagram (Figure 1). The SO2 ligand bridges the two metals 
via its sulfur atom, which is in a distorted tetrahedral environ- 
ment. The core of this structure is similar to the structures 
adopted by the methylene complex NiCp*@-CH2)@-CO)W(CO)2- 
Cp (4, Ni-W) and by the benzenethiolate-bridged complex 
NiCp*@-SPh)@-CO)W(SPh)(CO)Cp' (5, Ni-W).20,23 The 
structure of 2 merits close comparison with these related 
compounds. A short list of related geometrical parameters are 
collected in Table 4. All three species contain butterfly-type 
NiWCS or NiWC2 cores, with a carbon atom and the other 
carbon or sulfur atom located in the wing tip positions. The 
Ni-W distance is 2.6523(6) 8,, indicative of a Ni-W single 
b0nd.2~ 

The interplanar angle between the NiWS and NiWC planes 
is 109.1", almost identical to the interplanar core NiWC2 angle 
of 108.7' found in 4. The two dienyl ligands in each of these 
three species are in a trans configuration. The S-0 distances 
of 1.458(4) and 1.468(4) 8, are in the range observed for the 
S-0 bonds in the complex [Mo(CO)~@-CO)@-S02)@-dppm)2- 
RhCl] (Mo-Rh)18 and are very similar to S-0 distances found 
~ 
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Table 3. Selected Bond Distances (A) and Bond Angles (deg) for 
Key Atoms of Complex 2 in [NiCp*@-S02)@-CO)W(Co)2Cp']J/ 
z[Wz(CO)&p'2] (2*'/23) with Esd's in Parentheses 

Notes 

S-W(l)-C(7) 
s-W( 1)-c(9) 
C(7)-W( 1)-c(9) 
S-Ni-C(7) 
W(l)-S-O(l) 
Ni-S-0(1) 
O(l)-S-O(2) 
W( l)-C(8)-0(8) 

(a) Distances 
2.6523(6) C(l)-C(2) 
2.441(1) c(1)-c(5) 

2.288(6) c w c ( 3 )  
2.347(6) C(l)-C(6) 

2.291(6) C(3)-C(4) 
2.303(6) C(4)-C(5) 
2.330(5) C(7)-0(7) 
2.108(5) C(8)-0(8) 
2.022(5) C(9)-0(9) 
2.012(5) C(lO)-C(ll) 
2.105(1) C(10)-C( 14) 
1.901(5) C( 10)-C( 15) 
2.085(5) C( 1 1)-C( 12) 
2.058(5) C(l1)-C(16) 
2.125(5) C(12)-C(13) 
2.200(5) C( 12)-C( 17) 
2.122(5) C( 13)-C(14) 
1.458(4) C( 13)-C( 18) 
1.468(4) C( 14)-C(19) 

(b) Angles 
73.6(1) S-W(1)-C(8) 

128.7(2) C(7)-W(l)-C(8) 
78.2(2) C(8)-W(l)-C(9) 
86.0(2) W(1)-S-Ni 

119.2(2) W(l)-S-O(2) 
116.2(2) Ni-S-O(2) 
113.9(2) W(l)-C(7)-Ni 
178.1(5) W(l)-C(9)-0(9) 

1.428(8) 
1.422(8) 
1.469(9) 
1.404(9) 
1.380(9) 
1.407(8) 
1.179(6) 
1.139(7) 
1.125(7) 
1.408(8) 
1.403(8) 
1.505(9) 
1.428(8) 
1.506(9) 
1.391(8) 
1.513(9) 
1.41 8(8) 
1.502(8) 
1.512(8) 

78.9(2) 
123.9(2) 
82.7(2) 
70.94(4) 

115.2(2) 
114.0(2) 
82.7(2) 

177.6(5) 

in the terminal Ni-SO2 complexes Ni(S02)(PPh3)3 [S-0 = 
1.445(7), 1.450(6) AIz5 and Ni(SOz)(PMe2Ph)3 [S-0 = 1.451- 
(8), 1.450(6) A].26 The Ni-S distances in the latter two 
complexes [2.038(4) and 2.001(3) A, r e ~ p e c t i v e l y ] ~ ~ ~ ~ ~  are 
significantly shorter than the Ni-S distances found in both 2 
or 5 (Table 4). 

The 0-S-0 angle of 113.9(2)" in 2 is almost the same as 
the value of 113.4(4)' foundZ5 in Ni(S02)(PPh3)3 but quite 
different from the angle present in Ni(SOz)(PMe2Ph)3 [92.6- 
(4)"].26 The average W-S-0 and Ni-S-0 angles of 117 and 
115", respectively, in 2 indicate a more symmetric SO2 bridge 
is present than is found in the Mo-Rh complex, where the 
average Mo-S-0 and Rh-S-0 angles are respectively 121 
and 112".18 Other geometrical features of 2 are unremark- 
able. 

(c) Brief Discussion of the Structure of 3. The geometry 
adopted by 3, the other compound present in crystals of 2*'/23, 
is almost identical to the structures of other closely related 
[w2(co)6cp"2] (W-W) species (Cp" = Cp, Cp*, C s h -  
COOH).27-29 The Cp' grou s are mutually trans, and the W-W 

at greater length elsewhere.30 
Conclusions. The SO2 heterobimetallic complex [NiCp*@- 

CO)@-SO2)W(CO)2Cp'] (Ni-W, 2) has been prepared by 
addition of SO2 to the unsaturated heterodinuclear species 
[NiCp*W(CO)3Cp']. The complex was spectroscopically and 
structurally characterized. Complex 2 contains a Ni-W bond 
that is spanned by both an SO2 and a CO ligand. Its structure 

(25) Moody, D. C.; Ryan, R. R. Inorg. Chem. 1979, 18, 223. 
(26) Sieler, J.; Peters, K.; Wenschuh, E.; Hoffmann, T. Z. Anorg. A&. 
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distance in 3 is 3.2188(3) 8: . This structure will be discussed 
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Figure 1. ORTEP diagram of NiCp*@-SOz)@-CO)W(CO)2Cp', 2, 
with ellipsoids drawn at the 40% probability level. Hydrogen atoms 
are depicted as spheres with arbitrarily small radii. 

Table 4. Comparison of Key Structural Features of Molecules 2, 
4,b and 5' (Esd's in Parentheses) 

Param complex 2 complex 4 complex 5 

Ni-W (A) 2.6523(6) 2.5689(6) 2.602(1) 

Ni-C,.co (A) 1.901(5) 1.916(6) 1.970(9) 
w-s, (4 2.441(1) 2.469(2) 

2.160(2) Ni-S, (A) 2.105(1) 
dihedral anglea (deg) 109.1 113.2 108.7 

Between the NiWC,.co plane and the NiWC(H2) or NiWS, planes. 
Chetcuti, M. J.; Deck, K. J.; Fanwick, P. E.; Gordon, J. C.; Grant, B. 

E. Organometallics 1992, J J ,  2128-2139. 
M. J.; Fanwick, P. E.; Haller, K. A. Inorg. Chem. 1993, 32, 1435- 
1441. 

W-C,-co(A) 2.108(5) 2.073(6) 2.01( 1) 

Bartlone, A. F.; Chetcut 

is very similar to that of the methylene complex NiCp*@- 
CH2)@-CO)W(CO)2Cp (Ni-W, 4) as expected in view of the 
isolobal relationship between SO2 and CH2 species. 

Experimental Section 

(a) General Techniques. All manipulations were carried out under 
a nitrogen atmosphere using standard Schlenk techniques. Reagent 
grade chemicals were used. Hexanes and diethyl ether were distilled 
over sodium under a nitrogen atmosphere. Methylene chloride was 
distilled over calcium hydride under nitrogen. Deuterated NMR 
solvents were stored over molecular sieves under a nitrogen atmosphere 
and were subjected to freeze-thaw degassing cycles prior to use. 

(b) Spectroscopic Measurements. IR spectra were obtained on an 
IBM IR-32 FI' spectrometer. Mass spectra were obtained on a JEOL 
JMS-AX505 HA mass spectrometer. 'H and I3C NMR were recorded 
on a GE GN-300 instrument at 300 and 75 MHz, respectively, in 
chloroform-&; Cr(acac)3 (eO.01 M) was added to the I3C NMR samples 
as a shiftless relaxation agent. (Spectroscopic data are only reported 
for 2, even for samples in which 3 also was present.) 

(c) Synthesis of N~C~*@-CO)(L&OZ)W(CO)~C~'. A 300 mg 
amount (0.55 "01) of 1 was dissolved in 15 mL of Et20, and the 
solution was cooled to -78 "C. S02, obtained from the reaction of 2 
M HC1 and anhydrous Na2SO3, was bubbled through the solution under 
a slight N2 flow. An orange-brown solution formed over a 15 min 
period. The addition of SO2 was terminated, and the solution was 
maintained at -78 OC while being stirred approximately 1 h. An orange 
solid (2) precipitated from the solution: this was redissolved and 
recrystallized from methylene chloride/diethyl etherhexanes (4:2: 1) at 
-20 "C in 45% yield (150 mg). MS ( d e ,  amu): 540 (M - SO#, 
520 (M - 3CO)+, 456 (M - SO2 - 3CO). 'H NMR (ppm): 1.81 (s, 
15H. C&fe5), 2.158 (s, 3H, C5H4Me). 5.34 (m, 4H, CJI4Me). 13C NMR 
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Af" taken from C r ~ m e r . ~ ~  All calculations were performed on a VAX 
Station 3200 computer using SDPNAX.34 
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(ppm): 227.0 @-CO), 211.8 (CO), 102.7 (CsMes), 112.1 (Clpsor C5&- 
Me), 93.7, 89.5 [C(2) and C(3). C~Hyle] ,  12.4 (CSWe) ,  7.9 (CNeS). 

(d) X-ray Diffraction Study. Crystals for the X-ray diffraction 
studies were obtained from a dichloromethane/diethyl etherhexanes 
(4:2:1) solution obtained after the mother liquor was evacuated to 
dryness and the residue redissolved. A dark orange crystal of 2*'/23 
was mounted on a glass fiber. Cell constants and an orientation matrix 
were obtained from least squares refinement of 25 reflections with 32" 
< 0 < 36". Systematic absences indicated that the space group was 
P2dn (No. 14). A total of 4771 unique reflections were obtained from 
the entire set of 5465; the data were corrected for Lorentz and 
polarization effects, and an empirical absorption correction based on 
ly-scans was applied. Only the 4398 reflections with IF,,12 > 1.5alFoIZ 
were used in the solution refinement. 

The structure was solved using Patterson methods, which located 
the positions of the two independent tungsten atoms. Remaining atoms 
were located by using successive Fourier syntheses. Hydrogen atoms 
were located and were refined isotropically; other atoms were refined 
anisotropically. The center of the W-W bond of 3 lies on an inversion 
center while 2 lies in a general position in the unit cell. Data were 
corrected for anomalous dispersion. Refinement converged to R(F) = 
0.024 and R,(F) = 0.036. 

Scattering factors were taken from Cromer and Waber's values.31 
Anomalous effects32 were included in IFclz, with values for Af' and 
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