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Introduction 
The propensity of sulfur to form M(l.r-SR)M’ bridges has led 

to the widespread use of sulfur-containing complexes as synthons 
for multinuclear transition metal complexes. There have been 
extensive structural studies of such species, especially those 
involving bent metalloccne fragments, i.e., CpzM(SR)z (M = Ti, 
Nb, and group VI metals). The interest lies in the connection 
between the d electron count of M and the S - M S  angle, which 
is further coupled to the orientation of R groups about S in the 
free metallothiolate “ligand”. This electronic influence on 
structureappears to be maintained in the heterobimetallics (Table 
I).I*-k As depicted in the following, the do (M = TiIV, NbV) 
metal fragments show a planar MS2M’ core, with an average 
L S - M S  of looo, whereas the d2 (M = group VI, MIv) complexes 
display a bent core and average L S - M S  of 70°: 

R R 

R R 

do METAL ds MZI’AL o= s o= s 

Simple electronic arguments provide a working explanation of 
this phenomenon. In the do Cp2M(SR)2 monomers, sulfur lone 
pairs are oriented to donate electron density into an empty metal- 
based l a l  orbital, accounting for the ca. looo S - M S  angle of 
these complexes.2 On binding a second metal, a slight rotation 
about the M S  bonds (Figure 1) optimizes both the *-donation 
from sulfur to the original metal as well as the a-donation to M’ 
producing a planar MS2M’ core and maintaining the wide angle.lb 
In thedZCnM(SR)2case, electrons in the metal-based a1 HOMO 
of the bent metallocene fragment repel the sulfur lone pairs and 
orient them away from the metal, poising the f S - M S  at ca. 70’. 
The minor rotations necessary to obtain a (P-SR)~ product for 
the d2 metal are also shown in Figure 1. [Although the 
representation of the lone pairs on sulfur in Figure 1 as tetrahedral 
(sp3 in character) is sufficient for the structures here, the 
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Figure 1. Rotations about M S  bonds in CpzM(SR)z fragments which 
facilitate binding of M’ and determine the MS2M’ core structure. 

Table I. Comparison of S - M S  and Dihedral Angles (MS2/M’S2) 
of do and d2 Cu2M(SR)2M’Ln Complexes 

99.9 179.5 a 
97.6 178.6 b 
96.1 178.1 c 

101.9 179.1 d 
97.5 179.8 e 
99.0 166.9 f 
99.1 162.0 f 
96.8 179.5 g 
98.6 180.0 h 
99.3 168.7 i 

d2 Complexes 
Cp2W(~-SPh)zMo(C0)4 72.6 153.7 j 
CpzW(p-SPh)zW(COh 72.8 153.1 j 
Cpzw(~-SPh)zCr(COh 71.7 153.6 j 
CpzW(p-SBut)zFeC12 72.6 141.6 k 

136.1 1 [ CpzMo(p-SBut)zNiCpl+ 68.7 
([Cp~Mo(p-SMe)zlzNi)~+ 70.3 132.7 m 

inadequacy of such a simplification for more subtle features of 
thiolate structure and spectroscopy has been discussed.]3 

The above model assumes that the receiver metal M’ is an 
innocent u-acceptor such as Mo(CO)~ with no structural influence 
of its own. A recent theoretical study examined the effect of a 
late metal (d10) receiver with do CpZTi(SR)z, and found, rather 
than a planar MSzM’ core, a puckering of 15’ yielded the 
energetically preferred geometry.4 

The metal-sulfur bond of later (electron-rich) transition metals 
is dominated by a four-electron repulsive interaction which renders 
thiolate sulfurs more nucleophilic than in their free form.5 
Polymetallic species readily form, and some with LzNi(SR)Z as 
metalloligands are given in Table 11.68-h For the main part, the 
dihedral angles which define the NiSZM’ core are much smaller 

(3) Ashby, M. T. Comments Inorg. Chem. 1990, 10, 297. 
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27, 191. 
(6) (a) Barrera, H.; Bayon, J. C.; Suades, J.; Perucaud, M. C.; Brinaso, J. 

L. Polyhedron 1984,3,839. (b) Drew, M. G. B.; Rice, D. A,; Richards, 
K. M. J.  Chem. Soc., Dalton Trans. 1980,2075. (c) Wei, C. H.; Dahl, 
L. F. Znorg. Chem. 1970, 9, 1878. (d) Mills, D. K.; Hsiao, Y.-M.; 
Farmer, P. J.; Atnip, E. V.; Reibenspies, J. H.; Darensbourg, M. Y. J .  
Am. Chem.Soc. 1991,113, 1421. (e )  Farmer, P. J.;Solouki,T.;Mills, 
D. K.; Soma, T.; Russell, D. H.; Reibenspies, J. H.; Darensbourg, M. 
Y. J.  Am. Chem. Soc. 1992, I l l ,  4601. 
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Table 11. Comparison of LS-NiS and Dihedral Angles (NiS2/ 
M'S2) 

Notes 

& N i S  dihedral 
(deg) L(deg) ref 

[Ni(Ni(Ph2PCHzCH2CH2S)2)zI2+ 80.0 144.6 IC 
INilNi(OC(0)(CH~)CHS)2112- 86.7 115.0 lm 
iNi{Ni(NH;CH2CHzCH2S)&] 2+ 81.2 115.0 6a 
[Pd(Ni[S(CH2)2NH(CH2),NH(CH2)2S])2l2+ 86.6 121.8 6b 
[Ni{Ni(H2NCH2CH2S)2]2I2+ 84.0 113.0 6c 
[ (daco-bme)NiFeCl2]2 85.9 117.0 6d 
[Nil (daco-bme)Ni)2] 2+ 82.8 109.3 6e 

than those of Table I. Since receiver metals in these examples 
may be "noninnwent" and have their own structural demands, 
a useful comparison to the structures of Table I is a Ni-thiolate/ 
Mo(C0)4 heterometallic recently prepared in our laboratories 
and described below. 

Experimental Section 

Materials and Methods. All manipulations were performed using 
standard Schlenk techniques or in an argon atmosphere glovebox. 
Reagents were obtained from vendors and used as received. Dichlo- 
romethane was distilled over phosphorus pentoxide under nitrogen. 
Tetrahydrofuran, diethyl ether, and hexane were distilled from sodium 
benzophenone ketyl under nitrogen. Infrared spectra were rccorded on 
a Mattson Galaxy 6021 or an IBM IR/32 using 0.1-mm NaCl cells or 
KBr pellets. IH and I3C NMRspectra were obtainedon a XL200 Varian 
spectrometer. Cyclic voltammograms were recorded on a BAS-100A 
electrochemical analyzer using Ag/AgCl reference and Pto working 
electrodes with 0.1 M [n-BuN],[PF6] as electrolyte. Elemental analyses 
were obtained from Galbraith Laboratories. 

The ligand Ph2PCH2CH2SH7 and the complex (NBD)Mo(CO)4Ib 
(NBD = norbornadiene) were prepared as reported in the literature. The 
synthesis of Ni(Ph2PCH2HCzS)2 (1) was a modification of the reported 
preparations and is described el~ewhere.~ 

Ni(p-SCH~#Ph2) f lo (CO)4  (2). A 50" volume of CHzClz 
was added to a flask containing 1 (0.55 g, 1.0 mmol) and (NBD)Mo- 
(CO), (0.36 g, 1.2 mmol). The reaction mixture turned dark brown 
shortly after mixing. After the mixture was stirred for 18 h, the solvent 
was evaporated and the crude solid washed with 3 X 15 mL of hexane. 
Recrystallization from THF/Et20 gave 0.45 g (60% yield) of a brown 
powder: mp > 250 OC dec; 1R (Nujol, cm-') u(C0) 1990 (s), 1883 (s), 
1844 (s), 1830 (s); IR (THF, cm-I) u(C0) 2006 (s), 1883 (s), 1844 (vs). 
Anal. Calcd (found) for C ~ ~ H ~ O P ~ S ~ O ~ N ~ M O C I ~ :  C, 47.1 (46.7); H, 
3.59 (3.80). 

(NBD)MO(~XO).. This preparation is a modification of a reported 
synthesis.10 A0.30-g portion of (NBD)Mo(CO), was dissolved in 30 mL 
of hexane. The solution was transferred by cannula into a Pyrex photolysis 
cell which had been evacuated and backfilled three times with nitrogen. 
The vessel was evacuated and charged with 1 atm of 13C0 and photolyzed 
for 30 min using a 450-W Ace lamp. The yellow-brown solution was 
cannulated from the cell into a 100" Schlenk flask, and solvent was 
removed in vacuo. 

X-ray Structure Determination of 2. X-ray-quality crystals were 
obtained from THF/Et20. Data collection was performed on a Nicolet 
R3m/V X-ray diffractometer equipped with an oriented graphite 
monochromator. Collection parameters are listed in Table 111, while 
atomic coordinates and equivalent isotropic displacement parameters are 
in Table IV. The structure was solved by direct methods and refined 
using a full-matrix least-squares anisotropic refinement for all non- 
hydrogen atoms. Each molecule in the unit cell had a methylene chloride 
solvent of crystallization associated with it which was disordered between 

(7) Chatt, J.; Dilworth, J. R.; Schmutz, J. A. J .  Chem. Soc.. Dalron Trans. 

(8) Pfeiffer, E.; Pasauier, M. L.; Marty. W. Helu. Chim. Acra 1984. 67 
1979, 1595. 

. .  
(Fasc. 3), 654. 

Darensbourg, M. Y. Orgonomrtollics 1993, 12, 870. 

1977, 99, 896. 

(9) Hsiao, Y.-M.; Chojnacki, S. S.; Hinton, P.; Reibenspies, J. H.; 

(IO) Darensbourg, D. J.; Nelson, H. H.; Murphy, M. A. J .  Am. Chem. Soc. 

Table 111. Experimental Data for the X-ray Crystal Structure of 
N~(~-SCH~CH~PP~~)~MO(CO)~'/~CH*C~~ (1) 

chem formula C ~ ~ . S H ~ ~ O Q ~ S ~ N ~ M O C I  
fw 799.7 
space group monoclinic C Z / c  

(A) 34.88(5) 
9.586( 10) 
21.30(7) 

B (deg) 104.4(2) 
6896(25) 
8 z 

~(ca lc)  (g/cm3) 1.541 
temp ("C) -80 
radiation (A, A) 
abs cocff (mm-I) 1.224 

R (%la 6.8 
Rw (TI" 7.1 

b (A) 
c (A) 

v ('43) 

Mo Ka (0.710 73) 

min/max transm coeff l.oooo/l.oooo 

a Residuals: R = ZIFo-Fd/CFo; R1 = ( [ ~ w ( F , - F , ) z l / [ ~ w ( F , ) z l ~ ~ ~ 2 .  

Table IV. Atomic Coordinates (X104) and Equivalent Isotropic 
Displacement Parameters (A2 x 103) for 2 

X Y Z U(W)* 
3753(1) 
3622(1) 

0 
-193(4) 
4036( 1) 
3182( 1) 
4128(1) 
3 131 (1) 
3762(4) 
3797(3) 
4247(4) 
4548(3) 
3421(4) 
3 2 1 O( 3) 
3791(4) 
3820(3) 
4541 (3) 
4559(3) 
4584(4) 
4620(4) 
4295(5) 
3922(4) 
3876(4) 
4209(4) 
4287(4) 
4395(5) 
4420(5) 
4348(4) 
4244(3) 
42 18(3) 
2748(3) 
283 5 (4) 
3286(3) 
3343(5) 
3357(7) 
3285(7) 
3 203 (6) 
3200(4) 
2442(5) 
2174(6) 
2237(5) 
257 l(5) 
2844(4) 
2782(3) 

l68( 18) 

3691(1) 
4089( 1) 
2461(7) 
5351(10) 
2484(3) 
3027(3) 
487 l(3) 
5411(3) 
1734(14) 
690(10) 

3976( 13) 
4183(1) 
4355( 14) 
481 l(11) 
5760(14) 
6937(9) 
3013(11) 
45 5 1 (1 0) 
3441(11) 
2701(11) 
2344( 12) 
2749(14) 
3497(12) 
3845(11) 
7032( 14) 
8380(16) 
9384( 16) 
9070( 13) 
7701(11) 
6673( 11) 
4214( 12) 
5657( 1) 
8262(12) 
9602( 17) 
9782(22) 
8696(2 1) 
7372( 16) 
7 148( 12) 
5154( 19) 
4480(25) 
3141(22) 
2487(5) 
3 172( 12) 
4556( 13) 
4203(41) 

1821( 1) 
3148(1) 
2500 
2 1 7 1 (6) 
2947( 1) 
2345(2) 
3900(2) 
3221(2) 
1443( 7) 
1194(5) 
1574(6) 
1429(5) 
985(7) 
502(5) 

2061 (6) 
2108(4) 
3362(5) 
3 577( 6) 
501 2(6) 
5585(7) 
5799(6) 
5443(6) 
4870(6) 
4651(5) 
4835(7) 
5030(9) 
4598(10) 
3943(9) 
3723(6) 
4 18 l(6) 
2091 (6) 
2381(5) 
3205(8) 
3506( 12) 
41 3 1( 14) 
4482( 10) 
4211(7) 
3578( 7) 
3663(8) 
3931( 10) 
4139(8) 
4091(6) 
3825(5) 
3609(5) 
2408(21) 

"Equivalent isotropic Lr defined as one-third of the trace of the 
orthogonalized Ul, tensor. 

two positions. Both disordered molecules were seen to share one common 
chloride atom (positioned on the 2-fold axis), with the remaining chloride 
atomand thecarbon atomlocatedatgeneral positions. Thesiteoccupation 
factors of the carbon and one chlorine atom (both on general positions) 
of the methylene chloride molecule were constrained to one-quarter. This 
model was used in the final least-squares calculations.11 
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Table V. Selected Bond Distances (A) and Angles (deg) for 2 

Figure 2. Molecular structure of Ni(p-SCH2CH2PPh2)2Mo(CO)c1/2- 
CH2CIz (2). The solvent of crystallization has been omitted. The Ni- 
Mo distance is 2.998(9) A; other distances and angles are listed in Table 
V. 

Results and Discussion 
The room-temperature reaction of Ni(Ph2PCH2CH2S)z (1) 

with (NBD)Mo(C0)4 dissolved in CHzCl2 yielded a product 

1 

2 

whose v(C0) infrared bands were consistent with a compound 
of C, symmetry, assuming the most intense band is a composite 
of two (THF solution, cm-': 2006 (s), 1883 (s), 1844 (vs)). If 
the position of the lowest v(C0) absorption is taken as a 
comparative measure of the electron density transferred to the 
Mo(CO), moiety, one observes that the nickel-containing met- 
allothiolate ligand is a stronger donor than the thioether analogues 
(RSCH~CH~SR)MO(CO)~  (for R = Me, v(C0) 2016 (m), 191 1 
(vs, br), 1861 (s) cm-'; when R = i-Pr, v(C0) 2016 (m), 1905 
(vs, br), 1856 (s) cm-1).12 RelatedN2S2Ni metallothiolateligands 
display a donating ability to Mo(CO)~ similar to 1.13 In addition, 
1 is a stronger donor than is Cp2Ti(SPh)z: v(C0) of Cp2Ti(p- 
SPh)2Mo(C0)4, 2019 (m), 1942 (sh), 1924 (sh), and 1911 (s) 
cm-l.lb 

Crystallographic data analysis verified the rearrangement of 
1 to a cis square planar form on binding to Mo(CO)~ (Figure 2). 
The deviation from a least-squares plane containing Ni, P, and 
S atoms did not exceed 0.025 A for any atom. The ethylene arms 
connecting P to S are eclipsed across the Nip& plane, and two 
of the phenyl rings on adjacent phosphorus atoms are also arranged 
so as to eclipse each other. Table V lists selected bond lengths 

(1 1) All crystallographic calculations were performed on a pVaxII mini- 
computer with SHELXTL-PLUS rev 4.3 (G. M. Sheldrick, Institut ffir 
Anorganische Chemie dur Universitit, Tammannstrasse 4, D-3400, 
G(lttingcn, Federal Republic of Germany) supplied by Siemens Analytical 
X-ray Instruments, Madison, WI. 

( 12) Abel, E. W.; Budgen, D. E.; Moss, I.; Orrell, K. G.; Sik, V. J .  Orgunomet. 
Chem. 1989, 362, 105. 

( 1  3) The heterobimetallic Ni(p-bme-daco)Mo(CO), (where bme-dam = 
N,N'-bis(mercaptoethyl)-l,5-diazacyclooctane~4), prepared by a route 
similar to that presented here has the following v(CO1 IR bands in THF 
2004 (m), 1981 (s, br), 1856 (s), 1835 (s) (cm-I). 

Lengths 
N i S ( 1 )  2.224(8) M 0 - W )  1.943(17) 
N i S ( 2 )  2.237(7) 1.972( 14) 

Angles 
S( 1 ) - N i S (  2) 83.8(2) N i S ( I ) - C ( 5 )  107.9(4) 
S( l)-M&(2) 69.7(2) NiS(2) -C(19)  107.3(4) . .  
Pi1 j-Ni-P(2) io4.7i2j Mo-d(i)-cj(i j i72.4(14) 
P( 1) -NiS(  1) 86.2(2) Mo-C(2)-0(2) 178.4(12) 

N i S (  I)-Mo 75.9(2) M+C(4)-0(4) 170.0(11) 
NiS(2) -Mo 76.4(2) 

P( 2)-NiS(  2) 85.3(2) M 4 ( 3 ) - 0 ( 3 )  176.0(12) 

and bond angles for 2. The small LS-Ni-S of 83.8(2)O provides 
an even smaller bite angle to Mo, LS-MoS = 69.7(2)O, and the 
dihedral angle defined by NiSz and MoS2 is the smallest yet 
noted, 103.4'. This severe angle enforces an asymmetry on the 
Mo(CO)~ unit which places one CO group in close proximity to 
the nickel (Ni to C(4) distance = 2.992(9) 8,) and a Ni-Mo 
distance of 2.998(9) 8,. While it is tempting to ascribe the 
deviation of Mo-C(4)-0(4) from linearity (ca. 170°) to a direct 
Ni-C interaction, Mo-C( 1)-O( 1) also deviates from linearity 
by roughly the same amount. Furthermore, at the level of 
precision of this data, there is no significant difference in Mo-C 
distances. However, there is a trend in that the identical 
Mo-C(1) and Mo-C(4) bond distances, 2.05(1) A, are slightly 
longer than those Mo-C distances for the carbonyls that are cis 
to each other and trans to the sulfur donors (1.94(2) and 1.97( 1) 
A for Mo-C(2) and Mo-C(3), respectively). As emphasized in 
the view of the molecule in Figure 1, the CO groups that are trans 
to each other both bend away from the NiSzMo bridge (LC- 
(l)-Mo-C(4) = 169.1(6O)). The closest approach of the CHI- 
Cl2 molecule of crystallization to 2 is at O( l),  with a Cl(2)-O( 1 )  
distance (3.632(10) 8,) sufficiently long to rule out contact 
interaction. 

Coordination of the molybdenum carbonyl fragment to 1 and 
the concomitant isomerization of 1 lengthens the N i S  bond 
compared to Ni(Ph2PCH&H2S)2:9 2.174(1) A for 1 and an 
average of 2.231(7) 8, for 2. This is slightly greater than the 
N i S  lengthening due to S-alkylation in [Ni(Ph2PCH2CH2- 
SEt)2I2+ ( N i S  = 2.208(2) A) in which the sulfurs remain trans 
to each others9 The Ni-P distances showed a less marked 
difference than the Ni-S lengths: 2.186(1) 8, for 1 versus 
2.198(7) and 2.166(7) 8, for the heterometallic. Similarly, a 
pair of complexes containing cis-nitrogen and cis-sulfur donor 
sites show the same trend; namely the thiolate (bme-daco)Ni" 
(bmedaco = N, N'-bis(mercaptoethyl)-1,5-diazacyclooctane) and 
the S-methylated form [Mez-bme-daco)Ni]Z+ have the same 
Ni-N distances whereas the N i S  distances increase from 1.98 
8, in the thiolate to 2.20 A in the thioether deri~ative.1~ 

The 13C NMR spectrum of 2 was determined on CDCl3 
solutions of the TO-labeled bimetallic. Carbon- 13 enrichment 
utilized (NBD)Mo(13C0)4 as starting material for 2. The low- 
temperature 13C NMR spectrum consists of three sharp resonances 
at  -45 OC. Assuming a low-temperature solution structure 
consistent with that determined by X-ray crystallography, they 
are assigned as follows: The one at 221 ppm is assigned to 
equatorial carbonyls, and the two of approximately equal 
intensities at 217 and 206 ppm are assigned to nonequivalent 
axial carbonyls. At -10 O C ,  the carbonyl resonances in the 13C 
NMR began to disappear, and on further warming, no peaks 
were present. Typical reversible coalescence was not observed 

(14) Mills, D. K.; Reibenspies, J.  H.; Darensbourg, M. Y. Inorg. Chem. 1990, 
29, 4364. 
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as temperatures above room temperature degrade the bimetallic. 
If the sample is first elevated in temperature and then taken to 
the low-temperature regime, no resonances are noted in the NMR 
spectrum indicating loss of integrity of the bimetallic. 

Investigations into the relative stability of Ni(pSCH2CHz- 
PPh2)2Mo(C0)4 are summarized below. Solutions of the complex 
at 60 OC showed decomposition after 2.5 h; a green precipitate 
was Ni(PhzPCH2CH2S)2. At room temperature in noncoordi- 
nating solvents, the heterobimetallic was stable, but cleavage 
occurred in THF solutions over a 24-h period. The MO(C0)d 
fragment could be trapped on addition of PPh3 at room 
temperature leading to formation of cis-(PPh3)2Mo(C0)4 (v- 
(CO): 2020 (w), 1919 (w), 1907 (s), 1880 (m) cm-I). Intro- 
duction of 1 atm of carbon monoxide to a solution of the Ni/Mo 
complex also cleaved the bimetallic yielding, after 1 d of stirring, 
Mo(CO)~ as the only carbonyl-containing species in the infrared 
spectrum. 

fi(PhlPCHzCH1Sb + d0COlnQ. 

Notes 

" "0 I 

+ (pphs)2Mo(CO)4 

The cyclic voltammogram of N~(~-SCHZCH~PP~~)~MO(CO)~ 
in CHzCll shows a quasi-reversible wave centered at  -1.58 V 
assigned to NiI1/I (Pt electrode, referenced to Ag/AgNO3; A,!? 
= 0.12 V). In contrast, Ni(PhzPCH2CHzS)z has no reduction 
within accessible range under the same conditions (to -1.8 V). 
A stabilization of reduced nickel is achieved on alkylation. The 
[Ni(Ph2PCHzCH2SEt)2l2+ complex has both NiI1/I and Nil/O 
couples at -0.45 and -1.1 1 V, respectively, referenced to Ag/ 
AgNOs in C H ~ C ~ Z . ~  In this complex cation, bulk chemical 
reductions yield the Nio complex. Hence, although the Mo(C0)d 
moiety mediates the destabilizing effects of the pn-dr N i S R  

interactions, this acceptor metal is not as efficient at stabilizing 
low-valent nickel as R+ groups (Le., alkylation to form thioether 
donors). Cyclic voltammetry finds irreversible oxidations pre- 
sumed to be sulfur-based at +0.26 and +0.18 V for complexes 
1 and 2, respectively. 

Conclusions 

The crystal structure of L2Ni(p-SR)zMo(CO), provided 
opportunity to compare the structural effect of a square planar 
d8 metallothiolate ligand with early metal do and d2 cases. The 
very puckered Ni(p-SR),Mo core is suggested to be completely 
controlled by the nickel-containing fragment, as no other known 
MO(CO)~ compounds have angles which approach 1 0 3 O  (Table 
I). In contrast, Table I1 illustrates that the pertinent p-SR 
bimetallic complexes containing nickel have small dihedral angles 
(most <120°). Since these examples all involve sulfur donor 
sites tied into a chelate ring with its own structural restrictions, 
sweeping conclusions are unwarranted. Note, however, that the 
dihedral angles for d2 complexes given in Table I are most severe 
when NiII is present, that is, in [CpzMo(p-SBut)2NiCp]+ and 
{ [CpzMo(p-SMe)2]~Ni)~+. Hence it would appear that the 
4-electron destabilizing interaction of d8 Nil1 to SR- determines 
the severe dihedral angle. 

Interestingly, the small NiS2/MoS2 dihedral angle brings an 
axial carbonyl in the Ni/Mo complex in close proximity to the 
nickel. Although the complex seems well designed to engage in 
bimetallic activation of this CO group, there is no structural 
evidence to sugest that C(4)-0(4) is different from any other in 
the molecule. Slightly larger ligands (C02 or formate) might 
enjoy more propitious contact interactions. 
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