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Abstract 

Two d~molybdenum(II1) complexes with edge-sharing bloctahedral geometries have been synthesized and structurally 
characterized by three-dlmenslonal, single-crystal X-ray diffractometry. Both [(PrSCH,CH,SPr)Cl,MoJ&- 
SPr), O.SCH,Cl, and [(EtZPCH,CH2PEt,)CI,Mo],(~-SPr)2 where Pr IS n-propyl and Et IS ethyl (hereafter referred 
to as 1 and 2, respectively) crystallize m the monoclimc system with two formula umts per cell (C2im and P2,/ 
c, respectively) The Mo-MO bond distances of 2.682(6) A for 1 and 2.769(l) A for 2 are characterlstlc of Mo-MO 
double bonds. Bond lengths and angles are internally consistent and the van der Waals interactions are normal 
Utilizing cone angle calculations, a ‘hgand profile’ describes the sterlc bulk about the phosphorus atoms m 2 
looking down the Mo-P bonds. The resulting maximum half cone angles, 812, are 62+ 1.0” Compound 1 was 
prepared by a reaction involvmg carbon-sulfur bond cleavage, and separately, by a reactlon involvmg oxldative 
addltlon of PrSSPr across the MO-MO quadruple bond m Mo,CL,(PrSCH,CH,SPr),. Compound 2 was prepared 
from compound 1 by &and substitution. 
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Introduction 

Transition-metal complexes with edge-sharing bloc- 
tahedral structures have been the subject of a number 
of recent studies [l-lo]. Of particular interest is the 
extent to which metal-metal bonding occurs in these 
binuclear compounds, since M-M bond orders ranging 
from 0 to 3 are possible [ll]. In the case of dimolyb- 
denum(II1) complexes, significant metal-metal bonding 
is usually observed with MO-MO distances falling in 
the range 2.47-2.80 8, [l, 2, 41 However, at least one 
such complex is known to have an MO-MO distance 
of 3.730(l) A and no metal-metal bond [3]. It has been 
suggested that subtle changes in the electronic and 
steric properties of the hgands are responsible for loss 
of metal-metal interaction. Herem, we report the syn- 
thesis and structural characterization of two new dl- 
molybdenum(II1) complexes with edge-sharing bloc- 

*Authors to whom correspondence should be addressed. 

tahedral structures and compare their structural features 
with those previously reported. 

Several years ago, edge-sharing bioctahedral com- 
plexes of the type [(LL)Cl,Mo],(&GR),, where R=Et 
or Ph, were prepared by the oxidatlve addition of 
organic disulfides (RSSR) across the quadruple bond 
in (LL)Cl,Mo”MoCl,(LL) complexes, where LL=3,6- 
dithiaoctane (dto), 4,7-dithiadecane (dtd) and 1,2- 
bis(dimethylphosphino)ethane (dmpe) [12]. Two of 
these complexes (one with R = Et, LL= dto and the 
other with R = Et, LL= dmpe) were characterized by 
X-ray crystallography and both were shown to possess 
a central, planar (LL)MoS,Mo(LL) unit with two 
chlorine atoms above and two below this plane. In 
contrast, an analogous dlrhemum(II1) compound, 
[(dto)Cl,Re],(p-SEt),, was recently found to display a 
different ligand arrangement m which two of the chlorine 
atoms he within a planar ClSReS,ReSCl unit, while 
the other two chlorine atoms lie above this plane [13]. 
The dimolybdenum(II1) complex [(dto)Cl,Mo],(p-SEt), 
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was originally synthesized by a carbon-sulfur bond 
cleavage reaction between dto and [Cl,Mo A MoC1,14 _, 
while the dirhenium(II1) complex [(dto)Cl,Re]&-SEt>, 
could only be prepared by reaction of [Cl,Re”ReC1,]2~ 
with EtSSEt in the presence of dto. In this paper, we 
describe two new (LL)Cl,Mo(p-SR)2M~C12(LL) com- 
pounds for which R=Pr and LL= dtd or 1,2- 
bis(diethylphosphino)ethane (depe), one of which was 
prepared by an oxidative addition reaction as well as 
by a reaction involving carbon-sulfur bond cleavage. 
To our knowledge, no dimolybdenum(III) complexes 
containing dtd, depe or SPr hgands have heretofore 
been structurally characterized. 

Experimental 

1,2-Bis(diethylphosphino)ethane (depe) was pur- 
chased from Strem Chemicals, Inc., and 4,7-dithiadecane 
(dtd) from Columbia Organic Chemical Co., Inc. All 
preparations were carried out m HPLC grade solvents 
from Aldrich Chemical Co. The dimolybdenum com- 
pounds (NH,),Mo,CI,.H20 [14] and Mo,Cl,(dtd), [15] 
were prepared according to published procedures. All 
preparations were carried out under dry, positive pres- 
sure nitrogen. Visible spectra were recorded on a Perkin- 
Elmer Lambda 5 spectrophotometer. 

Preparation of Mo,(p-SPr)2Cl,(dtd), (I) 
Reaction of [Mo&]~- with dtd 
A mixture of (NH,),Mo,CI,. H,O (0.6192 g, 1.000 

mmol), dtd (1.91 ml, 10.0 mmol), and methanol (30 
ml) was refluxed for 22 h in an oil bath at 80 “C. The 
reaction was allowed to cool slowly to room temperature. 
After coolmg, the mixture was filtered m air through 
a medium glass frit. A fine yellow-brown precipitate 
of 1 was obtained. The product was rinsed with 20 ml 
ethanol, and dried in a vacuum desiccator. Yield 0.25 
g (30%). Anal. Calc. for: C, 31.43; H, 5.99; S, 22.88%. 
Found: C, 31.68; H, 6.04, S, 22.65%. 

Reaction of [Mo2C18J4- with PrSSPr and dtd 
A mixture of (NH,),Mo,Cl,*H,O (2.4770 g, 4.001 

mmol), dtd (2.00 ml, 10.4 mmol), propyldisulfide 
(PrSSPr) (1.88 ml, 12.0 mmol), 5 drops concentrated 
HCl and methanol (45 ml) was refluxed for 2 h m an 
oil bath at 78 “C. The mixture was allowed to cool 
slowly to room temperature overnight, then filtered 
through a medium glass frit. The resultmg solid was 
rinsed with 20 ml ethanol, dried in a vacuum desiccator, 
and characterized by Vis spectroscopy. Yield 2.52 g 
(75%). 

Reaction of Mo,Cl,(dtd), with PPrSSPr 
A mixture of (0.2763 g, 0.40 mmol) Mo,Cl,(dtd),, 

propyldisulfide (0.14 ml, 0.89 mmol) and dichloro- 
methane (20 ml) was refluxed for 2 h. The reaction 
mixture was cooled to room temperature, and 20 ml 
of hexane was added. The mixture was filtered through 
a medium glass frit, an additional 20 ml of hexane was 
added to the filtrate, and this solution was filtered 
again. A yellow-brown precipitate of 1 was obtained, 
rinsed with ethanol, dried m a vacuum desiccator, and 
characterized by Vis spectroscopy. Yield 0.22 g (55%). 
The crystals used for the X-ray crystallographic analysis 
were obtained from a solution of compound 1 m dich- 
loromethane that was allowed to slowly evaporate in 
open air. 

Preparation of Mo,(p-SPr),Cl,(depe), (2) 
A mixture of Mo,(,u-SPr),Cl,(dtd), (0.1292 g, 0.15 

mmol), 1,2-bis(diethylphosphino)ethane (0.61 mmol) 
and dichloromethane (20 ml) was refluxed for 21 h. 
There was no formation of precipitate, therefore the 
solution was concentrated to 50% of the original volume. 
To the concentrated solution, 20 ml of hexane was 
added to precipitate the product The resulting solid 
was collected on a medium glass frit, and dried in a 
vacuum desiccator. Yield 0.12 g (87%). Anal. Calc. for: 
C, 34.83; H, 6.97; S, 7.15%. Found: C, 34.88; H, 6.99; 
S, 7.00% The crystals used for the X-ray crystallographic 
analysis were obtained from a dichloromethane solution 
of compound 2 that was layered with hexane. 

Crystallographic analysis 
Conoscopic studies of single crystals of the title 

compounds provided evidence that the systems were 
biaxial (amsotropic in nature, optically birefringent). 
The flotation method was employed to determine the 
experimental densities for 1 and 2, 1.34(2) and 1.48(2) 
Mg m-3 (talc. 1.360 and 1.509 Mg mp3), respectively. 
Single crystals of 1 and 2 chosen on the basis of optical 
homogeneity were mounted on an Enraf Nonius CAD4- 
F autodiffractometer (MO K&, A =0.71073 A, 292 K) 
Three irregular-shaped crystals of compound 1 were 
used for the data collection due to X-ray beam sensitivity. 
The three data sets were corrected for decay (maximum 
correction of 1.46908, a mean loss in intensity of 27.2%) 
and Lorentz and polarization effects and then merged 
based on the intensity ratios of 50 reflections [16]. An 
empirical absorption correction was not feasible because 
of the decay process. Compound 2 was quite stable 
and therefore the data afforded a better structural 
solution (R =0.050) than that of 1 (R=0.115). Ac- 
cordmgly, only discussions related to the experimental 
procedures and results of 2 are presented. Nevertheless, 
Table 1 hsts experimental and statistical summaries for 
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TABLE 1. Expertmental and stattsttcal summartes of 1 and 2 

1 2 

Formula 
Crystal system 
Space group 
Radtatton 
h l?lCd” (A) 
T (K) 

a (A) 
b (A) 
c (A) 
P (“) 
v (A’) 
D, (Mg mm3) 
Q (Mg mm3) 
M, 

$000) (e-) 
p (MO KG) (mm-‘) 
A0 (“) 
Aw (“) (*26) 
R,,, 
R 
R, (R.,,) 
g (e-‘) (X 10m4) 
Residual denstty (e- A-‘) 

max. 
mm. 

GOF (C,) 

C22H50C14M02S6 0 5CH2C12 GH&t4MozP& 
monoclmic monoclunc 
C2/m (No. 12, CL) P2,/c (No 14, CL) 
MO Kti MO Kti 
0.71073 0.71073 
292 292 
10.76(2) 10.705(4) 
16.72(3) 20.285(2) 
12.14(8) 10 213(2) 
99 3(3) 117.25(2) 
2156(4) 1971.6(9) 
1.34(2) 1.48(2) 
1 360 1.509 
883.2 896.4 

2 902 2 924 
1 17 1.17 
1 s-20.0 1.5-2.5.0 
1.35”+0 34 tan0 1.30”+0.34 tan0 
0.038 0.039 
0.115 0.050 
0 118 (0.176) 0.059 (0.076) 

3(2) 2(l) 

2.33 1.14 
- 0.80 -069 
250 1.24 

TABLE 2. Fractional atomtc coordinates (X 103) and equivalent 
isotropic dtsplacement coefficrents (X 10’) for compound 1 

X Y * UCq* (A’) 

MO 0 80(L) 0 6(L) 
S(1) 79(l) 0 -135(l) 6(l) 
S(2) 90(l) 196(l) -102(l) 8(l) 
Cl(l) 198(l) 101(l) 120(l) 8(L) 
C(l1) 260(4) 0 - 97(6) 13(11) 

C(l2) 310(6) 0 - 187(6) 21(4) 
C(13) 450(4) 0 - 178(6) 12(3) 
CW) - 2(4) 218(3) - 234(3) 12(2) 
C(22) 48(6) 265(3) - 312(3) 16(3) 
~(23) 136(7) 230(4) - 362(6) 16(3) 
C(3) 62(3) 281(2) - 19(4) 14(2) 
C(9)b 187(7) 0 446(22) 18(6) 
Cl(9)b 305(6) 63(3) 464(3) 19(3) 

‘lJes 1s the isotroprc equivalent thermal parameter and IS defined 
as one-thnd of the trace of the orthogonalized U,, tensor. 
%olvent molecule solved with site occupancy = l/4. 

both studied systems and Table 2 presents the fractional 
atomic coordinates for compound 1. The intensity data 
were collected over the range 3.0 < 20 < 50.0” employing 
the ~-28 scan technique at a varied scan rate (0.49 to 
3.44” mind1 in w) which was determined by a fast 
prescan of 3.44” min-‘. The scan range (w) was 
1.30”+0.34 tan& All reflections having less than 75 

counts above background during the prescan were 
deemed unobserved. Periodic intensity measurements 
of two control reflections, monitored at 2 h intervals 
of collection time, revealed no sign of deterioration. 
Thus, the electronic hardware reliability and crystal 
stability were confirmed. Of the 3058 collected reflec- 
tions, 2818 were independent. After averaging 
(R,,, = 0.039), 2232 reflections fitted F > 6.00(F) and 
were included in the structural analysis. The standard 
deviations of the averaged data were determined as 
u(F,)= C[l.O2(F,)]/N, where N is the number of in- 
dependent measurements and o(F,) is the standard 
deviation for each individual measurement. Lorentz and 
polarization corrections were applied to the collected 
data as well as an empirical absorption correction 
(transmission coefficients: max. 1.386; min. 0.667) ac- 
cording to the program DIFABS [17]. Examination of 
the resultant data revealed the extinction conditions 
Ok0 where k = 2.n + 1 and h0Z where I= 2n + 1 which are 
consistent with space group R&/c. Additional exami- 
nation using an N(Z) analysis (cumulative probability 
distribution test) provided further evidence of a cen- 
trosymmetric system [18]. 

A crystallographic analysis (direct methods) of the 
reduced and averaged data using Siemens SHELXTL- 
PC [19] and electron density calculations revealed the 
locations of all non-hydrogen atoms. The hydrogen 
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atoms were generated with idealized geometry and were 
constrained (at 0.96 A from the carbon atoms) to ride 
on then respective bonding atoms wtth tsotroptc tem- 
perature factors fixed arbttrarily at U,,,= 0.08 A”. Several 
cycles varying the anisotropic thermal parameters of 
the non-hydrogen atoms and applying secondary ex- 
tinction correctron (g) to the data yielded final reliability 
factors and a ‘goodness-of-fit’ value (GOF, C,) of 1.24, 
see Table 1. The residual mdex factors are defined as 
R = CAFICF, and R, = CdhAFIChF,, where hF equals 
]lFOl- IF,]1 and th e weighting factor w is spectfied as 
w = ll[a’(F,) + 0.0037F2] where Ct~]~~l- lFclj was min- 
imized. The number of refined parameters was 173 
which generated a data-to-parameter ratio of 13:l. A 
final electron density map revealed a maximum peak 
of 1.14 e- A-” in the area of the molybdenum atom 
which is considered quite normal for heavy metal atoms. 
Elsewhere, only a random fluctuating background was 
observed. Atomic scattering factors and anomalous 
dispersion corrections applied to the scattering factors 
were taken from the usual source [20]. Final fractional 
atomic coordinates according to the atom labeling 
scheme in Fig. l(b) and isotropic equivalent thermal 
parameters are listed in Table 3. 

Results and discussion 

The preparation of [(dtd)Cl,Mo],(p-SPr), (1) by three 
different methods mirrors the previously reported syn- 
thesis of [(dto)Cl,Mo]&SEt),, by analogous means 
[12]. Especially noteworthy is the fact that carbon-sulfur 
bond cleavage occurs in the reaction between 
[CI,MO~MOC~,]~- and dtd, with the net reaction given 
in eqn. (1). 

[Mo,CI,]~- + 3PrSCH,CH,SPr(dtd) - 

Mo,(p-SPr),Cl,(dtd), + ‘C,H,’ + 4Cll (1) 

Whereas in the case of the dto complex, the best yield 
for such a reaction was only 12%, complex 1 has been 
repeatedly obtained in 30% yield by this procedure. 
Although it is possible that the subtle electronic changes 
on going from ethyl to propyl groups allows for the 
carbon-sulfur bonds to be broken more easily, we believe 
that sterrc effects may be more important. Assum- 
ing that the mechanism for these reactions involves 
initial coordination of dithioether (SS) to give 
(SS)Cl,Mo’MoCl,(SS), the greater steric demands of 
dtd versus dto ligands could serve to activate thts 
intermediate metal dimer toward rearrangement with 
formation of Mo-SR bonds. We are currently testing 
this idea by investigating the reactivity of 
[CI,MO~MOC~,]~- toward a variety of dithioethers. 

(b) 
Fig. 1 Computer generated drawmg of the title compounds, (a) 
1 and (b) 2, showing the atomic numbering schemes with hydrogen 
atoms (and solvent molecule m 1) omitted for clarity 

As mentioned, an empirical absorption correction 
was not possible for compound 1, and therefore, the 
crystal data allowed only a crude analysis of the structure. 
Table 4, however, presents selective and pertinent bond 
distances and angles related to complex 1, see Fig. l(a) 
for labelling scheme accordmg to Table 2. It should 
be stated that the component [S,MoS,MoS,] 1s planar 
with two chlorine atoms above and two chlorine atoms 
below the plane (Fig. l(a)). Figure 2(a) is a projected 
view of the molecular packing. 

The crystallographic data of [(depe)Cl,Mo]&-SPr), 
(2) best fits a monoclmic lattice, space group P2,lc 
with two molecules per unit cell. The lack of additional 
symmetry elements was verified by the program MIS- 
SYM [21]. Figure 2(b) is a packing diagram of the 
contents of the unit cell. The molecules within the 
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TABLE 3 Fracttonal atomtc coordinates (X 10“) and equrvalent 
tsotroptc dtsplacement coeffictents (X 103) for compound 2 

MO 5422( 1) 

Cl(l) 4526(2) 

Cl(2) 6560(2) 

C(1) 6010(7) 

C(2) 6823(S) 

P(1) 4565(2) 

C(11) 4070(7) 

C(12) 3887(8) 

C(21) 3174(7) 

C(22) 1794(g) 

P(2) 7494(2) 

C(31) 9051(7) 

C(32) 9901(g) 

C(41) 8248(7) 

~(42) 9270(g) 
s 6825(2) 

C(51) 6921(7) 

~(52) 8360(7) 

C(53) 8421(7) 

X Y 

5548( 1) 
6403(l) 
4975( 1) 
6872(4) 
7087(4) 
6321(l) 
5982(3) 
6474(4) 
6908(4) 
6612(4) 
6358(l) 
6112(4) 
5612(4) 
6740(3) 
7294(4) 
4994( 1) 
5463(3) 
5419(4) 
5825(5) 

* 

907( 1) 
- 963(2) 
3227(2) 
3476(7) 
2678(7) 
2346(2) 
3700(7) 
4719(7) 
1321(7) 

360(8) 
2101(2) 
3762(7) 
3488(g) 
1006(7) 
1720(g) 
-47(2) 

- 1534(7) 
- 1466(7) 
- 2677(7) 

Ueq” (AZ) 

26(l) 
41(l) 
38(l) 
51(L) 
48(l) 
35(l) 
41(l) 
60(l) 
49(L) 
70(l) 
34(l) 
55(l) 
67(l) 
41(l) 
64(l) 
31(l) 
35(l) 
40(l) 
57(l) 

alJcq IS the tsotroprc equivalent thermal parameter and IS defined 
as one-thud of the trace of the orthogonahzed U,, tensor. 

TABLE 4. Interatomtc bond lengths (A) and angles (“) for 
compound 1 

Mo-MO(a) 
Mo-S(1) 
Mo-S(2) 
Mc&I(l) 

S(l)-Mo-S(2) 
S(l)-Mo-CI( 1) 
S(l)-Mo-Cl(la) 
S(l)-Mo-S(la) 
S(l)-Mo-S(2a) 
S(l)-Mo-MO(a) 

2.682(6) 
2.38( 1) 
2.57( 1) 
2.408(8) 

83.5(3) 
96.8(3) 
92.6(3) 

111.3(4) 
164.1(3) 

55.7(2) 

S(l)-C(11) 193(5) 

S(2)-c(21) 1.78(4) 

S(2)-C(3) X79(4) 

S(la)-Mo-MO(a) 
S(2)-Mo-Cl(l) 
S(2)-MO-CI( la) 
S(2)-Mo-S(2a) 
S(2)-Mo-MO(a) 
M&j(l)-MO(a) 

55 7(2) 
79.4( 3) 
88 O(3) 
82 5(5) 

138 7(2) 
68.7(4) 

crystal are separated by normal van der Waals contact 
distances, i.e., no intramolecular contact distances in- 
volving non-bonded atoms are shorter than the sum of 
their respective van der Waals radii. Selective bond 
lengths and angles are presented in Table 5. All bond 
distances are internally consistent and in good agree- 
ment with other experimental values found in BIDICS 
[22] and the Cambridge Structure Database [23]. The 
mean P-C bond length is 183(l) A. The phosphorus 
atoms are tetrahedrally coordinated with an average 
MO-P-C angle (115.6”) larger than ideal&y and an 
average C-P-C bond angle (102.5”) less than ideal. 
These differences can be attributed to steric hindrance 
caused by the bulkiness of the geometry about the 
molybdenum atoms. The ‘bite’ angle of the two phos- 
phorus atoms (P(l)-MO-P(~), 78.3”) brought about by 
the ethane bridging which displays distinct puckering, 
also contributes to the angular distortions of the di- 

(b) 
Fig. 2. The molecular packing arrangements for the asymmetrtc 
unit of (a) 1 and (b) 2 with hydrogen atoms onntted 

phosphine groups. Regardless, the mean angles about 
atoms P(1) and P(2) are both 109.0”. The bond lengths 
associated with all hydrocarbon atoms are quite normal 
(mean value is 1.50 A). Another important structural 
feature is the planarity of atoms P(l), P(2), MO, S, 
S(a), MO(a), P(la) and P(2a) with a mean deviation 
of 0.044 8, and of atoms Cl(l), C1(2), MO, Mo(a , 
Cl(la) and Cl(2a) with a mean deviation of 0.008 d , 
see Fig. 1. These planes are orthogonal, with a dihedral 
angle of 89.95”. The molecule displays an obvious and 
classical example of a center of inversion. 

The ligand profile of the two phosphine ligands can 
be represented in terms of a cone angle. The steric 
bulk about the two phosphorus atoms is viewed down 
the molybdenum-phosphorus bonds. The concept of 
the cone angle, 8, a measure of steric bulk for phosphme 
ligands, was initiated by Tolman [24, 251, whose work 
was followed by the development of the rotational 
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TABLE 5 InteratomIc bond lengths (A) and angles (“) for compound 2 

Mo-Cl(l) 2 427(2) 
Mo-Cl(2) 2 410(2) 
M*S 2 411(2) 
M&S(a) 2 415(2) 
Mo-P( 1) 2 587(3) 
Mo-P(2) 2.574(2) 
M*Mo( a) 2.769(l) 
s-C(X) 1.836(8) 
C(51)-C(52) 1.512(11) 
C(52)-C(53) 1512(12) 

Cl(l)-Mo-Cl(2) 163 3(l) 
Cl(l)-Mo-P(1) 84 2(l) 
Cl(l)-M-P(2) 82 l(1) 
Cl( l)-Mo-S 96 3(l) 
Cl(l)-Mo-S(a) 94 O(1) 
Cl(l)-M+Mo(a) 99 O(1) 
C1(2)-M-P(l) 83 4(l) 
C1(2)-M-P(2) 84.5(l) 
‘J(2)-M+S 92.5(l) 
Cl(2)-M-S(a) 96.3( 1) 
C1(2)-Mo-MO(a) 97.7( 1) 
P( 1)-M-P(2) 78 3(l) 
P( 1,2)-Mo-S,S( a) 164 O(1) 
P(1,2)-MO-&S(a) 85 9(l) 
P(1,2)-Mo-MO(a) 140 8(l) 
S-MO-S(a) 110 O(1) 
S-MO-MO(a) 55 l(1) 
S( a)-Mo-Mo( a) 54 9(l) 
MeS-MO(a) 70 O(1) 
Mo-S-C(51) 111 9(2) 
MO(a)-S-C(51) 111 l(2) 

P(l)-C(1) 
P(l)-C(l1) 
P( l)-C(21) 
P(2)-C(2) 
P(2)pC(31) 
P(2)-C(41) 
C(l)-C(2) 
C(ll)-C(12) 
C(21)-C(22) 
C(31)-C(32) 
C(41)-C(42) 

M+P( 1)-C(l) 
Mo-P(l)-C(11) 
M-P(l)-C(21) 
C(l)-P(l)-C(l1) 
C(l)-P(l)-C(Z) 
C(ll)-P( l)-C(21) 
Mo-P(2)-C(2) 
Mc+P(2)-C(31) 
Mo-P(2)-C(41) 
C(2)-P(2)-C(31) 
C(2)-P(2)-C(41) 
C(31)-P(2)-C(41) 
P( l)-C(l)-C(2) 
P( l)-C( 1 l)pC( 12) 
P( l)-C(21)-C(22) 
P(2)-C(2)-C( 1) 
P(2)-C(31)-C(32) 
P(2)-C(41)-C(42) 
S-C(51)-C(52) 
C(51)-C(52)-C(53) 

1.828(7) 
1 826(9) 
1818(7) 
1 W(9) 
1.821(6) 
1X24(9) 
1.504(13) 
1.518(11) 
1.476( 10) 
1 474(13) 
1 504( 10) 

108 2(3) 
120 2(2) 
1X7(3) 
101 9(3) 
101.3(3) 
103 7(4) 
106 5(2) 
119 3(3) 
120.5(2) 
104 l(3) 
101 6(4) 
102 3(4) 
111 6(5) 
116.4(5) 
115.0(6) 
110.2(5) 
113 l(5) 
116.7(5) 
111.9(4) 
110 7(5) 

angle, 4 [26-281. A hgand profile (or silhouette profile) 
yields a numerlcal value that represents the steric bulk 
of the ligands. This value can then be employed to 
predict conformations and evaluate steric demands as 
well as reaction rates and mechanism. The outline 
(silhouette) is clearly seen in Fig. 3. The maximum 
(minimum) half cone angles, o/2,,,, about the two 
phosphorus atoms in this compound are both 62(37)“, 
e.s.d.s + 1.0”. These values have been calculated from 
crystallographic data which also developed the polar 
ligand profile. 

As mentioned above, two complexes of the type 
[(LL)Cl,Mo],(p-SEt), with structures similar to com- 
pounds 1 and 2 were previously reported [12]. In these 
earlier complexes, LL is either 3,6-dithlaoctane (dto) 
or 1,2-bis(dimethylphosphino)ethane (dmpe) All four 
complexes are edge-sharing bioctahedra with 
metal-metal double bonds, two bridging thiolates and 
two terminal chelating hgands. The chelates are po- 
sitioned so as to occupy the furthest possible distance 
from each other. In each compound, the equatorial 
plane consists of either [S,MoS,MoS,] or [P,MoS,MoP,] 
and the Cl atoms he in the perpendicular apical plane. 

Fig 3 Llgand profile (fV2 vs. 4) lookmg down the Mo-P(1,2) 
bond of compound 2. Smce both profiles are precisely allke 
(superimposable), only one profile IS shown 
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TABLE 6. Comparison of bond distances (A) and angles (“) for the two dlthloether complexes [(LL)CI,MO]&SR)~, where R=Et 
or Pr and LL= dto or dtd 

Distance or angle [(dto)C1,Molz(~-SEt)2 [(dtd)C1,MolZ(/l.-SPr), (1) 

Mc+Mo 
M&S,” 
M+S 
Mc+Cl 
Mo-&-MO 
Sb-Mo-Sb 
M*Mo-S 
Cl-Mc+CI 
MC+Mo-Cl 

a& denotes bridging sulfur atom. 

2 682( 1) 2 682(6) 
2.402(2) 2 38(l) 
2.579(l) 2.57(l) 
2.403(l) 2 408(8) 

67.90(3) 68.7(4) 
112.10(3) 111 3(4) 
138 81(3) 138 7(2) 
163.04(3) 163 2(4) 
98.42(3) 98 4(2) 

TABLE 7. Comparison of bond distances (A) and angles (“) for the two dlphosphme complexes [(LL)Cl,Mo]&-SR),, where R=Et 
or Pr and LL = dmpe or depe 

Distance or angle [(depe)C1,Mol,(CL-SPr), (2) 

Mo-MO 
MCFS 
Mo-P 
Mo-Cl 
MC&-MO 
S-MO-S 
Mo-Mo-P 
P-Mo-P 
Cl-MO-Cl 
MO-MO-Cl 

2.712(3) 2 769( 1) 
2.411(4) 2.413(2) 
2 541(3) 2 581(3) 
2.417(3) 2.419(2) 

68 5(l) 70 O( 1) 
1115(l) 110 O(1) 
140.3( 1) 140 8( 1) 

79.5(2) 78 3( 1) 
162 9(2) 163.3( 1) 

98 55(S) 99.0( 1) 

The coordinatton spheres of [(dto)Cl,Mo],(+SEt), 
and [(dtd)Cl,Mo]&-SPr), (1) are remarkably simtlar. 
A comparison of bond distances and angles is found 
in Table 6. The central portions of the diphosphine 
complexes (Table 7) [(dmpe)Cl,Mo]&-SEt), and 
[(depe)Cl,Mo],(&Pr), (2) are also quite similar, but 
these complexes are not as closely related as the dt- 
thioether compounds. The most obvious dissimilarity 
1s the lon er MO-MO bond distance in compound 2 
(2.769( 1) 1 ) compared to the previously reported dmpe 
compound (2.712(23) A) It seems likely that this dif- 
ference is due to the greater steric bulk of the ligands 
in compound 2 (both of depe versus dmpe and dtd 
versus dto), which presumably forces the MO atoms 
further apart. 

The metal-metal bonding in these complexes has 
been described in terms of a a%*(6 or 5,)’ electronic 
configuration, in which the weakly bonding 6 and weakly 
antibonding 6* orbitals are very close in energy and 
their ordering uncertain [12]. Thus the MO-MO bond 
order is best described as approximately 2, and the 
MO-MO distances are consistent with this assignment 
[l]. Also consistent with this description are the visible 
spectra for these complexes, which are discussed here 
for the first time. 

Each complex exhibits a fairly strong electronic ab- 
sorption maximum between 440 and 480 nm and a 
much weaker absorption maximum between 700 and 
760 nm. For [(dto)Cl,Mo]&SEt), and [(dtd)- 
Cl,Mo],(p-SPr), (l), the weaker absorption maximum 
occurs at 712 nm, while for [(dmpe)C1,Mo]z(~-SEt)2 
and [(depe)Cl,Mo],(p-SPr), (2), the weak peaks are 
centered at 720 and 750 nm, respectively. Assuming 
that these absorption peaks are due to either a 6+6* 
or a 6* -+ 6 transition, the red shift on going from the 
dithtoether complexes to the diphosphine complexes is 
easily explained. For [(dto)C1,Mo],(p-SEt)2 and 
[(dtd)Cl,Mo]&-SPr), (l), the MO-MO bond distances 
are indistinguishable at 2.68 A, while this distance is 
2.71 8, in [(dmpe)Cl,Mo],(p-SEt), and 2.77 8, in 
[(depe)Cl,Mo]&-SPr), (2). This lengthening of the 
Mo-MO bond most certainly narrows the energy gap 
between the 6 and 6* orbitals, since S overlap is especially 
sensitive to changes m metal-metal distances. Thus the 
a-,6* or 6* --) S transition energies for the dto and 
dtd complexes would be expected to be essentially 
identical, while this transition energy for the dmpe 
complex should occur at higher wavelength and that 
for the depe complex should fall at still higher wave- 
length. Thus is exactly what 1s observed. 
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Supplementary material 

Structure factors and anisotropic thermal parameters 
are available from author D.F.M. 
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