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Reactions of CpW(CO)2(µ-PPh2)Mo(CO)5 (1) with alkyl disulfides RSSR (R) Me, Et, Pr, Bun) in
refluxing dichloromethane yielded the series of new mixed-metal and mixed-ligand bridged compounds

CpW(CO)(µ-SR)2(µ-PPh2)Mo(CO)3 (R ) Me (4a), Et (4b), Pr (4c), Bun (4d)), CpW(CO)(µ-SR)2(µ-

PPh2)Mo(CO)(SR)2 (R ) Me (5a), Et (5b), Pr (5c), Bun (5d)), and CpW(CO)(µ-SR)2(µ-PPh2)Mo(CO)2-
(PPh2SR) (R) Me (6a), Et (6b), Pr (6c), Bun (6d)). All except6c were characterized by single-crystal
X-ray diffraction analysis. Formation of compounds4-6 indicates a general procedure for cleavage of
the S-S bonds of alkyl disulfides under mild conditions. Molecular structures of compounds6a,b,d
reveal the first transformation of the bridging PPh2 ligand of1 to give the hybrid ligands Ph2PSR (R)
Me, Et, Bun) via P-S bond formation. The average Mo-W bond distance (2.8255 Å) in the 34e dimers
(4a-d, 6a,b,d) is shorter than that in the 32e dimers (5a-d), 2.8494 Å. This appears quite unusual,
according to the 18e rule. DFT calculations have been performed to investigate this unusual observation.

Characterization of the substitution products CpW(CO)(µ-SMe)2(µ-PPh2)Mo(CO)2PPh2Me (7) and CpW-

(CO)(µ-SMe)2(µ-PPh2)Mo(CO)(COD) (8; COD ) cyclooctadiene) leads to the conclusion that carbonyl
ligands on the Mo sites are more labile than those on the W sites.

Introduction

The ligating behavior of organosulfur compounds to multi-
metallic sites and subsequent transformations are important in
different aspects. Organic sulfides such as RSH and RSSR are
the usual source of the thiolate SR ligands through activation
of the S-H and S-S bonds, respectively, in the synthesis of
thiolato complexes containing M-SR bonds.1,2 In addition, the
M-SR unit can transfer the thiolate ligand to other metal
centers, and thus, M-SR can act as a thiolate ligand source in
the synthesis of thiolato complexes.3

A facile activation of the S-S bonds of RSSR (R) Ph,

p-MeC6H4) by the reactive heterodinuclear complex CpW(CO)2-

(µ-PPh2)Mo(CO)5 4 (1) and formation of the 34e dimers CpW-

(CO)(µ-SR)2(µ-PPh2)Mo(CO)3 (R ) Ph (2a), p-MeC6H4 (2b))

and the 32e dimers CpW(CO)(µ-SR)2(µ-PPh2)Mo(CO)(SR)2 (R
) Ph (3a), p-MeC6H4 (3b)) were reported earlier.5a According
to the 18e rule, a double bond should exist between the Mo
and W atoms in the 32e dimer3a. However, the actual Mo-W
bond distance (2.8589(6) Å) in3a is not only considerably
longer than the reported ModW double-bond distance (2.702-
2.718 Å)6 but also longer compared to that of the 34e dimer2a
(2.8427(14) Å).5a To verify whether such a trend is general in
other 34e and 32e dimers, and to explore whether the electronic
or steric effects dominate, we have prepared a series of new

34e and 32e dimers by preparing them by reactions of alkyl
disulfides RSSR (with R) Me, Et, Pr, Bun) with the heterodi-
nuclear phosphido-bridged complex1, under mild conditions.
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DFT calculations have been performed to examine the real cause
of the increased Mo-W bond distance. Substitution of the
carbonyl ligands by weakπ-acceptor ligands, PPh2Me and
cyclooctadiene (COD), are also reported in this work.

Results and Discussion

A typical reaction of1 with alkyl disulfides RSSR (R) Me,
Et, Pr, Bun) in refluxing dichloromethane gave compounds of

the types CpW(CO)(µ-SR)2(µ-PPh2)Mo(CO)3 (R ) Me (4a),

Et (4b), Pr (4c), Bun (4d)), CpW(CO)(µ-SR)2(µ-PPh2)Mo(CO)-

(SR)2 (R ) Me (5a), Et (5b), Pr (5c), Bun (5d)), and CpW-

(CO)(µ-SR)2(µ-PPh2)Mo(CO)2(PPh2SR) (R) Me (6a), Et (6b),
Pr (6c), Bun (6d)) (Scheme 1).

These compounds are soluble in common organic solvents.
Compounds4a-d, 5a-d, and 6a,b,d were characterized by
single-crystal X-ray diffraction analysis. The molecular struc-
tures of4a-d (Figure 1 for4a) show that these compounds
are 34e mixed thiolato- and phosphido-bridged heterobimetallic
complexes (ORTEP drawings of4b-d, 5b-d, and 6b,d are
given in the Supporting Information).

Oxidative addition of RSSR to the Mo center in1 and
replacement of the CO ligands on the Mo site to form the
bridging SR ligand is the most likely reaction path. Molecular
structures of5a-d (Figure 2 for5a) show that these compounds
are 32e heterobimetallic complexes with mixed thiolato- and
phosphido-bridged ligands.

Compounds5a-d are the substitution products of4a-d,
respectively, in which two carbonyl ligands on the Mo site have
been replaced with two SR ligands in each case. Since the
terminal SR ligands in5a-d are one-electron-donors, these
compounds are 32e dimers with an additional Mo-W bond, as

compared to the 34e dimers in4a-d, to fulfill the 18e rule.
Moreover, compounds4a-d are the likely intermediates leading
to compounds5a-d, respectively. Isolated4adid not react with
an excess of MeSSMe in refluxing dichloromethane, but4agave
rise to5a in refluxing benzene (Scheme 1).

Formation of the Ph2PSR (R) Me, Et, Pr, Bun) Ligands
on 6a-d. Complexes6a,b,d (Figure 3 for6a) are formed by
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Scheme 1

Figure 1. ORTEP drawing of4a, with 30% thermal ellipsoids.
Hydrogen atoms are omitted.

Figure 2. ORTEP drawing of5a, with 30% thermal ellipsoids.
Hydrogen atoms are omitted.
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the substitution of one CO ligand on Mo by PPh2SR. Trans-
formation of PPh2 into PPh2SR has taken place via P-S bond
formation on the Mo sites, and fragmentation of the resulting
products may be the source of the PPh2SR needed in the
substitution reaction, as indicated by the low yield in the
formation of the complexes.

The participation of the bridging phosphido groups, in the
insertion of small molecules into the M-P bonds, leads to the
formation of unique bridging ligands, such asµ-R2PdX (X )
O,7 S,7 CH2,8 CRR9), alkenyl- and butadienylphosphines,10 and
diphosphines.11 The coupling of the bridging phosphido ligands
with CO and alkynes has been reported previously.12 Further-
more, the versatility of the phosphido groups is shown by the
reversible uptake of a hydrogen atom to form a terminal
phosphine13 and the possibility of reversible P-C bond cleav-
age.14 These transformations, flexibility, and versatility of the
bridging PPh2 ligand are known, including a recent report of
the interaction of a bridging PPh2 ligand with a benzene radical
to yield a PPh3 ligand.5a The formation of the PPh2SR ligands
via interaction of the bridging PPh2 ligand and the SR fragments
(from RSSR) is the subject of this paper.

In general, the thiophosphine ligands PPh2SR are capable of
undergoing intraligand thermal P-S bond cleavage and then
make more bridges by reactions of the still complexed, resulting

PPh2 and SPh fragments.15 In the present work, the ligands PPh2-
SR in 6a-d are spatially terminal and are linked to the Mo
sites. This is the most likely configuration, as the complexes
6a-d are already overcrowded by the SR and PPh2 bridges.
Formation of the complexes6a-d was not observed during
reactions between1 and aryl disulfides ArSSAr (Ar) Ph,
p-MeC6H4) under identical conditions.5a This indicates the lack
of availability of the PPh2SAr ligands for complexation. This
may be due to two reasons. First, the reaction paths, which are
followed by alkyl disulfides to react with the phosphido-bridging
PPh2 ligand in 1 to form PPh2SR, are not favorable for aryl
disulfides to give PPh2SAr. Second, the PPh2SAr ligands formed
by following paths similar to those for dialkyl disulfides or even
different paths might have been fragmented to PPh2 and SAr15

under identical conditions, since the P-SAr bond is weaker than
the P-SR bond (R) alkyl).16

Reactions of 4a with PPh2Me and COD. When a dichlo-
romethane solution of4a was heated at reflux for 16 h with
PPh2Me, compound7 was obtained. The benzene solution of
4a, when heated at reflux with COD for a much longer time
(120 h), gave compound8 (Scheme 2).

The MoWPS2 cores of7 and8 have geometries (Figures 4
and 5) similar to that of4a. In principle, both7 and 8 are
substitution products of4a, where carbonyl ligands on the Mo
site are replaced with PPh2Me and COD, respectively. Carbonyl
ligands areπ-acceptors. Due to the high oxidation state of Mo
in 4a, the availability of electron density on the Mo site for
back-donation to the carbonyl ligands is reduced. As a conse-
quence, the Mo-C bond is weakened compared to the W-C
bond, since the W site is attached to theπ-donor cyclopenta-
dienyl ring. This makes the carbonyl ligands on the Mo site
more labile than those on the W site.

X-ray Structures of Compounds 4a-d, 5a-d, 6a,b,d, 7,
and 8. Molecular structures of4a-d, 5a-d, 6a,b,d, 7, and8
have been determined by single-crystal X-ray diffraction anal-
yses. The experimental data and the selected bond distances
and bond angles are summarized in the Supporting In-
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Figure 3. ORTEP drawing of6a, with 30% thermal ellipsoids.
Hydrogen atoms are omitted.

Scheme 2
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formation.17a,bThe relevant bond lengths such as Mo-W, Mobr-
S, Moter-S, Mobr-P, Wbr-S, and Wbr-P and average values
of the acute angles (M-X-M, X ) S, P) of 4a-d, 5a-d,
6a,b,d, 7, and8 are given in Table 1.

The average Mo-W bond lengths of4a-d, 5a-d, 6a,b,d,
7, and 8 are shorter by 0.424 Å as compared to the Mo-W
(3.2054(16) Å) bond length in the parent compound1. The

shortening of the Mo-W bond distance in compounds4a-d,
5a-d, 6a,b,d, 7, and8 is expected, since the number of bridges
between the Mo and W sites is increased compared to that in
the parent compound1.5b

The bonding of Mo to the terminal sulfur atoms in5a-d
does not follow a predictable trend (Table 1). The Moter-S
bonds (2.3680 Å (av)) trans to the phosphido bridging ligand
and the Moter-S bonds (2.301 Å (av)) trans to the thiolato
bridging ligand differ by 0.067 Å (av) in bond distances. This
may be due to the trans influence of the bridging PPh2 ligand.
Furthermore, the Moter-S distances (2.3345 Å (av)) observed
in 5a-d are shorter by 0.1155 Å than the normal single Mo-S
bond (2.45 Å), which is calculated from Slater’s radii.18

However, they are clearly in the range observed for Moter-S17c

single-bond distances, which is 2.2335-2.579 Å. The shorter
Moter-S bond distances compared to the calculated normal
Mo-S single-bond distances can be attributed to the existence
of Mo-S π-bonding. Thus, the shorter Moter-S distances in
5a-d confirm the existence of theπ-bonding between molyb-
denum and sulfur atoms.

The 18e Rule and the Metal-Metal Bond Distances in
34e and 32e Dimers.Scheme 3 presents a sequence of metal-
metal bond distance variation in heterobimetallic mixed thiolato-
and phosphido-bridged complexes. The conversion of the
monophosphido-bridged 34e dimer1 into the 34e triply bridged
4a reduces the Mo-W bond distance by 0.3689 Å. This is due
to the increase in the number of bridges between the Mo and
W in 4a.5b However, the Mo-W bond distance (2.8521(7) Å)
in the triply bridged 32e dimer (5a) is not only considerably
longer than reported ModW double bonds (2.702-2.718)6 but
also longer compared to the distance in the 34e dimer4a. This
is apparently unusual according to the 18e rule.

Figure 4. ORTEP drawing of7, with 30% thermal ellipsoids.
Hydrogen atoms are omitted.

Figure 5. ORTEP drawing of8, with 30% thermal ellipsoids.
Hydrogen atoms are omitted.

Table 1. Relevant Bond Distances and Acute Angles of Compounds 4a-d, 5a-d, 6a,b,d, 7, and 8

compd Mo-W (Å)
Moter-S
(av) (Å)

Mobr-S
(av) (Å)

Wbr-S
(av) (Å)

Mobr-P
(Å)

Wbr-P
(Å)

M-X-M
(av) (deg)

CpW(CO)(µ-SMe)2(µ-PPh2)Mo(CO)3 (34e) (4a) 2.8365(7) 2.5570 2.4732 2.4674(15) 2.3860(15) 70.13
CpW(CO)(µ-SEt)2(µ-PPh2)Mo(CO)3 (34e) (4b) 2.8348(2) 2.5463 2.4727 2.4684(6) 2.3832(6) 69.67
CpW(CO)(µ-SPr)2(µ-PPh2)Mo(CO)3 (34e) (4c) 2.8249(8) 2.5445 2.4695 2.490(2) 2.388(2) 69.29
CpW(CO)(µ-SBun)2(µ-PPh2)Mo(CO)3 (34e) (4d) 2.8348(11) 2.5520 2.4680 2.488(3) 2.381(4) 69.56
CpW(CO)(µ-SMe)2(µ-PPh2)Mo(CO)(SMe)2 (32e) (5a) 2.8521(7) 2.3365 2.5475 2.4534 2.499(2) 2.3869(18) 69.59
CpW(CO)(µ-SEt)2(µ-PPh2)Mo(CO)(SEt)2 (32e) (5b) 2.8488(8) 2.3385 2.5570 2.4611 2.494(2) 2.389(2) 69.88
CpW(CO)(µ-SPr)2(µ-PPh2)Mo(CO)(SPr)2 (32e) (5c) 2.8511(6) 2.3313 2.5606 2.4579 2.496(17) 2.3916(17) 69.91
CpW(CO)(µ-SBun)2(µ-PPh2)Mo(CO)(SBun)2 (32e) (5d) 2.8458(5) 2.3326 2.5609 2.4630 2.4878(12) 2.3874(12) 69.78
CpW(CO)(µ-SMe)2(µ-PPh2)Mo(CO)2(PPh2SMe)

(34e) (6a)
2.8230(6) 2.5656 2.4625 2.4726(15) 2.3957(16) 69.15

CpW(CO)(µ-SEt)2(µ-PPh2)Mo(CO)2(PPh2SEt)
(34e) (6b)

2.8018(9) 2.5506 2.4787 2.4512(19) 2.391(2) 68.70

CpW(CO)(µ-SBun)2(µ-PPh2)Mo(CO)2(PPh2SBun)
(34e) (6d)

2.8226(5) 2.5567 2.4856 2.4411(15) 2.3925(15) 69.19

CpW(CO)(µ-SMe)2(µ-PPh2)Mo(CO)2(PPh2Me) (34e) (7) 2.8028(13) 2.5615 2.4805 2.449(2) 2.396(3) 68.57
CpW(CO)(µ-SMe)2(µ-PPh2)Mo(CO)(COD) (34e) (8) 2.8338(9) 2.5342 2.4670 2.4752(11) 2.4142(11) 69.62

Scheme 3
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We know that the metal-metal bond distances in these
dinuclear compounds are influenced by several parameters, such
as coordination numbers of the metal atoms as well as the
geometry of the M2S2 core.19 The compounds4a and 5a are
similar with respect to the ligand coordination (similar core
WMoS2P) and the number of bridges (1 P and 2 S). They differ
only in the number of valence electrons due to substitution of
two two-electron-donor carbonyl ligands by the oxidative
addition of two one-electron-donor terminal SMe ligands.
Although the formal oxidation states of Mo and W are changed
in 5a, the type of substituents attached to them should be the
dominant factor in determining the resulting bond distance.20

The steric effect of the alkyl group is excluded, as a similar
trend is also observed in other 32e and 34e dimers with SR
bonding where R is relatively bulky (R) Et, Pr, Bun, Ph5a)
(Table 1). Moreover, this trend not only is observed in the case
of the Mo-W dimers but also has been reported for Mo-Mo

distances in 32e Cp(CO)Mo(µ-SPh)3Mo(CO)(SPh)2 (2.8040-

(9) Å) and 34e Cp(CO)Mo(µ-SCH2Ph)3Mo(CO)3 dimers (2.779-
(4) Å).21 Thus, the trend of increasing the metal-metal bond
distance in the 32e dimers compared to the 34e dimers may be
electronic in nature. DFT calculations have been performed in
order to examine the possible explanations.

DFT Calculations. Crystal structure analysis indicates that
the Mo-W bond distance (2.843 Å) in2a is shorter than that
(2.859 Å) in3a.5a According to the 18e rule, the Mo-W bonds
in 2aand3ashould correspond to a single and double bond, re-
spectively. The metal-metal double bond in3a is unexpectedly
longer than the metal-metal single bond in2a. To better under-
stand the nature of the Mo-W bonding interactions in the two
compounds, we carried out molecular orbital calculations at the
B3LYP level of density functional theory. In the model com-
pounds (2a′ and3a′), hydrogen atoms were used to replace the
phenyl groups of the phosphine and thiolate ligands in our calcu-
lations. The important structural parameters calculated for the two
model compounds are shown in Figure 6, together with those
from the experimentally characterized compounds2a and3a.

Figure 6 shows that the theoretical calculations accurately
reproduce the experimental results, in which the formally

double-bond Mo-W distance in3a is longer than the formally
single-bond Mo-W distance in2a. To provide a reasonable
explanation for the unusual observation, we hypothesize that
the terminal Mo-S bonds in3a may have a double-bond
character as a result of the S(pπ) f Mo(d) ligand-to-metal dative
π-bonding interactions. Indeed, the natural bond orbital (NBO)
analysis22 indicates that the Wiberg bond indices (bond orders),23

which are a measure of bond strength, calculated for the terminal
Mo-S bonds (0.95 and 1.01) are more than twice those
calculated for the bridging Mo-S bonds (0.37 and 0.40). The
π-bonding interactions between Mo and the terminal thiolate
ligands imply that the Mo-W bond in3a is not a real double
bond, because the terminal thiolate ligands provideπ-electrons
for bonding with the Mo center.

To test the hypothesis mentioned above, we calculated a new

model compound, CpW(CO)(µ-SPh)2(µ-PPh2)Mo(CO)Cl2 (3a′′),
in which two chloride ligands were used to replace the two
terminal thiolate ligands in3a. Due to their greater electrone-
gativity, the chloride ligands are expected to have weaker
π-bonding ability in comparison to the thiolate ligands. As
expected, the Mo-W bond distance (2.892 Å) calculated for
3a′′ is shorter than that (2.913 Å) calculated for3a′ due to the
weakerπ-donating ability of the Cl ligands. To further confirm

the hypothesis, we calculated another model compound, CpW-

(CO)(µ-SPh)2(µ-PPh2)Mo(CO){S(O)H}2 (3a′′′), using-S(O)H
as the terminal ligands, and found that the Mo-W bond length
in 3a′′′ is significantly reduced to 2.854 Å, not only shorter
than that (2.913 Å) in3a′ but also shorter than that (2.868 Å)
in 2a′. Introduction of the oxo group in the-S(O)H ligands
further decreases theπ-donating ability of the terminal ligands.
In 3a′′′, it is interesting to note that one of the-S(O)H ligands
is coplanar with Mo, indicating aπ-dative bond with the Mo
center. When we constrained the two terminal-S(O)H ligands
to adopt pyramidal structures, the Mo-W bond distance
becomes the shortest (2.837 Å), as the pyramidal terminal
-S(O)H liands are incapable of donating their lone-pair
electrons to the Mo center and a real ModW double bond is
formed. Therefore, although the Mo-W bond in3a is formally
a double bond according to the 18e rule, the bond strength has
been significantly weakened, due to theπ-donation of the
terminal thiolate ligand. This is also supported by the observed
shorter Moter-S bond distances in 32e dimers compared to 34e
dimers (Table 1).

(17) In the Supporting Information: (a) see Tables 1Sa, 1Sb, and 1Sc
for experimental data; (b) see Tables 2Sa, 2Sb, 2Sc, and 2Sd for the selected
bond distances and bond angles; (c) see Table 3S for Moter-S bond distances
for a few mononuclear and binuclear molybdenum complexes.

(18) Slater, J. C.J. Chem. Phys.1964, 41, 3199.
(19) Kuhn, N.; Zauder, E.; Boses, R.; Blaser, D.J. Chem. Soc., Dalton

Trans.1988, 2171.
(20) Stevenson, D. L.; Dahl, L. F.J. Am. Chem. Soc.1967, 89, 3721.
(21) Dickson, R. S.; Fallon, G. D.; Jackson, W. R.; Polas, A.J.

Organomet. Chem.2000, 607, 156.

(22) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weihold, F. NBO,
Version 3.1.

(23) Wiberg, K. B.Tetrahedron1968, 24, 1083.

Figure 6. Selected structural parameters (bond lengths in Å) calculated for the model complexes together with experimental structural
parameters for2a and3a shown in parentheses.

444 Organometallics, Vol. 25, No. 2, 2006 Hossain et al.



Experimental Section

General Procedures.General procedures were the same as those
described in detail in the earlier work.5a

Reaction of 1 with Me2S2. To a dichloromethane solution (75
mL) of 1 (500 mg, 0.69 mmol) was added Me2S2 (260 mg, 2.76
mmol), and the mixture was heated at reflux for about 40 h. The
reaction mixture was evaporated to dryness. The residue was
dissolved in dichloromethane (10 mL), and the solution was
subjected to chromatographic separation using a silica gel column.
Two fractions were collected by elution with hexane and dichlo-
romethane (6:4), and the third fraction was collected using neat
dichloromethane. Evaporation of the first dirty green fraction gave
compound 4a. The second brown fraction was identified as
compound6a. The third reddish orange fraction afforded compound
5a after evaporation of the solvent.4a: yield 208 mg, 41%. Anal.
Calcd for C23H21O4PS2MoW: C, 37.50; H, 2.85. Found: C, 37.54;
H, 2.52. IR (CH2Cl2): ν(CO) 1992 (vs), 1960 (s), 1922 (m), 1845
(s) cm-1. 1H NMR (CDCl3): δ 7.62-7.21 (m, 10H, C6H5), 5.63
(s, 5H, C5H5), 2.45 (s, 3H, CH3), 1.39 (s, 3H, CH3). 31P{1H} NMR
(CH2Cl2): δ 132.5 (s).6a: yield 45 mg, 7%. Anal. Calcd for
C35H34O3P2S3MoW: C, 44.68; H, 3.62. Found: C, 44.62; H, 3.31.
IR (CH2Cl2): ν(CO) 1951 (vs), 1908 (vs), 1809 (vs) cm-1. 1H NMR
(CDCl3): δ 7.48-7.19 (m, 20H, C6H5), 5.50 (s, 5H, C5H5), 1.91
(s, 3H, CH3), 1.88 (s, 3H, CH3), 1.61 (s, 3H, CH3). 31P{1H} NMR
(CH2Cl2): δ 125.7 (d), 75.6 (d,2JP-P ) 31.10 Hz).5a: yield 32
mg, 6%. Anal. Calcd for C23H27O2PS4MoW: C, 35.66; H, 3.49.
Found: C, 35.72; H, 3.61. IR (CH2Cl2): ν(CO) 1971 (s), 1885 (s)
cm-1. 1H NMR (CDCl3): δ 7.61-7.26 (m, 10H, C6H5), 5.50 (s,
5H, C5H5), 2.81 (s, 3H, CH3), 2.55 (s, 3H, CH3), 2.43 (s, 3H, CH3),
2.18 (s, 3H, CH3). 31P{1H} NMR (CH2Cl2): δ 140.5 (s).

Reactions of 1 with RSSR (R) Et, Pr, Bun). To a dichlo-
romethane solution (75 mL) of1 (500 mg, 0.69 mmol) was added
Et2S2 (336 mg, 2.76 mmol), and the mixture was kept at reflux for
40 h and then concentrated to 10 mL. Silica gel chromatographic
separation using hexane and dichloromethane (6:4) gave compounds
4b, 6b, and5b as the first dirty green, second brown, and third
reddish orange bands, respectively.4b: yield 211 mg, 40%. Anal.
Calcd for C25H25O4PS2MoW: C, 39.26; H, 3.27. Found: C, 38.88;
H, 3.09. IR (CH2Cl2): ν(CO) 1991 (vs), 1959 (s), 1922 (m), 1846
(s) cm-1. 1H NMR (CDCl3): δ 7.61-7.22 (m, 10H, C6H5), 5.62
(s, 5H, C5H5), 2.79 (m, 1H), 2.55 (m, 1H), 2.09 (m, 1H), 1.71 (m,
1H), 1.37 (t, 3H, CH3), 0.87 (t, 3H, CH3). 31P{1H} NMR (CH2-
Cl2): δ 131.2 (s). 6b: yield 61 mg, 9%. Anal. Calcd for
C38H40O3P2S3MoW: C, 46.44; H, 4.07. Found: C, 46.05; H, 3.75.
IR (CH2Cl2): ν(CO) 1948 (vs), 1906 (vs), 1809 (vs) cm-1. 1H NMR
(CDCl3): δ 7.53-7.21 (m, 20H, C6H5), 5.57 (s, 5H, C5H5), 2.85
(m, 1H), 2.48 (m, 1H), 2.31 (m, 1H), 2.22 (m, 1H), 1.84 (m, 1H),
1.65 (m, 1H), 1.07 (t, 3H, CH3), 1.09 (t, 3H, CH3), 0.71 (t, 3H,
CH3). 31P{1H} NMR (CH2Cl2): δ 123.3 (d), 69.9 (d,2JP-P ) 30.29
Hz). 5b: yield 50 mg, 9%. Anal. Calcd for C27H35O2PS4MoW: C,
39.04; H, 4.22. Found: C, 38.89; H, 3.90. IR (CH2Cl2): ν(CO)
1968 (s), 1879 (s) cm-1. 1H NMR (CD2Cl2): δ 7.99-7.16 (m, 10H,
C6H5), 5.56 (s, 5H, C5H5), 3.61 (m, 1H), 3.42 (m, 1H), 3.25 (m,
1H), 2.89 (m, 1H), 2.76 (m, 1H), 2.63 (m, 1H), 2.39 (m, 1H), 2.04
(m, 1H), 1.43 (m, 6H, CH3), 1.02 (t, 3H, CH3), 0.91(t, 3H, CH3).
31P{1H} NMR (CH2Cl2): δ 138.3 (s).

The typical reactions of the disulfides RSSR (R) Pr (414 mg,
2.76 mmol) and Bun (767 mg, 2.76 mmol)) with1 (500 mg, 0.69
mmol in each case) and their workup produced the respective
compounds4c, 5c, 6c and4d, 5d, 6d.

For Pr2S2, data for the compounds obtained are as follows. First
dirty green band4c: yield 175 mg, 32%. Anal. Calcd for C27H29O4-
PS2MoW: C, 40.91; H, 3.66. Found: C, 41.25; H, 3.42. IR (CH2-
Cl2): ν(CO) 1990 (vs), 1959 (s), 1921 (m), 1845 (s) cm-1. 1H NMR
(CDCl3): δ 7.66-7.25 (m, 10H, C6H5), 5.64 (s, 5H, C5H5), 2.80
(m, 1H), 2.56 (m, 1H), 2.14 (m, 1H), 1.77 (m, 2H), 1.68 (m, 1H),
1.23 (m, 2H), 1.07 H, CH3), 0.79 (t, 3H, CH3). 31P{1H} NMR (CH2-

Cl2): δ 131.4 (s). Second brown band6c: yield 83 mg, 12%. Anal.
Calcd for C41H46O3P2S3MoW: C, 48.05; H, 4.49. Found: C, 47.92;
H, 4.52. IR (CH2Cl2): ν(CO) 1948 (vs), 1905 (vs), 1809 (vs) cm-1.
1H NMR (CDCl3): δ 7.54-7.11 (m, 20H, C6H5), 5.54 (s, 5H,
C5H5), 2.79 (m, 1H), 2.44 (m, 1H), 2.28 (m, 1H), 1.66 (m, 4H),
1.42 (m, 2H), 1.26 (m, 3H), 0.078 (m, 6H, CH3), 0.65 (t, 3H, CH3).
31P{1H} NMR (CH2Cl2): δ 123.6 (d), 70.6 (d,2JP-P ) 30.37 Hz).
Third reddish orange band5c: yield 31 mg, 5%. Anal. Calcd for
C31H43O2PS4MoW: C, 41.99; H, 4.85. Found: C, 41.83; H, 4.74.
IR (CH2Cl2): ν(CO) 1960 (s), 1874 (s) cm-1. 1H NMR (CDCl3):
δ 7.60-7.27 (m, 10H, C6H5), 5.51 (s, 5H, C5H5), 3.57 (m, 1H),
3.28 (m, 1H), 3.13 (m, 1H), 2.70 (m, 1H), 2.51 (m, 4H), 2.52 (m,
1H), 1.80 (m, 2H), 1.75 (m, 2H), 1.42 (m, 2H), 1.26 (m, 1H), 1.11
(t, 3H, CH3), 1.00 (q, 3H, CH3), 0.80 (t, 3H, CH3), 0.66(t, 3H,
CH3). 31P{1H} NMR (CH2Cl2): δ 138.8 (s).

For Bun
2S2, data for the compounds obtained are as follows. First

dirty green band4d: yield 232 mg, 41%. Anal. Calcd for C29H33O4-
PS2MoW: C, 42.44; H, 4.02. Found: C, 42.72; H, 3.65. IR (CH2-
Cl2): ν(CO) 1990 (vs), 1958 (s), 1921 (m), 1845 (s) cm-1. 1H NMR
(CDCl3): δ 7.65-7.25 (m, 10H, C6H5), 5.63 (s, 5H, C5H5), 2.85
(m, 1H), 2.58 (m, 1H), 2.15 (m, 1H), 1.72 (m, 3H), 1.50 (m, 2H),
1.19 (m, 4H), 0.94 (t, 3H, CH3), 0.82 (t, 3H, CH3). 31P{1H} NMR
(CH2Cl2): δ 131.5 (s). Second brown band6d: yield 59 mg, 8%.
Anal. Calcd for C44H52O3P2S3MoW: C, 49.53; H, 4.88. Found:
C, 49.47; H, 4.92. IR (CH2Cl2): ν(CO) 1948 (vs), 1905 (vs), 1809
(vs) cm-1. 1H NMR (CDCl3): δ 8.04-7.22 (m, 20H, C6H5), 5.54
(s, 5H, C5H5), 2.45 (m, 1H), 2.29 (m, 1H), 2.18 (m, 1H), 1.72 (m,
2H), 1.52 (m, 1H), 1.38 (m, 2H), 1.18 (m, 6H), 1.01 (m, 3H)),
0.91 (m, 1H), 0.79 (m, 3H, CH3), 0.71 (m, 6H, CH3). 31P{1H} NMR
(CH2Cl2): δ 123.6 (d), 70.6 (d,2JP-P ) 30.33 Hz). Third reddish
orange band5d: yield 72 mg, 11%. Anal. Calcd for C35H51O2PS4-
MoW: C, 44.55; H, 5.41. Found: C, 44.87; H, 5.20. IR (CH2Cl2):
ν(CO) 1968 (s), 1877 (s) cm-1. 1H NMR (CDCl3): δ 7.72-7.20
(m, 10H, C6H5), (d, 5H, C5H5), 3.61 (m, 1H), 3.47 (m, 1H), 3.26
(m, 1H), 2.94 (m, 1H), 2.72 (m, 2H), 2.40 (m, 1H), 1.77 (m, 3H),
1.66 (m, 1H), 1.52 (m, 3H), 1.41 (m, 3H), 1.27 (m, 4H), 1.07 (m,
3H), 0.95 (m, 6H, CH3), 0.85 (q, 3H, CH3), 0.72 (q, 3H, CH3).
31P{1H} NMR (CH2Cl2): δ 138.6 (s).

Reaction of PPh2Me with 4a. To a dichloromethane solution
(50 mL) of 4a (100 mg, 0.13 mmol) was added PPh2Me (52 mg,
0.26 mmol), and the mixture was heated at reflux for 16 h. After
concentration to 5 mL, silica gel chromatography using hexane and
dichloromethane (50:50) isolated7 as a brown band. Yield: 97
mg, 82%. Anal. Calcd for C35H34O3P2S2MoW: C, 46.25; H, 3.74.
Found: C, 46.35; H, 3.74. IR (CH2Cl2): ν(CO) 1947 (vs), 1906
(vs), 1802 (vs) cm-1. 1H NMR (CDCl3): δ 7.69-7.22 (m, 20H,
C6H5), 5.58 (s, 5H, C5H5), 2.39 (d, 3H, CH3, 2JP-H ) 6.71), 1.68
(s, 3H, CH3), 1.03 (s, 3H, CH3). 31P{1H} NMR (CH2Cl2): δ 122.2
(d), 25.5 (d,2JP-P ) 24.59 Hz).

Reaction of COD with 4a.To a benzene solution (50 mL) of
4a (200 mg, 0.27 mmol) was added cyclooctadiene (290 mg, 2.7
mmol), and the mixture was heated at reflux for 120 h. The solution
was then evaporated to dryness, and the residue was dissolved in
5 mL of dichloromethane. Silica gel chromatography using hexane
and dichloromethane (50:50) isolated compound8 as a second
orange band. The first dirty green band was unreacted4a (30 mg).
8: yield 41 mg, 23%. Anal. Calcd for C29H33O2PS2MoW: C, 44.16;
H, 4.18. Found: C, 44.07; H, 4.10. IR (CH2Cl2): ν(CO) 1933 (vs),
1841 (s) cm-1. 1H NMR (CDCl3): δ 7.55-7.09 (m, 10H, C6H5),
5.56 (s, 5H, C5H5), 5.05 (m, 1H), 4.77 (m, 1H), 4.63 (m, 1H), 3.33
(m, 1H), 2.93 (m, 2H), 2.59 (m, 2H), 2.35 (s, 6H, CH3), 2.10 (m,
2H), 1.98 (m, 2H).31P{1H} NMR (CH2Cl2): δ 75.8 (s). The yield
is calculated on the basis of reacted4a.

Reaction of 4a with Me2S2 in Dichloromethane. To a dichlo-
romethane solution (50 mL) of4a (200 mg, 0.27 mmol) was added
Me2S2 (101 mg, 1.1 mmol), and the mixture was heated at reflux
for 40 h. After concentration to 5 mL, silica gel column chroma-
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tography using hexane and dichloromethane (50:50) recovered
unreacted4a in 97% yield (97 mg).

Reaction of 4a with Me2S2 in Benzene.To a benzene solution
(50 mL) of 4a (200 mg, 0.27 mmol) was added Me2S2 (101 mg,
1.1 mmol), and the mixture was heated at reflux for 40 h. After
concentration to 5 mL, silica gel column chromatography using
hexane and dichloromethane (50:50) recovered unreacted4a (25
mg, 12.5%) and6a (25 mg, 11%) as the first dirty green and the
second brown bands, respectively, and then isolated5a (6 mg, 3%)
using neat dichloromethane. The yield is calculated on the basis of
reacted4a.

Crystal Structure Determination of 4a-d, 5a-d, 6a,b,d, 7,
and 8. The single crystals of4a,b,d, 5a,b, 6a, and 8 for X-ray
diffraction analyses were grown by slow evaporation of their
respective dichloromethane solutions layered with hexane, whereas
slow evaporation of the dichloromethane solutions of5d and 7
layered with toluene, of5c and6b,d layered with acetonitrile, and
of 4c layered with THF produce their respective X-ray-quality
crystals at 0°C. Crystals of all compounds were mounted on a
glass fiber. Data collections were performed with Mo KR radiation
(λ ) 0.710 73 Å) on Nonius KappaCCD and Enraf-Nonius CAD4
diffractometers.17aCell parameters were refined from 25 reflections
on an Enraf-Nonius CAD4 diffractometer. The unit-cell parameters
were obtained by a least-squares fit to the automatically centered
settings for reflections on the Nonius KappaCCD diffractometer.
Intensity data were collected by using theω/2θ scan mode.
Corrections were made for Lorentz and polarization effects. The
structures were solved by direct methods (SHELX-97).24 All non-
hydrogen atoms were located from the difference Fourier maps and
were refined by full-matrix least-squares procedures. Hydrogen
atoms were calculated and refined with an overall isotropic
temperature factor. Calculations and full-matrix least-squares refine-
ments were performed utilizing the WINGX program package25 in
the evaluation of values ofR(Fo) for reflections withI > 2σ(I) and
Rw(Fo), whereR ) ∑||Fo| - |Fc||/∑|Fo| and Rw ) [∑{w(Fo

2 -
Fc

2)2}/∑{w(Fo
2)2}]1/2. Intensities were corrected for absorption.

Computational Details. Molecular geometries were optimized
at the Becke3LYP (B3LYP) level of density functional theory.26

Frequency calculations at the same level of theory have also been
performed to identify all stationary points as minima (zero
imaginary frequency). The effective core potentials (ECPs) of Hay
and Wadt with a double-ú valence basis sets (LanL2DZ)27 were
used to describe Mo, W, P, and S atoms, while the standard 6-31G
basis set was used for C, O, and H atoms. Polarization functions
(ú(d) ) 0.421)28 were added for S and for P (ú(d) ) 0.34).28 All
the calculations were performed with the Gaussian 98 software
package.29
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