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Phosphido-bridged dimolybdenum complexes with sulfide and thiolate
ligands as precursors to mixed-metal clusters
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Abstract

Treatment of [Mo,( u-HX p-PPh, XCO),(1-CsHj),] with an excess of a thiol, RSH, in refluxing toluene produced the novel
quadruply-bridged compounds [Mo( 12-8),( -SRX p-PPh, X9-C5H,),] (7a, R = Et; 7b, R = Pr'; 7¢, R = Bu'; 7d, R = p-C H Me; 7e
R = C,,H,;) in moderate to good yield. The sulfur ligands in the product are formed by dealkylation of the thio! at the dimolybdenum
centre. The reaction is proposed to proceed via the unstable intermediate species [Mo,( u-SRX p-PPh, XCO)(n-CsHs), ], which could
not be isolated in a pure form. Reaction of 7a-d with [Ru,(CO),,] in refluxing tetrahydrofuran (thf) produced good yields of the
mixed-metal clusters [Mo,Ru,( p24-8):( p-SRX p-PPh, XCO)(9-CsHi), ] 9: the X-ray crystal structure of the Et-substituted complex 9a
has been determined. ‘The cluster consists of a tetrahedral metal core with both Mo, Ru faces capped by triply bridging sulfides. The
phosphido group bridges the Mo—~Mo bond. whereas the thiolate ligand has migrated to the Ru-Ru edge. © 1997 Elsevier Science S.A.

1. Introduction (RhW) complex, by way of an intermediate with a
bridging thiolate ligand [6).

Molybdenum complexes with sulfur-based ligands

have been extensively studied for a number of yeurs, R

and display an extremely rich and varied reaction chem- s

istry [1]. Interest in such compounds stems both from g

their oceurrence in biochemical sysiems such as nitroge- “ (06)4%%;5““’%(@ e
nase, and from their relevance to important industrial Mo """""" Mon \M \
processes, particularly hydrodesulfurisation, which em- s/ ,?/ ¢ ,"" ~y
pluys a heterogencous molybdenum-cobalt sulfide cata- M

lyst {2). Dinuclear molybdenum complexes have been
shown to act as models for some of the processes which
occur on the catalyst surface [3], and a mixed-metal )
cluster derived from a dimolybdenum precursor, the
unsaturated species [Co,Mo,( p.-8),( 1 ,-SNCO),(n-

0.
c’%

CsH Me), ], has been shown to be capable of removing
sulfur from a range of organic substrates in solution [4];
moreover this and similar clusters have given rise to
active hydrodesulfurisation catalysts after deposition on
suitable supports and treatment with H,S [5). Recently
the homaogeneous hydrodesulfurisation of benzothio-
phene has been achieved in a dinuclear heterobimetallic
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We recently reported an improved route to the
quadruply bridged compounds [Mo,( p-8),( u-SR),(7-
C,Hy),] (1a, R=Et; 1b, R =Pr' ), and their subse-
quent reaction with [Ru,(CO),,] to give the tetrahedral
mixed metal clusters [Mo,Ru,(u,-8),( u-
SR),(CO),(1-CsH,),] 2 [7]. In the products, une of the
thiolate ligands has migrated from the Mo-Mo bond to
the Ru-Ru edge. We have previously communicated
the synthesis of the related complexes [Mo,( u-8),( p-
SR p-PPh, )(7-CsH 4),), in which one of the thiolate
bridges in 1 is replaced by a phosphido group [8].
Prompted by the findings above, we were interested in
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discovering whether similar mixed-metal clusters could
be synthesized from these, and if so, whether it would
be the thiolate ligand or the phosphido bridge which
would migrate over the cluster framework. Here we
present full details of the synthesis of the dimolybde-
num precursors with improved yields, and the results of
their reactions with ruthenium carbonyl.

2. Results and discussion
2.1. Dimolybdenum complexes

We initially investigated the reaction of [Mo,( u-
H)X u-PPh, XCO),(1-C,H,),] 3 with thiols in the ex-
pectation that it would provide a route to the mixed
ligand species [Mo,( u-SRX u-PPh,XCO),(n-C4H,),]
4. Complex 3 is known to react with further PPh,H to
give the bis-phosphido complex [Mo,( u-
PPh,),(CO),(n-C4H,),] 8, which can also be prepared
by the reaction of [Mo,(CO),(n-C H,),] with P,Ph,
[9). Moreover the bis-thiolato complexes [Mo,( u-
SR),(CO),(n-C H,),] 6 are also known to be accessi-
ble through a similar reaction of [Mo,(CO)¢(-C H,),)
with RSSR [10). The synthesis of a mixed-ligand species
therefore seemed an achievable goal.

In the event, complex 3 reacted only rather slowly
with thiols in refluxing toluene, and in each case two
products, the first green and the second purple, were
formed. We believe that the green compounds are in-
deed (Mo,( u-SRX yu-PPh, XCO),(n-CH;),] da~e, but
it has proved impossible to characterise them owing to
their instability. Whereas the bis-thiolato complexes 6
are air-stable and the bis-phosphido complex § decom-
poses only very slowly in air to give a mixture of the
isolable oxo species cis and  trans-[Mo,(OX u-
PPh,),(COX7n-C,H;),], the mixed-ligand analogues
decompose to largely insoluble red-brown materials even
on standing under argon or in a vacuum. However the
solution IR spectra of 4 are very similar to those of §
and 6 (which are also green in colour) and the few
spectroscopic data we were able to obtain are all consis-
tent with this formulation.

The purple products were characterised as the
Quadruply-bridged Mo(IV) complexes [Mo,( u-S),( -

7aR=§&t
(i) TbR=Pr
7cR="Bu
g 7dR = pCetMe
TeR=CyHys

84 R = pCyH Me

Scheme 1. Synthesis of the dimolybdenum complexes and tetranu-
clear clusters. Reagents and conditions: (i) RSH, 5 equiv.. toluene,
reflux, 48 h, then more RSH or S (see text); (i) [Ru(CO),, | thf,
reflux, 1 h,

SRX u-PPhy Xn-CH,),] Ta~e (see Scheme 1). The IR
spectra confirmed the loss of all the carbonyl ligands,
while the 'H-NMR spectra showed signals for phenyl
rings, n-C H ligands and the R group in appropriate
integral ratios (see Section 3). The low field shift of the
cyclopentadienyl protons (around 8 6.4) is characteris-
tic for quadruply-bridged structures of this type. Sulfu-
inversion at the bridging thiolate lgand must be slow on
the NMR timescale, as shown by the observation of two
doublets for the ipso carbon atoms of the PPh, group in
the “C-NMR spectra. This is also the case in (Mo,( p-
$),(#-SR),(n-C4H,), ), allowing the existence of two
separable isomers depending on the syn or anti orienta-
tion of the R groups [11]. Very small signals due to the
bis-thiolate complexes 1 could be discerned in the NMR
spectra of 7, implying that a ligand exchange process
involving loss of the phosphido group occurs to a small
extent during the reaction. Complex le is separable
from 7e by chromatography, whereas la-d can be
removed by recrystallisation.

Complex Te was prepared from the involatile dode-
cane-1-thiol in order to determine the fate of the alkyl
group during desulfurisation. Gas chromatography anal-
ysis of the liquid remaining after removal of the solvent
showed that the main product was dodecane, with only
trace amounts of dodec-1-ene (by comparison with au-
thentic samples). A control reaction confirmed that the
thiol itself was unchanged after heating under similar
conditions. It therefore appears that, as in the related
systems studied by Curtis [12), dealkylation occurs by
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C-S bond homolysis with the resulting alkyl radical
scavenging a hydrogen atom from the solvent.

In our original communication the yields of 7 were
described as rather low, typically 15%. To obtain syn-
thetically useful quantities we have now modified the
reaction conditions to give better yields. After a reaction
time of 48 h, the reaction mixture consists of green 4
and purple 7. Addition of further thiol at this stage and
continued refluxing results in the gradual disappearance
of 4 and production of increased amounts of 7, implying
that (as expected) the former is an intermediate in the
formation of the latter. In order to confirm this, the
green product obtained from a synthesis of 7b was
separated chromatographically and heated with a further
excess of thiol. This did indeed result in the formation
of 7b, but a second product was also isolated and
tentatively identified as [Mo,O(S) u-SPr'X u-PPh, X7-
CsH;),] 8. We attribute this to the presence of an
oxidation product, presumably [Mo,O( u-SPr') u-
PPh,COX%-C,H;),] by analogy with those derived
from 5, in the starting sample of 4b. The characterisa-
tion of 8 is based on its IR spectrum (no carbonyl
absorptions, but a clear Mo=0 absorption at 891 cm™ '),
mass spectrum and 'H- and *' P-NMR specua. Thus, in
the 'H-NMR spectrum the C,H, ligands are inequiva-
lent, and their chemical shift values (8 5.16 and 5.49)
suggest that the compound is not a quadruply-bridged
species like 7; the two methyl groups of the u-SPr'
ligand are also inequivalent. The YP.NMR spectrum
confirmed the presence of the phosphido bridge, but
again its different chemical shifi (176.3 ppm) is indica-
tive of a structure unlike that of 7. We therefore propose
the structure shown in which one molybdenum bears a
terminal oxo ligand, and the other a terminal sulfido
group; this formulation is backed up by the mass spec-
trum, which shows an appropriate molecular ion.

er

Mo/ S\Md/ :
I\ &

Ph;

In most cases the strategy of adding more thiol
during the reaction raised the yield of 7 considerably, to
39-66% depending on R. In the case of R=Bu
however, after 48 h reaction time the reaction mixture
was green (due 1o 4¢) and only a small amount of 7¢
was present (a yield of 6% was obtained by work-up at
this point). Addition of more Bu'SH and continued
heating did not change this product distribution, pre-

C2a

cuQ

[« 1]

Fig. 1. Molecular structure of complex 7b in the crystal.

sumably due to the bulky Bu' group hindering the
approach of further thiol molecules. However addition
of clemental sulfur successfully caused the rapid con-
version of 4¢ to 7e on warming, though even then, the
isolated yield was only 24%. An attemnt to carry out
the reaction as a general one-pot process by Weaincn’ of
3 with an appropriate amount of sulfur and an excess of
Pr'SH gave only a disappointing yield (17%) of 7b,
probubly due to the fact that 3 itself reacts with sulfur to
give low yields of a complex which we believe to be
[Mo,( u1-8),( u-SHX u-PPh, X1-CsHy), ] [13]. Thus the
optimum procedure for the preparation of 7 consists of
heating complex 3 with the appropriate thiol for 48 h,
followed by addition of either more thiol or in the case
of R = Bu', elemental sulfur.

The X-ray crystal structure of complex 7b (R = Pr')
has been determined und was reported briefly in our
preliminary communication [8]; a diagram of the struc-
ture is shown in Fig. 1, with selected bond lengths and
angles collected in Table 1. The Mo-Mo bond of length
2.623(2) A is spanned symmetrically by the four bridg-
ing ligands, with the Mo,(u-S), and Mo,SP planes
virtually perpendicular to each other (see below). One
further point of interest in relation to the current work is
that the Mo-P bonds to the phosphido bridge (2.409
and 2.400 A) are slightly shorter than the Mo-S bonds
of the bridging thiolate group, which are 2.498 and



$34 H. Adams et al, / Journal of Organometallic Chemistry 542 (1997) 131-140

Table | Table 2 .
Selected bond lengths (A) and angles (°) for complex Tb Selected bond lengths (A) for complex 9a-0.33CH,Cl,
Mo(1)-Mo(2) 2623(2)  Mo(1)-8(1) 2.352(2) Mo(1)-S(2) 2.380(2) Mo(1)-S(1) 2.381(2)
Mol 1)-8(2) 2.368(3)  Mo(1)-8(3) 2.498(3) Mo(1)-P(1) 2.444(2) Mo(1)-Mo(2)  2.674%(9)
Mol(1)-K1) 2.409%(4) Mo(2)-S(1) 2.323(2) Mo(1)-Ru(1)  2.8864(10) Mo(1)-Ru(2) 2.8964(9)
Mo(2)-8(2) 2.359(3) Mo(2)-S(3) 2.485(4) Mo(2)-S(1) 2.365(2) Mo(2)-5(2) 2.367(2)
Mo(2)-K(1) 2.400(3) S(3)-C(23) 1.683(8) Mo(2)-P(1) 2.463(2) Mo(2)-Ru(2)  2.81329)
$(3)-C(23A) 1.683(10)  K(1)-C(11) 1.763(6) Mo(2)-Ru(1)  2.8458(9) Ru(1)-C(3) 1.878(10)
P1)-CUD 1.902(6) Ru(1)-C(4) 1.906(9) Ru(1)-S(2) 2.298(2)
Mo(1)-8(2)~Mo(2) 67.4(1) Mo(1)-S(1)-Mo(2) 68.2(1) Ru(1)-5(3) 2.332(2) Ru(1)-Ru(2) 2.6533(9)
Mo 1)-S(3)-Mo(2) 63.5(1) Mo(1)-P(1)-Mo(2) 66.1(1) Ru(2)-C(2) 1.882(9) Ru(2)-C(1) 1.923(9)
Ru(2)-5(1) 2.311Q2) Ru(2)-S(3) 2.323(2)
P(1)-C21) 1.825(7) X1)-C(15) 1.840(7)
$(3)-C(27) 1.817(10) o(1)-C(1) 1.130(10)
° . . 0(2)-C(2) 1.154(10) 0(3)-C(3) 1.145(10)
2.485 A. Overall the structure is very similar to that 0(4)-C(4) 1.143(10) cQN-CR8)  1.494(14)

previously determined for [Mo,( u-S),( u-SMe),(7-
C,H,Me),]1(11].

2.2. Molybdenum-ruthenium clusters

On heating a solution of 7a~d with one equivalent of
[Ru4(CO),,] in refluxing thf (the same conditions as
employed for the synthesis of 2), the dimolybdenum
complex was rapidly consumed and the new mixed-
metal clusters [Mo,Ru,( u;-S),( u-SR) u-

Fig. 2. Molecular structure of complex 9a-CH ,Cl, in the crystal,

PPh,XCO),(n-C H;),] %a~d were formed in good
yield. If the small amount of 1 present as an impurity in
7 is not removed previously, the analogous bis-thiolate
clusters 2 are formed as low-yield by-products, but
these are easily separated from 9 during chromatogra-
phy.

The IR spectra of 9 closely resemble those of the
analogous clusters 2, showing in the main three sharp
bands in the »(CO) region; for 9¢ the lowest frequency
band is split into two. The incorporation of two Ru(CO),
units was also indicated by the mass spectra, which
displayed molecular ion envelopes accompanied by
peaks due to the loss of four carbonyl ligands, and by
elemental analysis. The structure of the products was
deduced from their 'H-NMR spectra, which showed
two inequivalent u-C H, ligands as well as signals for
the phenyl rings and for R, Because of the presence of a
symmetrical u-PPh, group as opposed to a second
thivlate ligand, the clusters contain o mirror plane,
demonstrated by the observation of only one Qeuk duc
to the ipso carbons of the pheny! rings in the "“C-NMR
spectra; the fact that the two Mo atoms are inequivalent
whereas the two ruthenium atoms are equivalent there-
fore proves that it is the thiolate ligand which has
migrated to the Ru-Ru edge whereas the u-PPh, group

Table 3
Selected bond angles (°) for complex 9a-0.33CH,CI,

Mo(2)-Moft)-Rut1)  61422) Mo(2)-Mol1)-Ru(2)  60.50(2)
RulD)-Mo(1)-Rut2}  54.622) Mo(1)=-Mo(2)-Ru(2)  63.65(2)
Mol1)-Mo(2)-Ruii) 6295(2) Ru(2)-Mo(2)-Ru(l) 55.92(2)
R2)-Ru(1)-Mol2)  61.4212) Rul2)-Ru(1)-Moll)  62.88(2)
Mot2)-Ru(1)-Moll)  55.632) Rull)=-Ru2)-Mo2) 62.66(2)
Ru(1)-u(2)-Mol1)  62.50(2) Mol2)-Ru(2)-Mof1) 55.85(2)

Mo(1)=-P(1)-Mo(2)  66.07(3) Ru(2)-S(1)-Me{2)  73.96(6)
Ru(Z)-S(1)-Mo{l}  76.22(6) Mo(2)-S(1)-Moll)  68.61(5)
Ru(1)=8(2)-Mo(2)  75.16(6) Ru(D-S(2)-Mo(l)  76.18(6)
Mo(2)-S(2)-Mol1)  68.59(5) Ru(2)-S(3)-Ru(l)  69.49%6)
O)-CD)-RH2} 17869 OQ)-CQ)-Ru(2)  178.2(8)
0(3)-CG)-Ru(l)  174.78)  OW)-Cld)-Ru(l)  176.1(8)
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\ Ru/——-—\——nu

N4

S(1) Mo 5(2) S(1)——Mo——S(2)
92.4° 90.6° 88.8° 92.4°
P(1) P(Y)
i %a

Fig. 3. Comparison of interplane angles in complexes 7b and 9a,
viewed down the Mo-Mo bond.

has remained bonded to the Mo-Mo edge. Clearly
inversion at the sulfur atom is again slow on the NMR
timescale, and this remains the case at elevated tempera-
tures: the 'H-NMR spectrum of 9a in toluene-d, was
unchanged at 372 K.

Confirmation of the structure was obtained through a
single crystal X-ray diffraction study of complex 9%a
(R = Et), which unusually crystallises in the highly
symmetrical hexagonal space group. The result is shown
in Fig. 2, with selected bond lengths and angles col-
lected in Tables 2 and 3, respectively. As expected, the
molecule contains a tetrahedral cluster in which the two
Mo, Ru faces are capped by triply-bridging sulfide lig-
ands, with the u-SEt ligand bridging between the two
ruthenium atoms and the u-PPh, group between the
two molybdenums. As observed in 2b, the homometal-
lic bonds (Mo=Mo 2.6749(9), Ru-Ru 2.6533(9) A) are
rather short compared to the Mo-Ru bonds; of the
latier, those involving Mo(2) are signilicantly shorter
than those involving Mo(1). The average bond lengths
W the u,-S ligands (av. Mo-8 2.373, av. Ru-§ 2.305
A) we both slightly shorter than in 2b, where the
corresponding values were 2.397 and 2.331 A, The
1-SEt and u-PPh, ligands bridge their respective edges
virtually symmetrically. The complex has a total of 60
valence electrons us expected for a tetrahedral cluster.

A comparison of the structures of 7b and 9a viewed
down the Mo-Mo bond is shown in Fig. 3, emphasising
the way in which the Mo(1)-Mo(2)-S(1)-S(2)-P(1)
portion of the molecule remains unperturbed by the
addition of the ruthenium fragments. The angles shown
are those between the planes Mo(1)-Mo(2)-S(1),
Mo(1)~-Mo(2)-8(2) and Mo(1)--Mo(2)-P(1) (the num-
bering system is the same in both compounds).

From the successful formation of 9 in good yields
(albeit slightly lower than those of 2), we can conclude
that replacing one bridging thiolate group in [Mo,( u-
$),( u-SR),(n-CsH,), ] by a phosphido ligand does not
appreciably hinder the cluster building reaction. This
suggests that the approach of the ruthenium carbony!
fragments occurs at the opposite side of the molecule to
the phosphido group. As with the analogous clusters 2,
no evidence was found for the dealkylaiion of the

thiolate ligand to form sulfide ligands, a process previ-
ously observed in the reaction of [Mo,{ u-S),( u-
SMe),(n-CsH;),] with cobalt carbonyl [14]. As ex-
pected, the thiolate ligand migrates to the Ru-Ru edge
in preference to the more strongly bound phosphido
group. We are currently exploring possible routes to the
bis(phosphido) complex [Mo,( u-S),( u-PPh,),(n-
CsH;), ] in order to discover whether a cluster can still
be formed in the absence of any thiolate ligands, and if
so whether one phosphido group can be encouraged to
migrate to the Ru—Ru edge.

3. Experimental

General experimental techniques were as detailed in
recent papers from this laboratory [15]. Infra-red spectra
were recorded in CH,Cl, or cyclohexane solution on a
Perkin-Elmer 1600 FT-IR machine using 0.5 mm NaCl
cells. 'H-, °C- and *' P-NMR spectra were obtained in
CDCl, solution on a Bruker AC250 machine with
automated sample-changer or an AMX400 spectrome-
ter. Chemical shifts are given on the § scale relative to
SiMe, or H,PO, = 0.0 ppm. The "*C{'H}-NMR spectra
were recorded using an attached proton test technique
(JMOD pulse sequence). Mass spectra were recorded on
a Fisons /BG Prospec 3000 instrument operating in fast
atom bombardment mode with 3-nitrobenzyl alcohol as
matrix. Gas chromatography analyses were carried out
on a Perkin~Elmer 8420 capillary GC machine fitted
with a Chrompack CPSILS column (30 m X 0.32 mm
i.d.) with H, as the carrier gas. Elemental analyses were
carried out by the Microanalytical Service of the De-
partment of Chemistry. The complex [Mo,( u-HX p-
PPh,XCO)(n-C,H,),] was piepared by an adaptation
of the literature method [16] in which a toluene solution
of one equivalent of PPh,H was added slowly from a
dropping funnel to a refluxing toluene solution of
[M0.(CO)(1-C4H,), ). This method gives good yields
(typically 65%) and minimises the formation of the
green bis-phosphido complex [Mo,( u-PPh;),(CO),(7-
C.H,), ]

3.1. Preparation of [Mo,( p-8)y( u-SED pu-PPh, )(n-
CyH), ] 7a

A solution of [Mo,( u-HX u-PPh,XCO),(n-CsHy),]
(1.5 g, 2.42 mmol) and EtSH (1.0 cm’, 13.5 mmol) in
toluene (150 em?) was heated to reflux for 48 h. At this
point further EtSH (0.53 cm’) was added and heating
continued for a further 48 h. After the solvent was
removed in vacuo, the residue was absorbed on a small
amount of silica and loaded onto a chromatography
column. Elution with a 1:1 mixture of CH,Cl, and light
petroleum gave a purple band of 7a (880 mg, 1.39
mmol, 57.5%).



136 H. Adams et al. / Journal of Organometallic Chemistry 542 (1997) 131140

M.p. 258°C. '"H-NMR & 7.12-6.80 (m, 10H, Ph),
6.40 (s, 10H. 7-C;H,), 1.60 (q, J =8, 2H, CH,), 0.75
(t. J=8, 3H, Me); "C-NMR 1429 (d, /=33, C,,.).
141.3 (d, J =28, C,,,), 134.4-126.8 (m, Ph), 96.2 (s,
7-CsHj), 25.6 (s, CH,), 18.0 (s, Me); *'P-NMR 28.2
ppm. Found: C, 42.13; H, 3.75; S, 13.99. Calcd. for
CqusMO‘zPS; . CH2C12: C, 41.84; H, 3.76; S,
13.39%. Mass spectrum m /z 633 (M*).

3.2. Preparation of [Mo,(u-S),(u-SPr'X u-PPh, )x-
C,H,),] 76

A solution of [Mo,( u-HX u-PPh,XCO)(n-C5H;,), ]
(1.5 g. 2.42 mmol) and 5 equivalents of Pr'SH (1.1
cm?, 11.87 mmol) in toluene (150 cm’) was heated to
reflux with TLC monitoring. After 46 h the orange band
of starting material had disappeared and two products,
one green and one purple, were evident. On column
chromatography a 3.7 mixture of CH,Cl, and light
petroleum was used to elute the green band (320 mg),
followed by a 1:1 mixture of the same solvents to elute
the purple one. The green band was tentatively identi-
fied as [M02( M.-SPI"X “’PthXCO)z("'Csﬁs)zl 4b on
the basis of its IR spectrum (1890 sh, 1855 s cm™"); it
changed to a partly insoluble red material on standing
under vacuum or in an inert atmosphere. The purple
preduct was identified as [Mo,( u-8),( u-SPr'X u-
PPh, Xn-CsH,),] b (583 mg, 37.3%).

M.p. 259°C. "H-NMR & 7.05-6.50 (m, 10H, Ph),
6.40 (B. IOHo WCSHS)' 2;6.5 (Sgp!@t. J«m 7. IH. CH).
0.80 (d, /=7, 6H, Me); "C-NMR 143.0 (d, J = 34,
Cipw) 1414 (d, J=28, C,.), 134.5-126.8 (m, Ph),
96.2 (5, 7-C4H,), 33.4 (s, CH), 26.4 (s, Me); "' P-NMR
27.2 ppm. Found: C, 4590; H, 4.12. Caled. for
CyHy;Mo,PSy: C, 46.44; H, 4.18%. Mass spectrum
m/z 648 (M"‘s.

3.3, Preparation of [Moy( ju-S)y( u-SBu' N u-PPh N9
CsH; )1 7e

A wuﬁm Of [MO;' ;&'Hx ‘L'Pphz XCO)‘(n‘Csﬂs)z]
(1.5 g, 2.42 mmol) and 5.5 equivalents of Bu'SH (1.5
em’, 13.3 mmol) in toluene (150 cm’) was heated to
reflux for 48 h, at which point the mixture was green
and only a small amount of purple product was visible
on TLC. Addition of more Bu'SH (1.0 cm®) and heating
for a further 24 h did not appear to cause any further
change, and so elemental sulfur (155 mg, 0.6 mmol, i.e.
one equivalent of S per Mo atom) was added and the
solution was refluxed for 20 min, causing a rapid
change to purple. Column chromatography gave 380 mg
(23.8%) of purple 7c, eluted with a 1:1 mixture of

M.p. 236°C. '"H-NMR & 7.10-6.75 (m, 10H, Ph)
6.40 (s, 10H, n-CH;), 0.97 (s, 9H, Me); "C-NMR

143.5 (d, J=15, Cio)s 1410 . J =28, C o)

134.6-126.8 (m, Ph), 76.6 (s, n-CH;), 45.8 (s, CMe;,),
36.7 (Me); *'P-NMR 30.1 ppm. Found: C, 43.66; H,
4.04; S, 13.33. Calcd. for C,sH,yMo,PS; - CH,Cl,: C,
43.50; H, 4.19; S, 12.90%. Mass spectrum m /z 660
M),

3.4. Preparation of [Mo,(u-S),(u-SCsH, Me)(p-
PPh,N1-CsH,),] 7d

Proceeding as above, the reaction between [Mo,( -
HX u-PPh, XCO)(n-CsH;)] (1.08 g, 1.74 mmol) and
p-thiocresol (1.1 g, 8.87 mmol) was carmied out in
refluxing toluene for 48 h. A further 0.54 g of p-
thiocresol was then added and heating was continued
for a further 18 h. Column chromatography produced a
small amount of an unstable green complex 4d, which
was eluted with a 3:7 mixture of CH,Cl, and light
petroleum. The purple complex [Mo,( u-S),( u-
SC,H MeX u-PPh,Xn-C;H,),] 7d (0471 g, 0.68
mmol, 38.9%) was eluted with a 1:1 mixture of the
same solvents.

M.p. 292°C. '"H-NMR & 7.02-6.71 (m, 14H, Ph and
CoH,Me), 6.41 (s, 10H, 5-C,H,), 2.18 (s, 3H, Me):
“C-NMR 1428 (d, J =35, PC,,,.)), 1412 (d, J =27,
PC;.,). 1356 (C,). 1343-126.7 (m, Ph and
CoH,Me), 96.8 (s, n-C,H;), 20.8 (s, Me); *'P-NMR
38.1 ppm. Found: C, 46.74; H, 3.74; S, 13.43. Calcd.
for CyyHy,Mo,PS, - CH,Cl,: C, 46.22; H, 3.75; S,
12.34%. Mass spectrum m /2 695 (M*)

3.5. Preparation of [Mo,(-$),(u-SC,y Hy N p-

A solution of complex 3 (1.5 g. 242 mmol) and
dodecyl thiol (2.9 ¢m’, 11.5 mmol) in twluene (150
cm®) was heated to reflux for 44 h with TLC monitor-
ing. An additional 1.5 cm® of thiol was added and
reflux was continued for a further 24 h. On column
chromatography as above, elution with a 1:1 mixture of
CH,Cl, and light petroleum produced a purple band of
complex 7e (1.24 g, 1.61 mmol, 66.4%) which yielded a
slightly waxy solid. Recrystailisation from CH,Cl, and
light petroleum produced a crystalline solid.

Mp. 154°C. 'H-NMR & 7.10-6.77 (m, 10H, Ph),
6.37 (s, 10H, 7-CsH). 1.60-0.85 (m, 25H, C,.H,,);
“C-NMR 1429 (d, J=33, C, ). 1413 (d, J =28,
Cpo)s 134.4-1268 (m, Ph), 96.2 (s. 7-C,H,), 33.3-
227 (m. CH,). 142 (s, Me): "P-NMR 29.1 ppm.
Found: C, 51.52; H, 5.72; S, 12.21. Caled. for
C . H;sMo,PS, - 0.5CH,Cl,: C, 51.56; H, 5.65; S,
11.79%. Mass spectrum m /z 773 (M*).

In a separate experiment, a solution of 3 (940 mg)
and C,, H,;SH (2 cm?) in toluene (150 cm®) was heated
to reflux for 72 h. The volume was reduced in vacuo at
room temperature to just a few cm’; the remaining
volatile fractions were then distilled out of the reaction
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mixture under reduced pressure (~ 10 mmHg). Two
distillate fractions were collected, the first at 70°C and
the second at 130°C. Both fractions were analysed by
gas chromatography; the first consisted of dodecane and
dodec-1-ene in a ratio of approximately 40:1, and the
second consisted of the same two components in a 20:1
ratio together with excess dodecane-1-thiol. Column
chromatography of the reaction mixture as above gave
7e (464 mg, 40%). In a control experiment, GC analysis
of the commercial thiol used showed the presence of
trace quantities of dodecane and dodec-1-ene; the same
amounts were detected after the thiol was heated to
reflux in toluene for 65 h, thus confirming that it
remained unchanged under the conditions of the original
reaction.

3.6. Reaction of 4b with further Pr'SH

A solution of 3 (1.5 g, 2.42 mmol) and Pr'SH (1.1
cm?®, 11.87 mmol) was heated to reflux in toluene for 46
h. The components of the mixture were then separated
by chromatography as above to give 320 mg of green-
brown 4b and 583 mg (37.3%) of 7b. The 4b produced
was the redissolved in toluene (150 cm®) and a further 1
cm® of Pr'SH was added; the solution was then heated
to reflux for 24 h. Chromatography as before produced
a purple zone of 7b (82 mg), eluted with a 3:7 mixture
of CH,Cl, and light petroleum. Further elution with a
1:1 mixture of the same solvents gave a brown band
containing complex 8 (178 mg). IR (KBr) 891 cm™'
(Mo=0); 'H-NMR: 8.42-7.13 (m, 10H, Ph), 5.49 (s,
5H, #-C;Hy), 5.16 (s, SH, n-C Hj), 2.85 (spt, J =7,
1H, CH), 1.61 (d, J =7, 3H, Me), 0.81 (d, J = 7, 3H,
Me): "'P-NMR 176.3 ppm. Mass spectrum m /7 630
(M").

3.7. Preparation of [Mo,Ruy(p-8)y( u-SEt) p-
Pphz )(CO)J("'CS Hj )2 ] 9a

A solution of [Mo,( u-8),( u-SEN u-PPh,)(n-
C4Hy),] (237 mg, 0.38 mmol) and [Ru,(CO),,] (240
mg. 0.38 mmol) in thf (150 cm®) was heated to reflux
for 1 h. After the solvent was removed under vacuum,
the residue was chromatographed. Elution with light
petroleum removed a yellow band of [Ru,(CO),,] (120
mg, 50% recovery). Elution with a 1:4 mixture of
CH,Cl, and light petroleum produced red-brown 9a
(182 mg, 0.19 mmol, 50.6%)

M.p. dec. >250°C; IR (C,H,;,) v(CO) 2000 m,
1988 s, 1934 s cm™'; 'H-NMR: & 7.47-7.20 (m, 10H,
Ph), 5.65 (s, 5H, n-CsH;,), 5.27 (s, 5H, n-CiHS). 3.21
(g, 2H, J =7, CH,), 1.50 (t, J = 7, 3H, Me); "C-NMR:
206.4, 201.9 (both s, CO), 141.1 (d, J=33, C,,),
96.2, 88.2 (both s, n-CsH,), 53.9 (s, CH,), 17.8 (s,
Me); *'P-NMR: —0.82 ppm. Found: C, 35.26; H, 2.73;
S, 10.13. Caled. for C,;H,;Mo,0,PRuS; -
0.33CH,1,: C, 34.89; H, 2.63; S, 9.85%. Mass spec-

tr)um m /z 948, 920, 890, 861, 836 (M* -nCO, n = 0-
4).

3.8. Preparation of [Mo,Ru,(;-S)(u-SPri) p-
PPh,)(CO),(n-C, H,),] 9b

A solution of [Mo,( u-S),( u-SPr')X u-PPh,)x-
CsH;),] (570 mg, 0.88 mmol) and [Ru,(CO),,] (563
mg, 0.84 mmol) in thf (150 cm®) was heated to reflux
for 1 h. Chromatography as above gave a yellow band
of [Ru,(CO),,] (237 mg, 42% recovery), followed by a
golden-brown band eluted with a mixture of
CH,Cl,/light petroleum (1:6) and identified as
[Mo,Ru,( 1£3-8),( p-SPr'),(CO)(n-CH),1 2b (59
mg) by its ' H-NMR spectrum (presumably arising from
a small impurity of 1b in the sample of 7b used). The
red-brown major product was eluted with a 1:4 mixture
of the same solvents and identified as 9b (521 mg, 0.54
mmol, 61.5%).

M.p. dec. 230°C; IR (C(H,,) v(CO) 1999 m, 1988 s,
1933 s cm™'; 'H-NMR: & 7.45-7.20 (m, 10H, Ph),
5.65 (s, SH, n-C4H;), 5.27 (s, 5H, 1-CH,), 2.97 (spt,
J=1, 1H, CH) and 1.52 (d, J =7, 6H, Me); "C-NMR
206.5, 202.1 (both s, CO), 141.2 (d, /=34, C, ),
134.9-127.5 (m, Ph), 96.2, 88.1 (both s, n-C,H,), 62.5
(s, CH) and 25.5 (s, Me); *'P-NMR - 0.6 ppm. Found:
C, 35.53; H, 2.80; S, 9.46. Calcd. for
C,,H,;Mo0,0,PRu,S, - 0.5CH,Cl,: C, 35.31; H, 2.79;
S, 9.58%. Mass spectrum m /z 962, 934, 905, 878, 847
(M* -nCO, n = 0-4),

3.9. Preparation of [MoyRu,(p-S)( p-SBu' ) -

Proceeding as above, a solution of complex 7¢ (120
mg, 0.18 mmol) and [Ru,(CO),,} (118 mg, 0.18 mmol)
in thf (150 cm?®) was heated to reflux for 1 h. On
chromatography, the desired product 9¢ (95 mg, 0.097
mmol, 54%) was eluted as a red-brown zone in a 1:4
mixture of CH,Cl, and light petrolcum afier the initial
yellow band of recovered [Ru,(CO),, ].

M.p. dec. >250°C; IR (C¢H,;) v(CO) 1999 m,
1988 5, 1930 s cm™'; 'H-NMR 8 7.47-7.20 (m, 10H,
Ph), 5.65 (s, SH, 7-C4Hy), 5.30 (s, 5H, 9-C4H,), 1.50
(s, 9H, Me); "C-NMR: 206.6, 204.7 (both s, CO),
1413 (d, J =34, C,,,), 135.0-1275 (m, Ph), 99.7.
88.6 (both s, 7-C H,), 54.7 (CMe,), 31.8 (Me). *'P-
NMR 0.46 ppm. Found: C, 36.57; H, 2.84. S, 9.95.
Calcd. for C,,H,,M0,0,PRu,S;: C, 36.96; H, 2.98; S,
9.86%. Mass spectrum m /z 975, 947, 919, 892, 863
(M* =nCO, n =0-4)

3.10. Preparation of [Mo, Ru,( pu,-S)y( u-SCy H, Me) p-
Pphz )(C0)4(1)~C5 H5 )2 l 9d

A solution of complex 7d (265 mg, 0.38 mimol) and
[Ru,(CO),,] (244 mg, 0.38 mmol) in thf (150 cm?) was
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heated to reflux for 1 h. Chromatography as above gave
{Ru,(CO),,] (114 mg, 46% recovery) followed by a
golden brown band of [Mo,Ru,(ux;-S),( u-
SC H Me),(CO)(n-C,H;,),] (40 mg) Elution with a
1:4 mixture of CH,Cl, and light petroleum produced
red-brown 9d (284 mg, 74%).

M.p. dec. >250°C. IR (C(H,;) »(CO) 2001 m,
1990 s, 1942 m, 1935 m cm™'; '"H-NMR & 7.60-7.15
(m, 14H, Ph and C;H, Me), 5.67 (s, 5H 7-CsHy), 5.37
(s, SH, n-CsHy), 237 (s, 3H, Me); ' C-NMR 206.9,
202.1 (both s, CO), 149.9 (s, C,,, of SC{H Me), 141.1
(d, J=34, C;,, of PPh,), 137.1-127.6 (m. Ph and

Table 4 .

Atom coordinates (X 10*) and temperature factors (A’ X 10%) for
complex Tb; U, is defined as one-third of the trace of the orthogo-
nalized U,, tensor

Atom X y z U,

Mo(1) 6904(1) 4220(1) 1246 29(1)
Mo(2) 6138(1) 31351 441(1) 28(1)
sa) 5923(1) 4635(1) 186(1) 35(1)
$(2) T150(2) 2690(2) 1472Q2) 30D
LIE) 5471(2) 3695(3) 1820(2) 48(1)
L ¢)) 7488(2) 3696(3) = 120(2) 30(1)
cm 7556(4) 4462(3) 2455(3) 48(3)

C) 6908 5159(3) 231903 61a)
C) 714 5626(3) 151200 370)
c4) T 5280) 1493)  40(3)
CH)  BIBKA)  4499(3) 1720) 30
CO) 49100 276M5)  =17%6)  38(4)
C) 38X 2MMG(S)  -BSSO)  46(5)
CH) 6685 NP =TI86)  3AD)
CO  60IS) 16975 48O) A3
CO ST 2028(5) ) 3
CUAY 742212 5026(10) 127341 37(3)
CRA)  BI7I0D) 5024100 101D 3%
COA)  BO7212) 4424100 2004011 373)
CA)  726X1)  465410) 24701 370)
CLSA)  6H6I(ID) 5397100 202011  3%(3)
COA)  6291010)  197413)  =d480(15)  323)
COA)  S699(10)  1679(13) 215315 3203)
C(BA)  4960X10)  2292(13) 285015 3203)
COA)  S095(10)  29613)  =41505)  3203)
CUI0A)  $91710)  2770013)  -Bo%1S)  32(3)
QD 75643)  4295)  =1a%)  3Q)
CD  75854) 5234 - 1054)  SK3)
C13)  M9A5)  S0MS)  -20564)  7H3)
CU4)  750X8)  SIBUD)  ~2%618)  KO(6)
CUS)  75154)  4396)  -26934) 43D
C(16)  75344)  d00X4) - 19214)  40(2)
CU) BS3Y)  2989@) =129 352)
CUB)  92BUd) 3454 -1 40)
Q9 10090)  BBNS) - 138 S9)
CQO)01S®)  01A0) - 43D )
CRD 9W 164 -1 SIR)
C2D) 8 A1) -0 4K
AW A9 HIHE) 19616)  53(1)
Q2N BT 4803S) 284006)  SUN
CRS) W) 38835 19716)  $3(1)
CBA)  30X9)  293A7) 2665(6)  S31)
CR4A)  549%9) M) 5H6) 531
QSA) 4680090  2317(7) 27566)  S3(1)

Table 5

Crystal data and structure refinement for complex 9a-0.33CH,Cl,
Identification code mnb502

Emplﬁca] formula C2333H25‘67C104ﬁ7M0:0¢PRU:S;
Formula weight 974.96

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Trigonal

Space group P3

a=242293) Aa = 90°

b=24.2293) A8 =90°

c=100912) Ay = 120°

Volume 51302014) A}

z 6

Density (calculated) 1.892 Mg/m*

Absciption coefficient 1.896 mm ™'

F(000) 2844

Crystal size 0.55%0.32X0.22 mm

9 range for data collection  1.94 to 22.49°

Index ranges -1<h<2s, -26<k<t, -1
<10

Reflections collected 5837

Independent reflections 4374 (R, = 0.0247)

Refinement method Full-matrix least-squares on F?

Data /restraints /parameters 4374 70,/367

Goodness-of-fit on F? 1.062

Final R indices [1> 20(1)] R1 = 0.0376, wR2 = 0.0975

R indices (all data) R1 = 0.0485, wR2 = 0.1039

Largest diff. peak and hole 1,144 and = 1.224 eA "

Unit cell dimensions

C“H Me), 96.5, 88.4 (both s, n-C.H,), 21.2 (s, Me);

“"P-NMR =0.74 ppm. Found: C, 3‘7] H. 2.00; S,
8.34. Caled. for C,,H,,M0,0,PRu,S, CH,Cl,: C,
37.29; H, 2.65; S, 8.77%. Mass spectrum m /2 1010,
981,926, BB (M* =nCO, n=0, 1, 3, 4

3.11. Cryswal structure determination of complex 7b

Crystal data for [Mo,(u-8),( p2-S'Pe) u-PPh, N np-
CiH)y) CygH, Mo, PS,: M = 946.53; crystallises
from dnchlommethane/ petroleum ether as purple. elon-
gated blocks: crystal dimensions 0.85 X 0.30 X 0.25
mm. Trigonal (thombohedral setting), a = 15.524(9) A,
a=84.55(5)°, U=23694(4) A D =174 g em™?,
Z = 6. Space group Ric (CY, . No. 161). Mo K, radia-
tion (A=071069 A)., u(Mo Ka)= I3, 16 cm"',
F(000) = 1943.34.

Three-dimensional, room temperawre X-ray data
were collected in the range 3.5 < 20 < 45° on a Nicolet
R3 4-circle diffractometer by the w-scan method. The
2267 independent reflections (of 10165 collected in a
monoclinic cell, approximately 3388 independent mea-
sured) for which [Fl/a (|F]) > 3.0 were corrected for
Lorentz and polarisation effects, and for absorption by
analysis of 9 azimuthal scans (minimum and maximum
transmission cocflicicats 0.263 and 0.289). The struc
ture was solved by Patterson and Fourier techniques and
refined by blocked cascade least squares methods. Both
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cyclopentadienyl ligands were found to be rotationally
disordered with occupancies 0.77:0.23 and 0.81:0.19. In
each case, after occupancy and orientational optimiza-
tion, the lower occupancy fragment was fixed in posi-
tion. The isopropyl group was also found to be disor-
derea 0.50: 0.50 in two orientations on the bridging
sulfur atom: after optimization, each fragment was re-
fined with constrained geometry. Hydrogen atoms were
included in calculated positions, with isotropic thermal
parameters related to those of the supporting atom, and
refined in riding mode. Refinement converged at a final
R 0.0271 (R, 0.0266, 252 parameters, mean and maxi-
mum shift/e.s.d. 0.038 and 0.186), with allowance for
the thermal anisotropy of all non-hydrogen atoms, with

Table 6
Atomic coordinates (x10*) and equivalent isotropic displacement
parameters (A2 X 10*) for 9a-0.33CH,Cl,: U, is defined as one-third

of the trace of the orthogonalized U;; tensor

X ¥ 2 Uy
Mo(1) 3729(1) 1525(1) 6476(1) 3901)
Mo(2) 42001 1071(1) 4670(1) 36(1)
Ru(1) 4006(1) 2081(1) REGTHAD 430)
Ru(2) 3003(1) 921(1) 4106(1) 3901
1) 4435(1) 113 7058(2) 40(1)
S 323%(1) 438(1) 5815(2) 411
S 431N 2142(1) 5404(2) 45(1)
S3) 2048(1) 1827(1) 3590(2) 53()
o 1595(1) 135(4) 4837(9) 106(3)
o) 2827(4) 369(3) 1336(7) 88(2)
0(3) A583(4) 2268(4) 1120(6) 93(2)
) 4573(4) 15123) 4235(9) 108(3)
(&F)) 2014 A28(4) 45519) 61(2)
<) 2593(H S7UA) 239N 35(2)
(K] HI36(H) 2IR5(4) 2136(9) 6((2)
) A3404) 2075(.40) 4068(9) 61(2)
) AWAD) 2246) av91(11) Ha(4)
C(6) IRON6) 2344(7) 7888(18) 128(7)
(&¢))] 36028) 1769(10) 8617(11) 113(8)
C(8) 021N 1363(6) $194(12) 20(4)
(W) J88KS) 1647(6) T207010) 74(3)
cQm 4082(4) 284(5) angan 69(3)
can 4399(6) 851(6) 248((9) k)]
C2) 4987(5) 121KS) na3) 89(4)
C(13) 5016(5) 848(6) 4155(11) 77(3)
c14) 4446(5) 276(5) 4178(10) 71(3)
cQ15) 5244(3) 1610(3) 7217 42(2)
c(16) 5795(4) 1906(4) 6961(9) 64(2)
can 6395(4) 2264(4) 7555(11) 713
caig) 6448(4) 2319(4) B885(10) 69(3)
cQ9) 5907(4) 2034(4) 9655(9) 67(3)
CQ0) 5315(4) 1684(4) 9083(8) 55(2)
Qv 4171(3) 392(3) 8042(7) AN2)
C(22) 4539(4) 102(4) 8078(8) 542)
C(23) 4358(5) = 436(4) 888(K9) 65(2)
C(24) 3B18(5) - O8(4) 9048(8) 63(2)
C(2%) 3450(4) - 388(4) 9616(9) 59(2)
C(26) 36214) 137(4) 8835(8) 52(2)

c@2n 2758(5) 1848(5) 1856(10) 76(3)
C(28) 2059(6) 1462(7) 1593(13) 123(5)
Ci{i) o0i8(5) 32595 a242(11) 24044)
cuXx) 6667 3333 4116(53) 328(28)

the exception of those of the isopropyl fragments and
the lower occupancy cyclopentadienyl ligands, which
were given group isotropic thermal parameters and fixed
isotropic thermal parameters respectively. A final differ-
ence electron density synthesis showed rrummum and
maximum values of —0.52 and +0.68 eA ™~} . Complex
scattering factors were taken from the program package
SHELXTL [17] as implemented on the Data General
DG30 computer, which was used for structure solution
and refinement. A weighting scheme w™' =[o*(F) +
0.00034( F)*] was used in the latter stages of the refine-
ment. Table 4 lists the atomic positional parameters
with estimated standard deviations.

3.12. Crystal structure determination of complex 9a

The crystal data for 9a - 0.33 CH,Cl, and details of
the structure refinement are collected in Table 5; atomic
coordinates and equivalent isotropic displacement pa-
rameters are given in Table 6. Three-dimensional, room
temperature X-ray data were collected on a Siemens P4
diffractometer by the w-scan method. Of the 5837
reflections measured, all of which were corrected for
Lorentz and polarisation effects (but not for absorption),
3665 independent reflections exceeded the significance
level |Fl/o(|F]) > 4.0. The structure was solved by
direct methods and refined by full matrix least-squares
on F°. Hydrogen atoms were included in calculated
positions and refined in riding mode. Refinement con-
verged at a final R=0.0376 (WR2 =0.1039 for all
4374 unique data, 367 parameters, mean and maximum
8/a 0.000, 0.000), with allowance for the thermal
anisotropy of all non- hydrogcn atoms. A weighting
scheme w = l/[a‘"’(ﬁ ) + (0.04842)2 + 14.605P)
where P = (F] + 2F?)/3 was used in the latter stages
of refinement. Complex scattering factors were taken
from the program package SHELXL93 [18] as imple-
mented on the Viglen 486dx computer.

Full listings of bond lengths and angles, anisotropic
thermal parameters and hydrogen atom positional pa-
rameters have been deposited with the Cambridge Crys-
tallographic Data Centre. Structure factor tables are
available from the authors.
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