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Abstract 

New bridged fulvalene (Fv = p-q5 : v5-C,,,H,) binuclear molybdenum(III) and tungsten(N) compounds were obtained from the 
reaction of [M(a5-C,Hs)2(SC,Hs)2] (M = MO or W) with dirhenium decacarbonyl. The complex [Mo,Fv(F-SC,H,)Cp,][Re&- 
SPh),(CO),] was characterized by single crystal X-ray diffraction. The cation [Mo,Fv(cL-SC,H,)S~,]~ showed a relatively rigid 
[Mo,FvCOp,] unit with an MO-S-MO angle of 83.88(7)“, M-S distances 2.442(2) and 2.450(2) A and a Mo MO distance of 
3.2.56(l) A. In the [Re,(p-SPh),(CO),]- anion, each metal atom has an octahedral environment (three carbonyl and three thiolate 
groups) with the two octahedra sharjng the face containing the sulphur donor atoms (Re-S-Re angles from 86.63(X) to 86.83(S)“). 
The Re Re distance of 3.457(l) A is long. Extended Hiickel molecular orbital calculations were done in order to understand the 
nature of the metal-metal interaction in the cation and some related complexes. Although the MO Mo distance is relatively 
long, there is a strong interaction between the two d” metal atoms, assigned to a (r bond, which leads to diamagnetic behaviour 
(the anion with two d6 Re’ centres is also diamagnetic). 

1. Introduction 

Several heterobimetallic systems based on the met- 
allaligands [MCp,(SR),] (Cp = q5-CsHs, M = MO’“, 
W *” or Ti’“, R = alkyl or aryl) and containing a late 
transition metal have been reported [l-8]. Previous 
electrochemical studies of the molybdenum and tung- 
sten thiolate precursors [9] revealed that some of their 
chemistry could be related to their redox properties. 
For instance, [Fe(Cp,)][PF,] can be used as an oxidiz- 
ing agent to prepare a wide range of [MCp,(SR)L]+ 
cations (L = PPh,, P(OPh),, CO, NH,, NCCH,, dppe 
[lo] and several p-benzonitrile derivatives) [ill. 

As part of our continuing interest in developing 
molybdenum and tungsten thiolate chemistry, we have 
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undertaken the study of thermal reactions with dirhe- 
nium decacarbonyl and found that new bridging fulva- 
lene (Fv = ~-77~ : T~-C,,,H,) binuclear molybdenum(III) 
and tungsten(III) derivatives were formed, probably 
following reductive coupling of the cyclopentadienyl 
rings. 

Similar fulvalene complexes have been known for a 
number of years and the structures of a significant 
number have been determined 1121. In all of them, the 
fulvalene is twisted around the C-C bond joining the 
two T~-C,H, rings, allowing a shortening of the dis- 
tance between the two metal atoms. A single crystal 
X-ray structure determination of [Mo,Fv(p-SC,H,)- 
Cp,][Re,(~-SPh),(CO),] was performed to obtain 
structural data of this complex. Extended Hiickel 
molecular orbital calculations [131 were done to assess 
the degree of metal-metal interaction, both in the 
cation and in the anion. 
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2. Results and discussion 

2. I. Chcwic~al .stdio 
Reaction of the con~plcxes [MCpI(SC’,, t-i, )?I (M m-m 

MO or W) and [Re,(CO),,,] in the stoichiometric ratio 
2 : I. in p-xylenc at rcflux temperature fo:- SUFCI-21 hours 
led to the formation of several products. A new com- 
pound was isolated in low yield and 311 S-ML analysis 
showed the prescncc of the novel c,ltionic. sp)ccics 

[Mo,f’v(~-SC,,H,)(‘p,]- (1). A homologc)us tungac~~ 

cation, [WIFv(~--SC,,Hi)(lp_] ’ (U) was lclcntlt’icd t+ 
comparison with ihe molybdcn~~m ~mc. ‘1%~ C~LII~~CI- 

ion was. in both casc~,. the hinucloa1- thioi;ttc triply- 
bridged dirhenatei1) complex [Rc2(~ACc,fi i);CCXI),,] 
(3). also identified by the structural analcsiz. Ofhc1 
organorhenium products Lucre present in rhc misturc 
of product\, and the .X-ray analy\ii crl‘ one of the 
crystals isnfated rcvealcd ;I new rncmhcr id the l’nmil) 
ot’ tctranuclear cubanc M,S, compounds namclg 
[Re,(~-SC‘,,~fi),(C’O),,] [14]. 

The relatively IOM yield ( - 50ri) of rhc r-caction 

product can bc explained hy the prcscnce of thiolatc 
decomposition products produced bl the rclativcly high 
temperature ( h I.JW”J at which the rcac,tions took 
place. Both new molybdenum and tungsten com- 

pounds, isolated in the solid state as yelfoM-kri)u-nish 
crystals. are aolublc in dichlor-orncth~inc and acctoni- 
trile and arc moderately stahfc under air and moisture, 
The reactions wcrc monitored 13); I K spcc~roxx~py. 
following the evolution of the carbony stretching vihr;i- 
tion pattern (3100- 1800 cm ’ ) on liquid wmplc~ taken 
at regular intcrvala f’r-om the reaction miuturc. I‘hc IR 
spectrum of the: tungsten compound ( KRr pellets) 
showed two very strong peaks centrcd at 2OOt! (hharp) 

and IWO (broad ) cm ’ . while in the USC (I!‘ the MO”’ 
compound three peaks, at 7000. 1910 and IX70 cm ‘. 

were observed. In addition, the spectra contain the 
characteristic peaks of cyclopentadicnyl group>. ‘l‘hc 
diamagnetic behaviour obce~cd in the ‘H NMR apcc- 
tra is consistent with the prcsemx of ;I tormal M “-M “I 
bond in the cl’--cl’ cation, ax \vcll as with thy formula- 
tion proposed for the dirhcnate anion. a\ di4cuss;ec.l 
later. 

Many fulvalenc camplcxes have hccn found as prod- 

ucts of attempted syntheses of low-oxidation state 
early-transition metal mctallocenes [ 151 and they f’orma- 
tion of the bridging fulvalenc ligand is thought to 
involve rcductivc coupling of two bridging ‘I! : q’-(_; H, 
rings [l&,16]. In fact, the dimer [Mo,(~-_r7! : q-‘- 
CiH1)(~i-C‘iHi),~-l]‘. charactcrircd hy X-ray diffrai.- 
tion, is a precursor of scvcriil binuclear n~oiyhde~~um 

derivatives. including the neutral fulv:llene-frriilgecJ cli- 
molybdenum(lll~ [Mo](I;\,)(Cp),itl)~] [IT]. 
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TABLE 1. Selected bond lengths (A) and angles (“) for [M~&TJ~‘- 
C,H,),(?7s:11”-C,,,H,)(~-SPh)lt 

Bond lengths 
S(4)-C(81) 1.791(5) 
C(61)-C(71) 1.436(9) 
C(61)-C(62) 1.440(X) C(71)-C(72) 1.423(8) 
C(62)-C(h3) 1.37900) C(72JXX73) 1.378(11) 
C(63)-C(64) 1.422(S) C(73)-C(74) 1.422(9) 
C(64)-C(65) 1.404(10) C(74)-C(75) 1.39X11) 
C(61)-C(65) 1.449(8) C(71)-C(75) 1.431(8) 

Cp rings Phmyl rings 
C-C range 1.375(9) C-C range 1.375(8) 

1.426(8) 1.391(Y) 

Bond angles 
MO(~)-S(4)-MO(~) 83.88(S) 
MO(~)-S(4)-C(U) 121.1(2) MoQ-S(4)-C(81) 123.8(2) 
C(61)-C(62)-C(63) 108.9(6) Cc71 )-C(72)-C(73) 108,3(h) 
C(62)-C(6l)-C(65) 106.5(5) C(72)-C(71)-C(75) 108.1(6) 
C(62)-C(63)pC(64) 108.3(6) C(72)-C(73)XX74) 107.7(6) 
C(63)-C(64)-C(65) 109.1(6) C(73)-C(74)-C(75) 109.6(7) 
C(61)-C(65)-C(64) 107.0(h) C(71)-C(75)-C(74) 106.2(6) 
C(62)-C(61)-C(71) 125.7(5) C(65)-C(61)-C(71) 126.8(5) 
S(4)-C(81)-C(82) 120.1(4) S(4)-C(Xl)-C(86) 118.6(4) 

Cp rings Phenyl rings 
C-C-C range 105.5(9) C-C-C range 119.6(6) 

110.2(7) 121.0(6) 

and [Re,(~-SC,H,),(CO),]- complex anions. Selected 
bond lengths and bond angles are given in Tables 1 
and 2. Molecular diagrams are shown for the cationic 
complex in Fig. 1 and for the anionic complex in Fig. 2. 

2.3.1. Molecular structure of [Mo2 Fc(p-SC, Hz)- 
CPJ + 

Each MO atom in the cation is coordinated to one 
Cp ring, to one q5-C,H, ring of the bridging fulvalene 
to the S atom of the bridging thiophenyl and to the 
other MO atom. Each of the four rings is nearly planar, 
with a maximum deviation of 0.022(7) A at C(74), one 
of the carbon atoms of the fulvalene. 

The mea? distance of the MO atoms to the Cp rints 
is 1.970(l) A, to the rings of the fulvalene, 1.946(3) A, 
and the mean angle between the ring normals to one 
Cp and to one q5-C,H, ring is 136.8(4Y. These values 
fit well into the range usually reported for biscyclopen- 
tadienyl complexes [21]. Generally the planes defined 
by the ring normals and the equatorial plane in this 
family of complexes are nearly orthogonal. However, in 
the binuclear complex cation now reported, the relative 
positions of those planes for each molybdenum (where 
the equatorial plane means the Mo,Mo,S plane) are far 
from orthogonality, with deviations of 26.33(10) and 
26.39(9Y, respectively. 

The S atom of the thiolato bridges between the two 
MO atoms, with MO-S distances of 2.422(2) and 2.450(2) 

TABLE 2. Bond lengths CA) and angles (“) for [Re,(c(-SPh)&CO),l~ 

Bond lengths 
Re(l)-S(l) 
Re(lJXX2) 
Re( 1 )-S(3) 
Re(l)-C(4) 
Re(1 )-C(S) 
Re( 1 )-C(6) 
S(l)XX21) 
S(3)-C(3 1) 

Phenyl ring5 
C-C range 

Bond angles 
Re(1 )kS(l )-Re(2) 
Re(l)-S(?)&Re(2) 
S(l)-Re(l)-S(2) 
S(l)-Re(l)-S(3) 
S(2)-Re(l)-S(3) 
S(l)-Re(l)-C(4) 
S(2)-Re(l)-C(5) 
S(2)-Re(l )-C(4) 
W_Re(l)-C(6) 
S(3)-Re(l)-C(5) 
C(5)-Ret 1)-C(6) 
C(4)-Re( 1)-C(6) 
C(4)pRe(l)-C(5) 
SGpRe(l)-C(4) 
S(2)-Re(l)-C(6) 
S(l)-Re(l)-C(5) 
Re(l)-S(3)-C(31) 
Re(l)-S(l)&C(21) 
Re(l)-S(2)-C(ll) 

Re-C-O range 

S-C-C range 

2.545(2) 
2.510(l) 
2.508(2) 
I .Y16(6) 
1 .X’)h(h) 
l.Y12(5) 
1.706(5) 
1.790(h) 

1.359(16) 
I .394( 10) 

X5.86(7) 
86.63(S) 
76.1 l(7) 
80.70(7) 
78.1 h(8) 
93.4(2) 
96.7(7) 
96.X2) 
93.3(2) 
92.0(2) 
87X3) 
91.9(3) 
92.5(3) 

172.7(2) 
170.5(2) 
171.2(2) 
106.3(2) 
105.7(2) 
111.3(2) 

174.6(5) 
177.7(5) 
117.2(5) 
124.6(5) 

ReQ-S(l) 
ReQ-S(2) 
R&-S(3) 
ReQXXl) 
ReU-C(2) 
ReQ-C(3) 
S(2)-C( 11) 

C-O range 

Re(1 )-S(3)-Re(2) 
S(l)-Re(2)-%2) 
S( 1 )-Re(2)-S(3) 
S(2)-ReQ-S(3) 
S(l)-Re(2)X(l) 
S(2)-Re(2)-C(3) 
S(2)-Re(2)-C(2) 
S(3)-Re(2)-C(3) 
S(3)-Re(2)-C(l) 
C(2)-ReU-C(3) 
Ccl )-Re(2)-C(3) 
Ccl )-Re(2)-C(2) 
S(3)-ReQ-C(2) 
S(2)-ReU-C(l) 
S(l)-ReQ-C(3) 
ReWS(3)-C(31) 
ReU-S(l)-C(21) 
Re(2)-S(2)-C(I 1) 

Re-S-C range 

Phenyl rings 
C-C-C range 

2.531(2) 
2.529(2) 
2.522(l) 
1.923(7) 
1.916(5) 
1.910(6) 
1.783(5) 

1.136(9) 
1.153(7) 

86.83(8) 
76.04(7) 
80.71(7) 
77.57(7) 
92.0(2) 

100.9(2) 
96.7(2) 
Y1.1(2) 
98.9(2) 
X8.1(3) 
90.7(3) 
87.1(3) 

173.9(2) 
176.9(2) 
171.7(2) 
118.7(2) 
115.8(2) 
121.1(2) 

105.7(2) 
121.1(2) 

118.3(8) 
122.1(9) 

Fig. 1. Molecular diagram of complex cation [Mo?Fv(~- 
SC,H,)Cp,]+ showing the atom labelling scheme with 30% thermal 
ellipsoids. 



A and an angle Mo-S-MO of’ X3.X8(7Y. ‘I‘here are 
many examples of binuclear complexes with thiolato 
bridges 1221. The geometry of the M.S.M triangle dc- 
pcnds on the existence of an M M interaction. on 
the number of such triangles. i.(~. the numbc~- of thio- 
late bridges, and on the steric constraints imposed by 
nearby bulky ligands. That triangle in the complex 
[~MMo,(C’O),{I*-S(C~~)(,}C:~~] [23] (MO MC, r= 3.212 
A. MO-S ~= 2.531 A and MO-S--M angle Xh.2’) is Aimi- 
lar to that of the title complex. If. however. the M M 
interaction is stronger. then this distance is shorter and 

the MO-S-MO angles are more acute. Mhorcas the 
Mo-S bonds do not change significantly. C‘omplex 
[Mo,(CO),(~-SM~),Cp,] ’ [?%I, with three thiolato 
bridges, 12 an example of this situation. with values of 
2.7X5(3) A and 60. 1(31L. respectively. The opposite situ- 
ation is observed in [Mo,(CO),(~-SPh),(‘Il,] [?a]. with 
two thiolato bridges and no interaction Iwtwcen the 
two Mo atoms and where those values arc’ 3.940(2) A 
and 101.63(XY’. respectively. 

a 
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is an electronic bridge between the two metals, even 
where no bond exists between them. 

As mentioned earlier, the formal count of 18 elec- 
trons around each MO atom, the absence of any elec- 
tron density peak assignable to hydrides, the spectro- 
scopic evidence, and the M-M distance of 3.256(l) A 
in the title cation, are consistent with the formation of 
a MO-MO single bond. 

2.3.2. Molecular structure of [Re,(p-SC, Hs).?- 
(CO), l- 

In the dinuclear anion, each rhenium atom is coor- 
dinated to three sulphur atoms of the thiophenyl 
bridges and to three carbon atoms of the terminal 
carbonyls in a distorted octahedra1 arrangement. The 
two octahedra share the face defined by three S atoms 
of the bridging ligands. 

The Re-S bonding distances range from 2.508(2) to 
2.54.5(2) A, the Re-C distances from 1.896(6) to 
1.916(6) A, and the Re-S-Re bonding angles range 
from 86.63(g) to 86.83(g)“. [Re&-mtb),(CO),l- is an- 
other binuclear anionic complex which differs from the 
anion described only in the bridging ligands, which are 
thiobenzyl groups instead of thiophenyl groups [20]. In 
this latter complex, there are two sets of Re-S dis- 
tances; one, shorter, and with a mean value of 2.540(5) 
A, is assumed to contain some r character, resulting 
from electron delocalization from the thiocarbonyl of 
the EL-mtb group. The other set, with a mean value of 
2.545(6) A is comparable with the mean value 2.524(l) 
A determined in the present anion. The mean angle at 
the bridging sulphur atom, 84.8(2)” is also similar to the 
equivalent value of 86.5(l)” in the title anion. 

Cotton and Ucko [27] quantified the distortion from 
an ideal bioctahedron. When the terminal ligands dif- 
fer from the bridging ligands, some of the parameters 
derived can be correlated with M . . . M distances. The 
difference between p, the M-L-M angle (M = metal 
centre, L = bridging ligand) and the idea1 value of 
70.53” for two octahedra should be zero for ideal 
octahedra, but greater than zero for complexes with 
non-interacting metal centres and long separations, 
and less than zero for complexes with attractive inter- 
actions between the metal centres. In complex [Re&- 
SC,H,),(CO),]~, this parameter has the values 
15.10(8), 16.30(8) and 16.33(7)“, and the Re . . . Re 
distance is 3.457(l) A; in complex [Re,(p-mtbIX- 
(CO),]-, the equivalent value0 is 14.27(2>0 and the 
Re . . . Re distance is 3.404(2) A. In another example 
with a bioctahedron as a central core, [Mo,(NNPh),(p- 
SC,H,),]- [2X], a similar situation is observed, with 
values of p - 70.53” of 14.4(l), 16.2(t) and 17.9(1>0 for 
the MO . MO distance of 3.528(l) A. This analysis is 

TABLE 4. Metal-metal distances (A) and overlap populations in 
[Mo,FvCpz] derivatives 

Complex MO-MO 
distance 

MO-MO Ref. 
O.P. 

[Mo,F~(~-SC,H,KP~I+ ” 3.256 0.16 

[Mo,Fv(~~-H)(cL-OH)CP~]~+ 3.053 0.06 
[Mo,Fv(H),CpJ+ 3.362 0.20 
[Mo,F+-HKH),Cp,l+ 3.227 0.05 
[Mo,Fv(F-OMoO&p,l 3.07h 0.18 

This 
work 

25a 
25b 
17 
30 

a SH was used in the calculations. 

consistent with the absence of an interaction between 
the metal centres on these complexes, and a formal 
18-electron count in each rhenium for the first two 
cases. However, there are many binuclear complexes 
with distorted bioctahedron central cores, but with 
sOhort metal-metal distances, in the range 2.628-2.919 
A, considered to be bonding interactions. The angles at 
the sulphur bridging ligands are all acute in these cases 
and consequently the p-70.53” values are negative or 
close to zero. An example of this type of complex is 
[Re,(~-SC,HS>,(NKPh>2]- with an Re . . Re dis- 
tance of 2.744(2) A and p-70.53” values of -4.8(l), 
0.3(l) and 0.3(l)” 1281. 

2.4. Molecular orbital calculations 
The structure of the dimolybdenum complex was 

discussed earlier and briefly compared with that of 
other fulvalene dimolybdenum complexes. One of the 
most interesting aspects in this small series of com- 
pounds is existence of a metal-metal bond. The Mo- 
MO distance in the five compounds having both a 
fulvalene and two Cp rings (Table 4) spans a range 
from around 3.0 A to 3.3 A, the shortest one being 
observed in a formally MO’“-MO’” d*-d* complex, 
[Mo,Fv(~-H)(~-OH)C~,]~+, in which no metal-metal 
bond is expected to occur: both molybdenum atoms 
have an 18-electron count. In the remaining complexes 
there are formally Mom-Mom d”-d3 species, with 
different types and numbers of other ligands attached 
to the main [Mo,FvCp,l frame and the presence of 
MO-MO bonds has been postulated in some of them. 
In this class of complex, diamagnetic behaviour is not 
always associated with the presence of a metal-metal 
bond. In some cases, coupling through the fulvalene 
ligand was postulated to account for the magnetic 
properties [26,29]. Extended Hiickel molecular orbital 
calculations [13] were done in order to understand the 
bonding in these complexes. A related problem that is 
also addressed concerns the aromaticity or amount of 
n-delocalization in the fulvalene rings. 



b c 

‘I‘hc neutral species looks like two bu!adicne units 
joincd by an ethylene molecule and the ?<-ray htructurc 
of 21 bulky substituted stable fulv~ilcnc show\ that there 
is indeed such an alternation of double and single 
bonds [31]. However. the tlianion can hc Jescrihcd as 
two cyclopentadicnyl anions ,joincd h) ;t ionger CC‘ 
bond. The calculalcd o\crlap populationx (using clnly 
one C-C distance in the modci) rcflcct thcsc trends. 
Populating the I ,UMO of the neutral spcc‘ics d does 
in&xxi lead to a longer ccntrai C.-C‘ bond (~rntibonding 
character). This orbital can also Ix looked upc,n ah the 
HOMO of a Cp anion. 

d 

The bonding of fulvalunc to the two tnelals resem- 
bles the bonding of :I cyclopcntadienyl anion to a metal 
(twice), with three cotnponcn(s involving donation of 
electrons from filled icvcts of‘ the ligated into etnpt) 
orbitals of the metal fragment. Back donation ix negli- 
giblc. ‘This loss of electrons from a f’orrnal ciianion 
leaves the fulvalene ligand in an intcrmcdiatc situation 
between b and c. above. it is cxpcctcd that thcrc will 
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A complete optimization of the angles in the model 
complex (e> was attempted and the geometry corre- 
sponding to the lowest energy species was very close to 
the experimental one. The optimized structure has the 
following parameters (defined in e, experimental values 
in parentheses): y = 22.5(22), p = 121(118), (Y = 
135.5(138), 7 = 150(140), 77 = 8(8)“. 

e 

In [Re,(~-SC,H,>,(CO),]-, the metals are formally 
Re’, d’, and for this electron count an octahedral 
environment around each metal is strongly favoured. 
The observed bioctahedral geometry is thus the ex- 
pected one, as found for the whole family. No metal 
orbitals are available for metal-metal bonds. 

-9 0 

> 
I 
6 -100 

: 
“I 

-11 0 

bl 

Fig. 3. Interaction diagram between the two molybdenum atoms in 
[Mo,FvC&]~ and representation of the three HOMOs. 

MO- MO band 

\ 

Fig. 4. Interaction diagram between [Mo,FvC~,I~’ and SC,HF 
showing the Mo-MO bonding orbital. 

3. Conclusions 

The study of the cation in the new compound 
[MozFv(p-SC,H,)Cp,][Re,(p-SPh),(CO),l and its 
comparison with some analogues suggest that the basic 
[MozFvCpz] ounit is relatively rigid. A MO-MO bond 
length of 4 A was proposed in an early paper as the 
best for the bis(fulvalene)dimolybdenum derivatives 
[34]. However, it seems from the larger number of 
structures now available, those described and others 
involving other metals such as titanium, niobium, zirco- 
nium [12b, c, 26, 29a-d, 351, that the preferred M-M 
distance in fulvalene-biscyclopentadienyl dimetal co?- 
plexes is shorter. Values range from 2.8 A to 3.6 A, 
and there is no difficulty for the fulvalene to accommo- 
date a small bending. As seen above in Table 4, the 
shortest distances may be found in complexes not sup- 
posed to have a metal-metal bond [25a], even though 
in those cases a weak metal-metal interaction was 
found in our calculations, while a bond between the 
two metals can be present when the distance is rela- 
tively long. A weak interaction between metal atoms 
may eventually also occur for other systems based on 
the same basic geometry and contribute to the diamag- 
netic behaviour exhibited in some cases. 



4. Experimental details 

All experiments were carried out under N, by stan- 
dard Schlcnk-tube techniques. IR spectra were mca- 
sured on a Pet-kin-Elmer 357 spcctrophotot?tutcr with 
KBr pellets or in solution using 0. I mm NaCl spaw_l 
cells. ‘H NMR spectra wcrc: recc>rded on ;t Bruker 
CXP 300 spectrometer. 

The solvents acetonitrile and dichlorom~rl7~Ine wcrc 
reagent grade materials. were dried CIVC~ C‘aH, 
(acetonitrile also over PzOi) and di\tillcd hcfore use 
under dinitrogcn. Diethyl ether was rcfluxcd OLCI 
sodium wire and distilled before LIW. Starting tnatcrials 
[MC:p,H,] CM = MO” or W’\ ) \\crc preparai ;is de- 
scribed previously [.%I. Dirhettium dccacarbonyl was 
purchased from Aldrich and used without fur-i her ELI- 
rification. 

3.1. Pwparation of [!Vn, b’r~(pL-.SCil Fi; )Cp, l/Rc Itj_*-.S( ‘,,- 
Hi! ,(c‘O),, I 

A suspension of 435 mg ( - 1 mmol) of [MoC‘pl- 
(SPh)-] and 315 mg ( - 0.5 mmol) of Re.(CO),,, in 30 
ml of’p-xylznc (b.p. - 139°C) was hcateii under reflitx 
i’ot- 17 h. After cooling to room tetnperrtturc. the mix- 
ture was filtered and the solvent remcwed under vac- 
uum. The brown solid residue wits extracted with 
CH,Clz and recrystalliazd from diethyl ether. 

IR spectrum: 14C=O) 7000. 1910. 1870 CIII ‘. ‘H 
NMR (CD(‘l,): (s 5.33 Cs, C‘;H<, 10 l-i): .~.h5-rl.l0 (m. 
I+. XH); 7.33 (m) and t(2.7 Cm) (p-SC’,,IH,. 20 t-0. 

4.2. Piqxrr~atiorl of’ [ 1”; k-1, (p-SC‘,, /Ii iCp -> l/Kc ,ip-SC‘,,- 
f f, 1 (CO), I 

The procedure described hefore was uscd. with 16 h 
of reflux time. IR: v(C=O) 2000, 1900 (broad) cm ‘, ’ ii 
NMR: (C’DC’I,): 6 5.09 (s. C’,H,, IO H); 5.00&‘~.07 (tn. 
Fv. 8H): 7.58 (rn) and 8.08 (ml (p-SC,, t-f ,. 2Otfl. 

J.3. Elc~tl.ochcrnicul uppumtlu 
The elcctrochcmistry in~trumcntation consisted of ;I 

Princeton Applied Rcscarch model 17.1 pc)tcntic>metei-. 
model I75 voltage progratnmcr. model 19 digital 
coulometer and an Otnnigraphic ?OO(I .X--Y t-aordcr of 
Houston Instrumcntn. Potential\ wet-c wt‘crrctl tcl 2 
calomel electrode (WE) containing a satwatcd SOILI- 
tion of potassium chloride checked relative to :I 0. IO M 
Lic‘IO, solution, for which the ferricinium,; fcrroccnc 
potential was in agreement with the litcraturc [37]. 

The working electrode was a Z-mm picce of Pt u’irc. 
The secondary electrode was a Pt wire coil. I‘hc cxperi- 
ments were performed in a PAR polarogr-aphic cell at 
room tctnpcraturc with solutions 1 t11M III solute and 
0.1 M in the supporting clcctrolyte. tetr:~hutyiatnmo- 
nium hexafluorophosphate. Solutions \vcris dcgasscd 
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TABLE 5. Fractional atomic coordinates (X 104) and equivalent 
isotropic temperature factors (A* X 10’) for [Mo,Fv(p-SPh)Cp,l- 
[Re&SPh),(CO),l 

Atom x Y z cl C” 

Ml) 
Re(2) 
S(1) 
S(2) 
S(3) 
C(l) 
00) 
C(2) 
O(2) 
C(3) 
O(3) 
C(4) 
O(4) 
C(5) 
O(5) 
C(6) 
O(6) 
C(ll) 
C(l2) 
C(13) 
C(14) 
C(15) 
CC161 
C(21) 
cc221 
C(23) 
C(24) 
C(25) 
C(26) 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(36) 

MO(~) 
MO(~) 
S(4) 
C(41) 
C(42) 
C(43) 
C(44) 
C(45) 
C(51) 
C(52) 
C(53) 
C(54) 
C(55) 
C(61) 
C(62) 
C(63) 
C(64) 
C(65) 
C(71) 
C(72) 
C(73) 
C(74) 
C(75) 

825.5(2) 
430.5(2) 
319(l) 

-726(l) 
2139(l) 
1368(5) 
1886(4) 

- 976(5) 
- 1776(4) 

673(5) 
83N5) 

- 328(5) 
- 1032(4) 

1175(S) 
1436(4) 
2161(5) 
2997(4) 

- 755(4) 
- 1191(6) 
- 1311(6) 
- 995(5) 
- 558(6) 
- 436(5) 

- 1202(5 ) 
- 2267(5) 

3397(6) 
3478(6) 

- 2438(6) 
- 1298(5) 

35 15(4) 
3567(h) 
4671(7) 
5716(6) 
5647(6) 
4564c.5) 

4854.5(5) 
3874.9(4) 
5754(l) 
3380(5) 
3903(6) 
5159(6) 
5436(5) 
4336(5) 
2678(h) 
1971(6) 
2497(10) 
3566(9) 
3639(6) 
4744(5) 
5992(5) 
6008(6) 
4784(6) 
3990(5) 
4326(5) 
5082(6) 
4335(7) 
3100(6) 
3073(5) 

4204.2(l) 
1971.6(l) 
3610(l) 
2724(l) 
2930( 1) 
1664(4) 
1480(4) 
1251(4) 
758(4) 
829(4) 
143(3) 

5071(4) 
5580(3) 
4446(4) 
4585(4) 
5197(4) 
5776(3) 
2329(3) 
2894(4) 
2612(5) 
1768(4) 
1206(4) 
1476(4) 
3839(4) 
3230(5) 
3482(6) 
4341(6) 
4953(5) 
4698(4) 
3443(4) 
3663(5) 
4093(5) 
4297(5) 
4075(6) 
3644(5) 

- 245.5(3) 
1787.6(3) 
1309(l) 

- 976(4) 
- 1698(4) 
- 1592(4) 

~ 810(4) 
- 42N4) 
1273c5.l 
1652(7) 
2634(8) 
2809(6) 
1957(h) 

382(4) 
241(5) 

- 718(5) 
- 1212(5) 

- 550(5) 
1284(4) 
2183(5) 
2859(5) 
2396(6) 
1421(5) 

3203.0(l) 
2009.2( 1) 
1456(l) 
2989( I ) 
3351(l) 
1185(4) 
671(4) 

1075(4) 
533(3) 

2596(4) 
2948(4) 
2959(4) 
2780(4) 
4536(4) 
5350(3) 
3288(4) 
3382(4) 
4104(3) 
4679(5) 
5524(5) 
5818(4) 
5259(4) 
4400(4) 

903(4) 
851(4) 
443(5) 

78(6) 
114(5) 
518(5) 

3120(4) 
2234(5) 
2124(6) 
2882(7) 
3747(X) 
3878(5) 

7408X3) 
72X2.8(3) 
8266( 1) 
7998(5) 
7672(5) 
8207(5) 
X882(5) 
8759(4) 
8264(5 ) 
7514(6) 
7609@3 
8398(8) 
8785(5) 
6005(4) 
6413(4) 
6478(5) 
6101(5) 
5835(4) 
5953(4) 
6306(4) 
6283(5) 
5881(53 
5705(4) 

30.4(l) 
32.0(l) 
34.6(4) 
31.9(4) 
35.0(4) 
46(2) 
76(2) 
43(2) 
69(2) 
43(2) 
72(2) 
43(2) 
67(2) 
42(2) 
66(2) 
42(2) 
71(2) 
31(2) 
50(2) 
54(3) 
45(2) 
5N2) 
44(2) 
38(2) 
49(2) 
65(3) 
71(3) 
66(3) 
49(2) 
4N2) 
56(3) 
68(3) 
77(4) 
87(4) 
60(3) 

31.2(l) 
38.9(2) 
34.9(4) 
49(2) 
56(3) 
56(3) 
50(2) 
41(2) 
58(3) 
74(4) 
97(5) 
87(4) 
62(3) 
44(2) 
46(2) 
52(2) 
55(3) 
49(2) 
42(2) 
53(2) 
63(3) 
66(3) 
54(2) 

TABLE 5 (continued) 

Atom x Y z u w 

C(81) 7266(4) 1856(4) 83 12(4) 39(2) 
cx82) 7525(5) 2823(4) 8289(5) 51(2) 
C(83) 8721(7) 3251(5) 8409(5) 66(3) 
C(84) 9646(6) 2712(6) 8567(5) 68(3) 
c-(85) 9382(h) 1740(6) 8588(5) 63(3) 
c’(86) 81X3(5) 1304(5) 8463(4) 50(2) 

with ORTEP-II [41]. The atomic scattering factors and 
anomalous scattering terms were taken from Interna- 
tional Tables [42]. Lists of observed and calculated 
structure factors, tables of anisotropic thermal parame- 
ters and tables of hydrogen atomic coordinates are 
available fram the authors. 

4.7. Molecular orbital calculatiom 
All the calculations were of the extended Hiickel 

type [13] with modified H,j’s [43]. The basis set for the 
metal atom consisted of ns, np, and (n - 1)d orbitals. 
The s and p orbitals were described by single Slater-type 
wave functions, and the d orbitals were taken as con- 
tracted linear combinations of two Slater-type wave 
functions. 

The geometry of [Mo,F+-LH)Cp,l (L = S or 0) 
species was modelled with C, symmetry. The L and the 
two MO atoms lie in the xz plane, the MO-MO axis 
being the xx direction. All the five-membered rings 
were considered regular pentagons (C-C = 140 pm) 
lying 198 and 195 pm from the MO atoms, respectively 
for Cp and Fv. The remaining distances (pm) and 
angles (deg) were as follows: U-C-C = 144.4, C-H = 
108, MO-MO = 326, MO-L = 243.5, L-H = 135, S-C = 
181, Cp-MO-Fv = 141. All the other parameters were 
described as needed. 

Standard parameters were used for C, 0, S, H, 
while those for MO were as follows (- H,,/eV, 0: 5s 
8.77, 1.96; 5p 5.60, 1.90; 4d 11.06, 4.54, 0.5899 (C,), 
1.90 (12>, 0.5899 (Cl). The three-dimensional molecu- 
lar orbital drawings were made using the program 
CACAO [44]. 
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