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Trinuclear, tetranuclear, hexanuclear, and dodecanuclear chalcogenide cluster complexes of chromium, molybdenum,
tungsten, and rhenium have been synthesized and their molecular and electronic structures have been characterized. The
structure-cluster valence electron relationships are analyzed and a new isoelectronic analogy is proposed.

Cluster chemistry of the early transition metals with 7t-
donor ligands (halide, oxide, chalcogenide, alkoxide) has
progressed rapidly in recent years." Among such ligands,
chalcogens (S, Se, Te) are the most versatile anionic ligands.
They show various types of ligation (terminal, t-, y3-, or
Us-bridging modes) to the metals, giving a variety of cluster
complexes and solid state compounds.*—'®

The rapid growth of this field is related to the bio-
logical cluster complexes,'®?” and to the superconducting
materials.'¥ However, the chemistry of metal cluster com-
pounds with m-donor ligands per se is very important as the
basic chemistry of synthesis, cluster bonding and structure,
reactions, and solid state properties. It is necessary to es-
tablish the rational construction of basic cluster frameworks
to study the cooperative phenomena induced by the cluster
structures.

Our study in this area was initiated from our interest in the
structural problems in the superconducting Chevrel phases.
We aimed at the preparation of the molecular complexes
with similar octahedral cluster units to those in the solid state
Chevrel phases.?” We had been interested in the chemistry of
octahedral halide cluster complexes of molybdenum? and
tungsten® prior to this work on the chalcogenide cluster
complexes. Since then, the general purpose of our research
has been the development of rational syntheses of the cluster
complexes related to the solid state cluster compounds.?®

Rational Syntheses and Structures of New Cluster
Complexes

Strategies in cluster synthesis have been applied to the
preparation of chalcogenide cluster complexes with consid-
erable success.? The basic patterns of the synthetic reactions
are excision (or extrusion), cluster condensation, and self-
assembly reactions. Excision is the bridge bond cleavage to

cut out molecular clusters from solid state cluster compounds
with the cluster units linked one-, two-, or three-dimension-
ally by bridging halide ligands.”?® Either neutral ligands or
inorganic halides are used for the bond cleavage. Cluster
condensation gives higher clusters by the removal of a part
of anionic or neutral ligands from smaller cluster complexes
which are to be condensed and thus has higher selectivity
than that of self-assembly reactions.”” Self-assembly reac-
tions have proved most fruitful in giving various kinds of
new cluster compounds, although most of them have re-
sulted from either thermodynamic or kinetic control to form
certain cluster frameworks preferentially and it is difficult to
predict the products.'” We have used these methods to pre-
pare new kinds of chromium, molybdenum, tungsten, and
rhenium cluster complexes. (Table 1)

Trinuclear Molybdenum Cluster Complexes. The
reaction of Mos(us-S)(ir-S2)3CLCly > with triethyl-
phosphine in tetrahydrofuran, followed by recrystallization
from methanol, afforded two kinds of cluster complexes
[Mos3(¢3-S)(t2-S)3Cla(PEt3)3(MeOH), | 1 and [Mos(443-S)-
(ta-S);Cl4(PEt3)4(MeOH)].* The structure of 1 is shown
in Fig. 1. The cluster core is the isosceles triangle of Mo
capped by a sulfur, and each Mo—Mo edge is bridged by a
sulfur atom. Four terminal chlorine ligands are bound to
molybdenum atoms as well as three triethylphosphine and
two methanol ligands. The essential reaction in the prepa-
ration is abstraction of one of the two sulfur atoms from the
S, bridges of the solid state compound by triethylphosphine,
with cleavage of the chlorine bridges between the cluster
units. This type of excision reaction was reported for the
first time by a Russian group for the preparation of [Mos(u3-
S)(t-S)3Cly(PPhs),] in acetonitrile.*® The major difference
in their compounds is the number of neutral ligands. Similar
reactions have been employed later for the preparation of
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Table 1. Preparative Method and MCE and of the Chalcogenide Cluster Compexes

Compounds Starting compounds/solvent MCE? Ref.
[Mo03S4Cls(PEt3)3(MeOH); ] MosS,Cly, PEt;, MeOH/THF 6 29
[Mo03S4Cl4(PEt;)4(MeOH)] Mo3S7Cls, PEts, MeOH/THF 6 29
[MO3S4C14(py)5] MO3S7C14, PPh3/py 6 33
[W3S4Br3(OAc)(CH3CN)(PEt3)3] W3S7Bry4, PEt;, MeOH/THF 6 37
[Mo3S4Cls(dppe)2(PEt3)3] Mo3S7Cly, PEts, dppe, Mg/THF, hexane 7 38
[Mo3Ss(PMes)s] (NH4)2Mo3S3, PMes/THF 8 34
[Re3S4Cls(PEt3)s] ResS7Cly, PEts/THF, acetone 9 36
[M0455(SH)2(PMC3 )6] (NH4)2M03Sl3, PMC3/B\1NH2 10 49
[MO4 S(, Clz (PMC3 )6] [MO4Se(SH)2 (PM63 )6] N SnClleHF 10 49
[MO4S(,BI‘2 (PMC3 )6] [MO4S§(SH)2(PMC3 )6], SIIBI'z/THF 10 49
[Mo4S¢I>(PMes)s] [Mo4S6(SH)2(PMes)s], Snl,/THF 10 49
[MO4S§ (dtC)2 (PMe3 )4] [MO4S@BI‘2 (PMC3 )6], Na(dtc)/THF 10 49
[MosS10(SH),(PEt3)6] (NH4);Mo3S;3, PEty/THF 14 46
[Mo06SsCly(PEt3)s] Mo3S;Cls, PEt;, Mg/THF 14 50
[MO(,SCgClz (PEt})(,] M03SC7C14, PEt3, Mg/THF 14 50
[WeSsCla(PEt3)6] W3S,Cly, PEt;, Mg/THF 14 37
[CI’GSs(PMe3 )6] CrClz, NaxSH, PMe3/MeOH 20 60
[CrSs(PEt3)s] CrCl,, NaS,H, PEt:/MeOH 20 60
[Cr6Seg (PMC3 )5] CI’C]z, NaZSex, PMC3/MEOH 20 60
[CreSeg(PEt3)s] CrCly,; Na;ySe,, PEt;/MeOH 20 60
[CrGSeg (PMC2 Ph)ﬁ] CI‘Clz N NaZSeX, PMezPh/MeOH 20 60
[MO(,Sg(PMe3)6] M03 S7C14, PMC3, Mg/THF 20 52
[Mo06Sg(PEt3)s] Mos3S7Cly, PEt3, Mg/THF 20 51
[MogSs(PMe,Ph)s] Mo3S;Cls, PMe,Ph, Mg/THF 20 52
[MogSeg(PEt3)s] MosSe;Cly, PEt;, Mg/THF 20 51
[WﬁSS(PEt3)6] W3S;Cly, PEt3, Mg/THF 20 32
[PPN][Mo¢Ss(PEt3)s] [MosSs(PEt3)s], NaHg, PPNCI/THF 21 51
[PPN][MogSes(PEt3)6] [MogSes(PEt3)s], NaHg, PPNCI/THF 21 51
[Mo3Ni2S4Cls(PEt3)s] [Mo03S4Cl4(PEt3)3(MeOH),], [Ni(cod),]/THF 26 70
[Mo3Pty;S4Cls(PEt3)6] [Mo03S4Cl4(PEt3)3(MeOH),], [Pt(cod), J/THF 26 71
[Cri2S16(PEt3)10] [CreSs(PEt3)s], Sg/toluene 40 67
[Mo12S16(PEt3)10] [MOGSg(PEt3 )6], Sg/toluene 40 69

a)Metal cluster electron.

Fig. 1. Structure of [M03S4+Cl:(PEt3);(MeOH);] 1.

other Mo3S, cluster complexes and tungsten analogues.*'*?

When triphenylphosphine was reacted with Mos(u3-S)(tp-
S2)3C1Cly, in pyridine, a pyridine derivative [Mo3(u3-S)-
(12-S)3Cla(py)s] 2 was obtained.* (Fig. 2) Triphenylphos-
phine abstracts one of the sulfur atoms in the (4,-S; ligands,
but does not coordinate to the Mos core in the presence of a
large amount of pyridine.

Treatment of (NHg),[Mos(u3-S)(t-S2)3(S2)3] with tri-
methylphosphine in THF gave [Mos(u3-S)2(4:-S)3;(PMes)s]

Fig. 2. Structure of [M03S4Cli(py)s] 2.

3 in 25% yield.* The oxidation state of molybdenum is
reduced from +4 to +3.33 in the reaction. This reaction is an
example of a new reaction in which removal of extra sulfur
atoms in the S, ligands leads to a sulfur bi-capped cluster
in contrast with the reactions of Mos(3-S)(12-S2)3ClCly 2
with trialkylphosphines to form Mo3S, type clusters.”® The
structure is shown in Fig. 3. The molecule of 3 has an
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Fig. 3. Structure of [Mo3Ss(PEt3)s] 3.

equilateral triangle of molybdenum atoms capped by two
sulfur atoms and bridged by three sulfur atoms. There are
six trimethylphosphines at the terminal positions of the Mos
triangle. The Mo—Mo distance is 2.71 A, which is shorter
than those in compounds of the Mo3S, type (2.73—2.83 A).

Another remarkable example of the desulfurization reac-
tion of [Res(u3-S)(t2-S2)3ClgJCI* by triethylphosphine has
been found to give [Res(43-S)2(12-S)2(t-C)Cl3(PEt3);31.%¢
In this case, one of the bridging positions is occupied by a
chlorine atom and three chlorine and three triethylphosphine
ligands are arranged in a chiral fashion.

The excision reaction of W3(u3-S)(t-S2)3BryBry , with
triethylphosphine in THF, followed by treatment with ace-
tic acid and recrystallization from acetonitrile, gave [W3(u3-
S)(2-S)3Br3(12-OAc)(PEt;)3(MeCN)] in 52% yield.*” The
cluster core is a W3 (us-S)(12-S)3 type and each tungsten atom
is coordinated by a bromine and a triethylphosphine ligand.
One of the W—W edges is bridged by a bidentate acetate
anion and one of the three tungsten atoms is coordinated by
an acetonitrile. This reaction shows that ligand substitution
of a stable cluster framework is a very useful method for the
preparation of new cluster complexes.

Redox reaction is also a useful method for preparing new
kinds of cluster complexes; usually the cluster cores are
preserved with some distortions of the cluster geometry.
The reduction of the Mo3S,4 core is such a case. When
the reaction product of Moz (u3-S)(t4-S2)3CL.Cly /, with tri-
ethylphosphine was reduced with magnesium at —20 °C
followed by addition of dppe (1,2-bisdiphenylphosphino-
ethane), a crystalline seven-electron cluster [Mos(u3-S)(t4,-
S);Cl3(dppe), (PEt3)] 4 was isolated; its molecular structure
is shown in Fig. 4. The seven-electron cluster complex
before the addition of dppe is considered to be a precur-
sor to the 14-electron raft complex 7 (see below). Electro-
chemistry of some of the Mo3S, type cluster complexes had
shown the seven-electron and eight-electron stages* % and
two seven-electron clusters had been reported without X-ray
study.®* Very recently another seven-electron Mo3S4 clus-
ter [(Cp*Mo)3(u3-S)(12-S)3] has been prepared and struc-
turally characterized.*
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Fig. 4. Structure of [M03S4Cls(dppe),(PEt3)] 4.

Tetranuclear Cluster Complexes. A novel tetranuclear
cluster complex [Mog(u3-S)2(4-S)a(SH)2(PMes)e] S formed
in the reaction of (NH4)[Mos(t3-S)(12-S2)3(S2)3] with tri-
methylphosphine in butylamine.*® The mean oxidation state
of molybdenum is reduced from +4 to +3.5 in the formation
of the tetranuclear cluster. There are a few possible pathways
for the rearrangement of a trinuclear cluster into a tetranu-
clear cluster complex: 1) degradation of the trinuclear cluster
to mononuclear species, which in turn assemble to a tetranu-
clear one; 2) formation of a dinuclear species which dimer-
izes; or 3) formation of a mononuclear species which adds to
the trinuclear cluster. The fact that the yield of the reaction is
fairly high (ca. 40% based on Mo) implies that the tetranu-
clear cluster is rather a stable one. Inthis regard, the recent re-
port by Hidai et al. on the preparation of the analogous tung-
sten cluster complex [W4(us-S)2(t2-S)4(SH)2(PMe,Ph)e]
from [W(N;),(PMe,Ph),] with (Me3Si),S in the presence
of methanol is suggestive of the ease of the formation of
these tetranuclear cluster cores.*” Shibahara also reported
the conversion of [M030,S,(H,0)e]* into [Mog(u3-S)2 (-
0)4(H,0)10]*".*® The oxidation state of molybdenum is +4
and does not change in the transformation.

The cluster core of 5 (Fig. 5) is composed of four molyb-
denum atoms arranged in a rhombus geometry. Each of the
fused Moj triangles is capped by a sulfur atom and bridged
by two sulfur atoms. In another view, the whole structure is
composed of fusion of two incomplete cubanes. Each wing-
tip (if we regard the Moy as a butterfly) molybdenum atom
is bound to an SH group and a trimethylphospine ligand.
The hinge molybdenum atoms are coordinated by two tri-
methylphosphine ligands. The SH groups have a stretching
frequency in the infrared spectrum at 2516 cm™!.

The terminal SH groups of 5 have been changed into
halides by the reaction with stannous halides.*” The reaction
of the bromide with sodium diethyldithiocarbamate (Nadtc)
gave a cluster complex [Mo,Se(dtc),(PMes)4] 6 (Fig. 6) with
four trimethylphosphine ligands instead of six. The average
oxidation state of the molybdenum atoms is +3.50 and the
cluster complexes are mixed valence complexes of two Mo-
(1) and two Mo(IV). They have ten cluster valence elec-
trons to form five Mo—Mo single bonds ranging from 2.818
t0 2.845 A.
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Fig. 6. Structure of [Mos4Se(dtc),(PMes)s] 6.

Raft-Type Hexanuclear Cluster Complexes of Molyb-
denum and Tungsten. A raft of an edge-fused array of
four triangles forms by combining two triangles in a plane
(Scheme 1). The condensation of two triangular cluster com-
plexes by abstraction of terminal ligands to form such struc-
tures can also be a general method to prepare hexanuclear
or larger raft-type clusters. We have found that reduction
of [M3E4Cl4(PEt3),(thf)s_,] M=Mo, E=S, Se; M=W,
E =S) with magnesium metal can be controlled. Namely
only one terminal chlorine atom is removed to form meta-
stable clusters [M3E4Cls(PEt;3),(thf)s_,] at lower tempera-
tures. The removals of weakly ligating solvent (THF) by
washing the intermediate complex with hexane forms cou-
pled cluster complexes [MgEsClg] (M =Mo, E=S, Se;*?
M=W,E=5%).

The cluster framework of [Mog(us- S)a(ta- S)a(ti-
C1),Cl4(PEt3)6] 7 (Fig. 7) consists of six molybdenum atoms
placed on a plane. Two incomplete-cubane-type Mo Sy clus-
ter units are bound by a Mo—Mo bond, two i3-S, and two

ANNVAJAVAV

Scheme 1. Formation of a hexanuclear raft cluster from two
triangular clusters.
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Fig. 7. Structure of [MogS3Cls(PEt3)s] 7.

1-Cl. One triethylphosphine coordinates to each molybde-
num atom, and a terminal chloro ligand coordinates to each
of four molybdenum atoms. The selenium analogue has a
very similar structure with longer Mo—Mo distances. The
structure of [W(,(ﬂ3—S)4(‘Ltz-S)4(M2-Cl)2C]4(PEt3)6] 8 (Fig. 8)
is also similar to that of 7 and the W—W distances (2.748—
2.997 A) are longer than those of the Mo—Mo (2.693—2.993
A)in7.

Treatment of(NH,4),[Mos (U3 -S)(ﬂz-Sz)g, (S;)3] with trieth-
ylphosphine in THF formed another hexanuclear raft-type
cluster complex [Mog(ti3-S)a(tiz-S)e(SH)2(PEt3)6].*® The
oxidation states of molybdenum atoms and overall struc-
ture of this complex are similar to those of 7, but the number
of terminal ligands decreases owing to the change of two of
the bridging ligands from monovalent chlorine to divalent
sulfur anions.

Octahedral Molybdenum and Tungsten Cluster Com-
plexes. An octahedron is composed of two triangles stacked
in a staggered way along the C5 axis and the resultant deltahe-
dron has eight triangular faces. The condensation of two tri-
angular cluster complexes by abstraction of terminal ligands
should be a general synthetic route to obtain hexanuclear
cluster complexes with octahedral metal atom arrangements
(Scheme 2). As almost the first example of such reactions, we
have prepared [Mog(3-S)s(PEt3)s] 9 by reducing [Mos(4s-
S)(tz-S)3Cl4(PEt;)4(MeOH)] with magnesium in THE?”

Fig. 8. Structure of [WSsCls(PEt3)s] 8.
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Scheme 2. Formation of an octahedral cluster from two
triangular clusters.

Later the starting compounds have been changed to [Mos (-
E)(t-E);Cl4(PEt3),(thf)s_,] (E=S, Se) which are formed
in the reaction of Mos(t43-E)(162-E2)3ClaCly, with triethyl-
phosphine.®” Other trialkylphosphines can be used,” and a
similar tungsten derivative also has been prepared [We(u3-
S)s(PEt3)s] 10.%2 Recently the octahedral molybdenum or
tungsten cluster complexes [Mg(t3-E)sLg] M=Mo, W; E=S,
Se; L=py, pip, pyrr, t-Bupy) (py = pyridine, pip=piperidine,
pyrr = pyrrole, t-Bupy = #-butylpyridine) have been prepared
by the substitution of the face-capping chlorine atoms in
Mg (3-Cl)gClrCly /(M =Mo, W) into chalcogens.” %
The cluster core of [Mog(u3-S)s(PEt3)s] 9 (Fig. 9) is areg-
ular octahedron of six molybdenum atoms with eight face-
capping sulfur atoms and one triethylphosphine ligand co-
ordinates to each of the molybdenum atoms. The tungsten
derivative [W¢(u3-S)s(PEts )] 10 (Fig. 10) has a very similar
structure with slightly longer W—W distances (2.674—2.685
A) than the Mo—Mo distances (2.662—2.664 A) in 9. These
cluster complexes are mixed-valence complexes and the av-
erage oxidation state of the metals is +2.67 (4M(III)+2M(II)).
Octahedral Chromium Clusters. In case no solid state
cluster compounds composed of suitable cluster units to be
excised and no smaller cluster compounds to be condensed
are known, we have to resort to self-assembly reactions in
hopes of obtaining target compounds. After establishing the
reductive dimerization reactions of trinuclear molybdenum
or tungsten cluster complexes to prepare the Chevrel-type
octahedral cluster, we wished to have chromium analogues.
Unfortunately, no triangular chromium chalcogenide cluster
complexes with terminal halogen ligands have been reported
but it had long been known that cobalt and iron clusters with
[Mg(u3-E)s(PEt3)¢] cores could be prepared by self-assembly

Fig. 9. Structure of [MosSs(PEt3)¢] 9.
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Fig. 10. Structure of [WSg(PEt3)s] 10.

reactions starting from mononuclear complexes.’”® During
our attempts to prepare elusive [Cr3(u3-S)2(ti-S)3(PMes)s]
by the reaction of CrCl, with NaSH in methanol, we found a
very small amount of crystals of [Crg(u3-S)s(PMes)g].>” The
reaction has not been reproducible until we found that change
of phosphine or chalcogen made the formation of the similar
cluster complexes much easier. Although eventually we
obtained the trimethylphosphine derivative again, the yields
were very low. Several derivatives [Crg(13-E)s(PR3)6] (E=S,
R; =PMes;, PEt;, PMe,Ph; E=Se, R3; =PMes;, PEt;) have
been prepared and characterized structurally.®” In the case
of the sulfur derivatives, NaS,H (x=1.33) has been used
while Na,Se, (x=1.33) is better for the selenium clusters
for a reason which has not become clear yet. The addition
of the chalcogen source should be carried out at a very low
temperature to prevent the formation of insoluble solid state
chromium chalcogenides. Meanwhile, as the first example
of CrgEg type cluster complexes, [Crg(us-Te)s(PEts)g] has
been published by Steigerwald.s"

The structure of [Crg(us-S)s(PEts)e] 11 (Fig. 11) com-
prises six chromium atoms arranged octahedrally with eight
face-capping sulfur atoms and a triethylphosphine ligand co-
ordinates to each chromium atom. The whole arrangement
is very similar to the molybdenum or tungsten Chevrel-type
cluster complexes 9 or 10. The Cr—Cr distances are too long
to invoke full single bonds. (see below)

A Dodecanuclear Chromium Cluster.  In the Chevrel
phase compounds, octahedral cluster units are linked by
Us-S —Mo bondings.®” Namely the capping sulfur atoms
coordinate to the vacant molybdenum site in the adjacent
cluster units, forming the three-dimensional network of oc-
tahedral MogSg cluster units. This characteristic bridging
mode brings about considerable intercluster Mo—Mo inter-
action which may be related to the superconductivity of the
Chevrel phases.®*® One of the purposes of the prepara-
tion of the Chevrel-type molecular cluster complexes of the
chromium group metals is to use them as the starting com-
pounds to construct the solid state compounds resembling the
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Fig. 11. Structure of [CreSg(PEt3)s] 11.

Chevrel phases.?*—%61.656 The purpose has not been fulfilled
yet, except for the case of the synthesis of SnMogSg.5® We
have striven for a more modest goal of obtaining the dimers
of the Chevrel-type cluster compounds in order to study the
electronic and magnetic interactions between the octahedral
cluster units through the t4-S —M bondings. The strategy
to attain the goal has been to remove one of the coordinated
phosphines by reagents with higher affinity to phosphines
than to the metals. After examining several reagents, we
found that elemental sulfur is the best one. Thus the reac-
tion of the chromium cluster [CrgSg(PEt3)g] 11°” with one
equivalent of sulfur in toluene at the refluxing temperature
gave a product which has been identified as [Cry(ta-S)2(U3-
S)14(PEt3)10]1 12.5” The structure in Fig. 12 shows that the two
octahedral cluster units are linked in the similar mode to that
in the Chevrel phase molybdenum compounds. Only one ex-
ample of dodecahedral cobalt complex has been reported.*®
A similar molybdenum analogue has been prepared.®” The
intercluster M—M bond distances in the three complexes are
Coy; 2.64 A, Cry 2.95 A, and Moy, 3.40 A.

Mixed-Metal Cluster Complexes. The reaction of
[Mos(3-S)(t2-S);Cly (PEt3 )3(MeOH),] 1 with [Ni(cod), ]

Fig. 12. Structure of [Cri2S16(PEt3)10] 12.
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(cod =cycloocta-1,5-diene) in the presence of extra trieth-
ylphosphine formed [Mo3Niy(us-S)(u3-S)3(us3-Cl) (- Cl)-
Cl,(PEt3)s] 13.7 The condensation is facilitated by the co-
ordination of w-S ligands to zero-valent nickel atoms and
formation of new Mo—Ni bonds by displacement of two
methanol ligands on the molybdenum atoms. The structure
(Fig. 13) shows that the mixed-metal cluster core is Mo3Ni,
square pyramid in which one of the u,-S in 1 has been
changed into (4-S and one of the terminal CI atoms into a
1-Cl ligand bridging two molybdenum atoms and the other
into u3-Cl capping the MoNi, triangle. The similar reaction
of 1 with [Pt(cod),] gave [MosPty(u3-S)3(t2-S)Cls(PEt;s )]
14.7V The cluster core (Fig. 14) of 14 is different from that
of 13 and is a flat raft-type with two platinum atoms bridg-
ing the Mo—Mo edges. Two triethylphosphine ligands are
coordinated to each platinum atom and chlorine ligands are
all terminal. Two of the ,-S ligands in 1 are converted into
w3-S ligands capping the Mo, Pt triangles.

Cl2
Fig. 13. Structure of [Mo3Ni,S4Cl4(PEt;)s] 13.

Fig. 14. Structure of [Mo3Pt;S4Cls(PEt3)s] 14.
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Distortion of Octahedral Clusters

The relationship between the cluster shape and cluster
valence electrons is one of the central problems in the the-
oretical cluster chemistry.”? The number of cluster valence
electrons determines the number of the M—M bonding and
the shape of a metal cluster framework. When HOMO is de-
generate and partially filled with electrons, Jahn—Teller type
distortion can be induced while keeping the global cluster
shape.

In the distortion problem of the octahedral molybdenum
cluster cores in the Chevrel phase compounds M, MogEg
(E=S, Se, Te), a theory emphasizing the electronic effects’
has been modified by one stressing the steric effects.”¥ The
Chevrel phases are the solid state compounds in which the
octahedral molybdenum cluster units are linked three-dimen-
sionally. The extraction of pure electronic effects on the
shape of the cluster units is difficult because the steric ef-
fects based on the intercluster bridges are often structure-
determining. Isolation of the 20-electron molecular cluster
complexes and their X-ray structures have shown that the
molybdenum octahedra are very regular, in contrast with the
most distorted cluster frameworks in the 20-electron solid
state Chevrel phase compounds.®'™® Therefore it is unlikely
that the distortions in the solid state Chevrel phases with 20
electrons are caused mainly by electronic effects. However,
the X-ray crystallography of a molecular crystal determines
the structure of the molecules that is influenced by the crystal
packing, and the structure does not always show the com-
pletely free molecules in vacuum. If we can estimate the
crystal packing effects, we can know the structure of the
isolated cluster skeleton.

This has become possible by the structural studies of the
chromium cluster complexes [Crg(u3-E)s(PR3)¢]. Since the
six trialkylphosphine ligands are at the terminal positions
of the Crg octahedron, they form a Pg octahedron around
Crg. The cluster molecules contact with each other through
the alkyl groups of the phosphine ligands and the crystal
packing effects are reflected in the positions of the phos-
phorus atoms. The P-P and M-M (M =Cr, Mo) distances
are listed in Table 2. It is apparent that the distortion of
the Crg octahedra parallels that of the Pg octahedra, whereas
the cores of the molybdenum cluster complexes show very
little distortion. This difference has been attributed to the
weaker metal-metal bonding in the chromium clusters.5” In
the case of triethylphosphine ligands, the P¢ octahedra for the
chromium, molybdenum, and tungsten clusters are all reg-
ular indicating that the crystal packing effects are isotropic.
Consequently, the cluster shapes can be handled as if they
reflect the cluster cores of free molecules. If the Mg cores
distort, the origin of the distortion should be electronic. Since
the Mg cores in the 20-electron clusters of chromium, molyb-
denum, and tungsten with triethylphosphine ligands are all
regular octahedra, the electronic effects to cause Jahn—Teller
type distortion should be absent in these 20-electron cluster
complexes. The distortion in the 20-electron Chevrel phase
compounds is probably due to the intercluster linking.**

Bull. Chem. Soc. Jpn., 69, No. 9 (1996) 2409

Electronic Structures and Spectral Assignments

Electronic-structure calculations are one of the bases for
understanding the chemistry of the chalcogenide clusters.
For example, all of the cluster chalcogenides of group 6 met-
als have strong colors. Absorption bands range from ultra-vi-
olet to visible regions and in many compounds near-infrared
absorption bands also have been observed. We need elec-
tronic-structure calculations to understand these absorptions.
However, the results of such calculations for the chalco-
genide clusters are not very conclusive yet. Among chalco-
genide clusters of group 6 metals, the electronic structures
of the octahedral molybdenum clusters are most intensively
studied.”—®) The calculations have been conducted by var-
ious methods and their results show large differences in the
degree of mixing of molybdenum and chalcogen orbitals. In
the traditional view of the electronic structures of transition
metal cluster complexes with st-donor ligands, the orbitals
around the HOMO and the LUMO consist mainly of the
metal d orbitals because the energies of metal orbitals are
much higher than those of ligand orbitals (isolated metal-
orbital model). The EH,””® and LMTO-ASA calculations®®
give the results close to this model. On the other hand,
the SW-Xa’ and DV-Xa?®" methods show a large extent
of mixing of metal and ligand orbitals (extensive-mixing
model). Which picture is correct is still uncertain.

In the following, we discuss the electronic structures of
chalcogen clusters calculated with the DV-Xa method.

Octahedral Clusters. We have calculated the elec-
tronic structures of [Mog(t3-E)s(PH3)6] (E=S, Se) by using
the DV-Xa (discrete-variational X«) method and made the
spectral (UV-vis and XPS) assignments of real compounds
[Mog(u3-E)s(PEt3)s] (Fig. 9)°" based on both the calculated
transition energies and oscillation strengths.®” The calcu-
lated electronic spectra exhibit moderate agreements with the
experimental spectra.(Fig. 15) The calculations show large
mixing of the 4d(Mo) orbitals with 3p(S) and 4p(Se)orbitals.
The relative energies of the valence orbitals near HOMO
are mainly determined by the three types of interactions
(1) Mo—L, (2) Mo—Mo, (3) L-L which are in the order
(1) > (2) > (3), and not by the metal/ligand ratio of the con-
stituting atomic orbitals.

The electronic structures of [Mg(t3-S)gle] are strongly
dependent on the metal M. The results of the DV-X« calcu-
lations for [Mg(t3-S)s(PH3)¢] (M =Mo, Cr) and for [Fee(u3-
S)g(PH3)6]** are shown in Fig. 16. The calculations for the
three clusters were performed under the same conditions ex-
cept for geometry. The electronic structure of the iron cluster
is very different from those of the chromium or molybdenum
clusters and similar to the results of the previous calculations
by Bencini et al.8?

The electronic level diagrams for the molybdenum and
chromium clusters in Fig. 16 show a gap above the LUMO
(eg) and the gap of the molybdenum cluster is larger than
that of the chromium cluster. The MOs above the gap are
metal-metal anti-bonding while those below the gap are
metal-metal bonding or non-bonding. Therefore, the larger
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Table 2. Interatomic Distances (A) in the Octahedra of the Metal and Ligand

Compounds M-M AM-M) P-P A(P-P) Ref.
[CreSg(PMes3)s] 2.649—2.710 0.061 ' 5.668—6.371 0.703 60
[CreSs(PEt3)6]-2C6Hg 2.592—2.596 0.004 5.925—6.035 0.110 60
[CreSes(PMes)s] 2.723—2.787 0.064 5.784—6.435 0.651 60
[CreSeg(PEt3)6] 2.676—2.683 0.007 6.086—6.133 0.047 60
[CreSeg(PMe,Ph)g] 2.684—2.67 0.083 5.745—6.487 0.742 60
[CreTeg(PEt3)¢] 2.896—2.953 0.057 6.258—6.456 0.198 61
[MoeSs(PMes)s] 2.635—2.637 0.002 5.875—6.470 0.595 52
[MoeSs(PEt3)6] 2.662—2.664 0.002 6.179—6.291 0.112 51
[MogSs(PMe;Ph)g ] 2.678—2.694 0.016 6.005—6.602 0.596 52
[MogSes(PEt3)s] 2.701—2.708 0.007 6.190—6.402 0.218 51
[WeSs(PEt3)6] 2.678—2.681 0.003 6.174—6.310 0.136 32
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Fig. 15. Spectral assignments of [MosSs(PEt3)¢] based on the DV-Xa calculations of [MogSs(PH3)e].

gap for the molybdenum cluster indicates the stronger in-
teraction between metal atoms in the molybdenum cluster
than in the chromium cluster. Stronger metal-metal bonds
in the molybdenum cluster is supported by the discussion
of the bond order n, which is calculated by the equation
logn=(dy—d;)/0.6,*» where d| is the observed metal-metal
distance in [MgSs(PEt3)s] (M =Mo, Cr)’"*® and d, is the
length for a single bond (dy=2.619 A for Mo and 2.383 A for
Cr). The calculated bond order »n for the metal-metal bond in
the molybdenum cluster is 0.84, which is much greater than
the value 0.44 for the chromium cluster.

The calculated MOs for the molybdenum cluster show an
extensive mixing of the molybdenum orbitals and sulfur 3p
orbitals. The mixing is much weaker in the chromium cluster,
and the calculated level diagram resembles the one expected
for the isolated-metal-orbital model. These results suggest
that the energies of the metal-metal bonding orbitals in the
molybdenum cluster are closer to the sulfur 3p orbitals than
those in the chromium cluster. The metal-metal bonding
orbitals in the molybdenum cluster are more stabilized than
those in the chromium cluster due to the stronger metal-metal
interaction discussed above.

In the iron cluster, some of the metal-metal anti-bond-
ing orbitals are occupied, and the metal-metal distances are
large. The calculated level diagram for the iron cluster has

no gap above the e, level in contrast to the molybdenum and
chromium clusters, which reflects the very weak metal-metal
interaction. In the iron cluster, the metal-ligand interaction
is the main factor that determines the electronic levels.
Tetranuclear Raft Clusters. Tetranuclear raft clus-
ters [Mo4S¢X2(PEts)e] (X=SH, Cl, Br. Fig. 5) are electron-
precise since they have ten metal cluster electrons and five
metal-metal bonds. In these clusters, metal atoms are ei-
ther octahedrally or trigonal-bipyramidally coordinated by
the ligands. The metal d orbitals whose lobes are directed
towards the ligands are used principally for the metal-li-
gand o bondings, and other d orbitals can be used for the
metal-metal bonding interactions. The d orbitals suitable for
the metal-metal bonds are the t; orbitals (dyy, dx,, and dy;)
in the octahedral case and the ¢” orbitals (d, and dy,) in the
trigonal-bipyramidal one. These orbitals interact also with
sulfur orbitals through the 7 interaction. If the metal-metal
bonds are full single bonds, the number of the bonds around a
metal atom cannot exceed the number of the d orbitals avail-
able for metal-metal bonds. In the tetranuclear raft clusters,
each of the two hinge molybdenum atoms has three d orbitals
for the metal-metal bonding, and each of the two wing-tip
atoms has two. Then, a tetranuclear raft cluster has ten AOs
(2%x(3+2)) for the metal-metal bonds, and they make ten
MOs. Five of the ten MOs will be bonding if these metal
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d orbitals are not strongly modified by the ligand orbitals
through the metal-ligand m-interaction. The HOMO of the
tetranuclear raft cluster with ten metal cluster electrons is the
top of the five metal-metal bonding orbitals, and a gap is ex-
pected above the HOMO. The width of the gap is determined
by the strength of the metal-metal interaction.

The electronic levels of the model compounds
[Mo4S¢X,(PH3)s] (X=SH, Cl, Br) with the Cp, symme-
try have been calculated by using the DV-Xa method.*’ The
HOMO-LUMO gaps in the calculations are the largest energy
differences between the orbitals in the manifold of the va-
lence levels (Fig. 17) and their values are considerably large
(1.71 eV for SH, 1.52 eV for X=Cl, and 1.48 eV for X=Br).
The DV-Xa calculation for the six-electron triangular cluster
[Mo3S4(H,0)6]** by Sakane et al. also gives a large HOMO-
LUMO gap of 2.28 eV.*¥ These results are consistent with
the simple discussion described above. However, the calcu-
lated results in Fig. 17 show that the metal-metal bonding
orbitals are strongly mixed with the ligand orbitals. While
the two highest occupied orbitals (64a, and 38b, for X=SH
and Cl; 70ag and 41bg for X = Br) definitely have the nature
of the metal-metal bonding, it is not very clear which orbitals
in Fig. 17 correspond to the other three metal-metal bonding
orbitals.

The large HOMO-LUMO gaps in the tetranuclear clusters
indicate that the overall scheme of the MO levels is similar
to those expected from the simpler picture described above
in which the metal-ligand n-interaction is neglected. The
results of the calculation show that the metal-metal bonding
orbitals are not much destabilized by the metal-ligand m-in-

teraction. This indicates that the metal-ligand m-interactions
are not strong in these compounds. The metal-metal bond-
ing orbitals and ligand orbitals are strongly mixed because
their energies are close. Each metal-metal bonding orbital
is distributed in several MOs of the same symmetry.

The above discussion for the tetranuclear raft clusters can
be extended to other raft-type clusters. In the octahedral or
trigonal-bipyramidal environment, the number of metal d or-
bitals available for the metal-metal bonds is three or two for
each metal atom, and the number of the metal-metal bonds
around the metal atom cannot exceed it if the metal-metal
bonds are full single bonds. It is important to take the avail-
ability of the metal d orbitals for metal-metal bonds into
account when we design new electron-precise clusters.

Trinuclear Clusters. The d orbitals of metal atoms
make three a-type and three e-type orbitals in the trinuclear
clusters.'® An a-type orbital and an e-type orbital are bond-
ing, and can accommodate six electron. In the next two
molecular orbitals, which we will call intermediate orbitals,
the interaction between metal orbitals are very weak due to
their spatial arrangement, and the order of these two molec-
ular orbitals are strongly influenced by the metal-ligand &t
interactions.

In the M3(u3-X)(t2-X)s type clusters with the Cs, sym-
metry, the intermediate a; orbital is slightly Mo—Mo bond-
ing, while the intermediate e orbital is weakly Mo—Mo an-
tibonding. The metal-ligand m interactions strongly desta-
bilize the a;, and eight-electron clusters can be prepared
only for bridging ligands with weak metal-ligand 7 inter-
actions. In the seven-electron cluster complex [Mos(us3-
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Calculated energy levels for [MosS¢X2(PH3)s] (X =SH, Cl, and Br).

Short horizontal lines just right of the vertical axis

indicate the energies of the levels. The strips show the AO compositions of each MO: black, Mo; white S and PH3; hatched, X.

S)(-S)3Cls(dppe),2(PEt;3)] 4, the Mos core forms an almost
equilateral triangle with the interatomic distances 2.804 and
2.809 A, which are slightly longer than those in the six-
electron [Mos(u3-S)(14-S)3Cls(dmpe)s]* clusters (2.766 or
2.774 A) 358 The equilateral geometry and elongation of the
triangular core in 4 are not compatible with either of the elec-
tronic configuration. In a recent publication, Tatsumi et al.
has suggested a subtle distortion in the seven-electron cluster
compound [(Cp*Mo)3(u3-S)(12-S)3] due to the Jahn—Teller
effect by the occupation of the seventh electron in the e
orbital.*

In triangular clusters with the [Mos(u3-S),(12-X)3] core
having the D3, symmetry, the intermediate two orbitals are aff
and e”. When the cluster has eight electrons, two electrons
must occupy one of these orbitals. Both a” and e” orbirals are
antisymmetric in respect of the horizontal mirror plane, and
only the e” orbital can interact with the p orbitals of bridging
sulfur atoms. If metal-ligand 7 interaction is not significant,
weak metal-metal interaction will make the energy of the e/

oprbital lower and two electrons occupy the e’ orbital. This
is the case for [Mo3(t3-S),(12-C1)3Clg ]~ with the bridging
chloro ligands, and the distortion to an isosceles triangle has
been ascribed to Jahn—Teller effect by the energy surface
calculations by the extended Hiickel method.*” However, if
the bridging ligands are sulfur, the 7 interaction of lone-pair
orbitals of bridging ligands with metal d orbitals is stronger
and can reverse the level energies of the two orbitals. A sul-
fide cluster [Mo3(t3-S),(14-S)3(PMes )6 ] has a perfect 3-fold
symmetry in the crystal structure indicating no distortion.*”

Isoelectronic Analogy

When a raft cluster M,,4, is composed of n metal triangles
(n>1) by fusion of edges and if each M-M bond requires two
electrons to form a 2c—2e bond, the number of metal cluster
electrons (MCE) is 4n+2. (Such a raft cluster contains
N =n+2 metal atoms and the MCE has been expressed as
4N — 6.%9) (Fig. 18) On the other hand, the number of m-
electrons in a polyacene with n fused benzene rings is also
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4n + 2 cluster valence electrons

DOOORROO
4n + 2 n electrons

Fig. 18. Relationship between MCE in the raft cluster and &t
electrons in polyacene.

4n+2. Consequently, the number of MCE in a raft cluster
with n triangular units and that of m-electrons in a polyacene
with n fused benzene rings are equal. This isoelectronic
analogy holds in any electron-precise raft cluster in either
finite or infinite array of triangles if all the adjacent M—-M
are regarded as single-bonded, although combination of the
metals with appropriate anionic ligands is necessary to attain
the MCE suitable for the electron-preciseness (Table 3).

In the raft cluster system, lack of a M—M bond from an
electron-precise cluster leads to reduction of MCE by 2.
Correspondingly, in the polyacene system, addition of two
hydrogen atoms leads to reduction of two m-electrons and
hence the electron-deficient cluster compounds can be cor-
related to hydrogenated polyacenes as far as the number of
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electrons is concerned.

The above isoelectronic analogy can be applied to the real
cluster compounds which have been isolated in our study
and to the electrochemically (by CV) generated reduced or
oxidized clusters.®” Thus, Table 4 shows the correlation of
the numbers of MCE in the cluster and the m-electrons in the
hydrocarbons. The analogy between the Mos(u3-S)(12-S)3
type clusters and benzene has already been recognized by
Lu and his coworkers®®®" and has been expressed as quasi-
aromaticity of the [Mo3S4]** clusters. Inarecent publication,
Zhang refers to our hexanuclear cluster complex [Mog(s-
S)a(t2-S)a(tp-Cl1);Cl4(PEt3)6] as an equivalent of biphen-
ylene C,Hg.*» Although the hexanuclear raft cluster (14-
electron) looks like biphenylene structurally, the number of
the m-electrons in biphenylene is only 12 and they are not
isoelectronic. We prefer isoelectronic analogy because the
raft type clusters with Mo,,4,2S2,42 cores are composed of n
interlacing incomplete cubanes MosSy4, which is analogous
to the fusion of benzene rings in polyacenes. Therefore we
correlate the hexanuclear cluster (14-electron) to tetrahydro-
tetracene (14-electron).

Mixed Valence States of CrSg and Cr;,S:¢ Clusters

Cyclic Voltammetry. The chromium cluster com-
plexes [Crg(us-E)s(PR3)g¢] are mixed-valence complexes
comprising two Cr(II) and four Cr(IlI) metal centers. The
cluster valence electrons are probably delocarized in the
whole structure, and these cluster complexes are consid-
ered to belong to the class II or class I mixed-valence
complexes according to the classical definition of Robin

Table 3. Isoelectronic Analogy between the Electron-Precise Sulfide Clusters and Aromatic Compounds

Numberof  Cluter compounds  Oxidation state of =~ Number of MCE  Aromatic compound  Number of mt-electrons
core units n Mo
1 [Mo3S41* 4 6 CeHe 6
2 [Mo4Se]** 35 10 CioHs 10
3 [MO5Sg] 32 14 C14H|0 14
4 [M06SIO]2~ 3 18 CisHin 18
n [M0,+2S204215 %" (2n+10)/(n+2) 4n+2 CanszHonsa 4n+2
Table 4. Isoelectronic Analogy in the Real Compounds
MCE
n Mo cluster core Incomplete cubane or Hydrocarbon
mt-electrons
. /Mo\ S/ I \? 6
S
M Vo M<|J< >Mo
[Mo3S4Cls(py)s] CeHs
s
Mo, Mo /M0< >Mo
2 \ / s7 s 10
| /S\I S
Mo Mo Mo\S /Mo
[Mo4S6Cl>(PMes)s ] CioHs
cl s
Mo===-==== Mo—— MO/ \M e \M
WAVA et e
S s S
Mo————Mo==-=--- Mo MD<S:M°<CI>MO/
[MosSsCla(PEts )6] CisHie
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and Day.”® The cyclic voltammetry of [Cre(u3-S)s(PEt3)s]
in THF (Fig. 19) has shown an oxidation step at —0.86 V
and a reduction step at —1.54 V versus Cp,Fe*/Cp,Fe cou-
ple. The dimer cluster [Cri2(us-S)2(t3-S)14(PEt3) (0] has
two oxidation steps at —0.86 and —0.44 V, and two re-
duction steps at —1.57 and —2.12 V versus Cp,Fe*/Cp,Fe
couple. (Fig. 20)"* All the waves are assumed to be
due to one-electron redox processes corresponding to one-
electron redox of a CrgSg cluster unit. The electrochem-
istry suggests that there are [CrSg—CrgSs], [CreS3—CreSs],
[CI‘6S§—CI'GS§], [CI‘688_—CI'658], and [Crﬁsg_—Cr(gSS_] states.
The potentials of the first redox process in [CrgSg—CrgSg]
are very near those of the [CrgSg] cluster and the electronic
state in one of the CrgSg units in the Cr;, cluster should be
very similar to the one of the CreSg cluster complex. When
one of the two cluster cores is either oxidized or reduced, the
second redox step in the other cluster requires more oxidiz-
ing or more reducing potentials. It is very likely that a part
of the electronic charge generated upon either oxidation or
reduction is transmitted to the other cluster through the inter-
cluster bonds. Alternatively the charged cluster unit should
exert the electrostatic influence on the adjacent cluster. It
was suggested that the extent of such electrostatic influence
in the case of the mixed-valence [Ruz O(OAc)gl3]"* dimer is
much smaller than the effect due to electron delocalization.”®

Magnetism.  The hexanuclear chromium cluster com-
plexes show temperature-dependent paramagnetism.’® The
XmT—T plots are shown in Fig. 21. Apparently the data do
not conform to the Curie—Weiss law. [Crg(t3-S)3(PEt3)e]
formally contains four Cr(Ill) (d*) and two Cr(Il) (d*) cen-

I 0.5uA

30 20 1.0
vs. (CpyFe / Cp,Fe?)
Fig. 19. Cyclic voltammogram of [CreSg(PEt3)s] in THF.

R0

30 2.0 0 0W
vs. (CpyFe / CpoFet)
Fig. 20. Cyclic voltammogram of [Cri2S16(PEt3)10] in THE.
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Fig. 21. The ymT-T curve for [CreSs(PEt3)s] and
[Cr12S16(PEt3)10] between 4.5—330 K.

ters. As d> configuration has S=3/2 and d* either S=2 (high
spin) or 1 (low spin), simple ferromagnetic addition and an-
tiferromagnetic subtraction of the spins do not lead to the
number of unpaired spins indicated from s values (1.7—

The DV-Xa MO calculations on [Crg(u3-S)s(PH3)s] have
shown that the cluster complex has a closed-shell con-
figuration (S=0) for the structure with O, symmetry and
d(Cr—Cr)=2.59 A but the orbital energy levels are very sen-
sitive to the Cr—Cr distance.®” Slight elongation of the Cr—Cr
distance (0.1 A) changes the spin state into S=2. We postulate
at present that the real cluster complexes also have spin states
that increase from S=0 at ca.0 K to S=2 at higher tempera-
tures, although the chromium clusters have been shown still
paramagnetic at the lowest temperature (4.5 K) employed in
our magnetic measurements.

It is interesting to note that the magnetic measurements
on the tellurium derivative [Crg(us-Te)s(PEts3)s] in the tem-
perature range 100—300 K has indicated Curie—Weiss be-
havior with two parallel spins and a triplet ground state has
been assumed.®" The paramagnetism has been ascribed to the
weakness of the Cr—Cr interaction and smaller delocalization
of spins as compared with that in the diamagnetic [Mog(t3-
S)s(PEt3)s].>"

Magnetism of the relevant cluster complexes [Feeg(u3-
S)s(PEt3)6]™ (n=1,2) has been analyzed in detail by Bencini
et al.?2°" The complex [Feg(u3-S)s(PEts)6][PF¢] possesses a
S'=7/2 spin state well separated from the excited state and
obeys Curie—Weiss law in the temperature range 4.2—300 K.
The spin has been attributed to the ferromagnetic coupling
of five low spin Fe(Il) (S=1/2) and an intermediate spin Fe-
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(ID) (S=1). The complexes [Feg(uz-S)s(PEt3)s][PFe],°" or
[Feo(143-S)s(PEt3)61[BF41,*? show a marked temperature de-
pendence of the magnetic moments and their magnetic struc-
tures have been characterized empirically with the HDVV
exchange spin Hamiltonian. Their yT-T curves look similar
to those of the chromium cluster complexes and the magnetic
interactions between the six metal atoms in the octahedral
cluster cores may be also analogous although the calculated
electronic structures of the chromium cluster and the iron
cluster are very different (Fig. 16).%%°

The dodecanuclear cluster complex [Crja(us-S)(us-
S)14(PEt3)19] has also temperature dependent paramag-
netism, as shown in Fig. 21. The oxidation states of the
chromium metals in the cluster complex are the same as those
in the hexanuclear cluster complexes. The y,,T values are
about the double of those in [Crg(u3-S)s(PEt3)¢] at 330 K, re-
flecting the existence of two octahedral cluster units in the do-
decanuclear cluster complex, but they decrease more rapidly
to ca. 1/4 at 4.5 K. The data can be interpreted qualitatively
in terms of the extra antiferromagnetic coupling, which is
enhanced at lower temperatures, between the paramagnetic
octahedral cluster units through Cr—S and Cr—Cr bonding
interaction. The antiferromagnetic coupling between the
paramagnetic [Cog(ts-S)s(PEt3)g]* cluster complexes has
been considered as the major driving force to form the dia-
magnetic dimer [CO]2(/44—5)2(/13-5)14(PEt3)10]2+ which has
similar cluster connectivity.®®!%? In this dodecanuclear clus-
ter, the intercluster Co—Co distance is as short as 2.64 A and
the shortness has been attributed to the strong interaction
between the unpaired spins localized on the coupling cobalt
atoms in the [Cog(i3-S)s(PEt3)s]* with one triethylphosphine
missing. The relatively long intercluster Mo—Mo distance-
(3.40 A) in the [M012(/14-8)2(#3-5)14(PEt3)10]69) formed from
two diamagnetic [Mog(u3-S)s(PEt;3)¢] may be an indication
that spin-pairing between the paramagnetic octahedral clus-
ters has a pronounced influence upon the shortening of the
intercluster M—M distance.
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