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I. Introduction

The early transition metal halide clusters {MqYs}"* (M = Mo, W;
Y =

CLBr,; M =Nb; Y = 1) and {M;Y,,}** (M = Nb, Ta; Y = Cl,

Br) are the basis for a diverse solid-state chemistry in which cluster
fragments are interconnected by halide bridges. Discrete clusters con-
taining the {M¢Yg}"" and {MY;}"* units are obtained from these mate-
rials by addition of ligands that disrupt the halide bridges. Control of
the coordination environment about the metal octahedron in the solu-
ble clusters provides control of the chemical and physical properties
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2 PROKOPUK AND SHRIVER

of the cluster. In addition, the discrete clusters provide building
blocks for the construction of new types of extended cluster arrays
and cluster based materials.

Octahedral clusters of the electropositive metals, groups 3 to 7, are
stabilized by 7-donor ligands such as halides, chalcogenides, and alk-
oxides, but the majority accessible to solution chemistry are the ha-
lide complexes. These highly symmetric and aesthetically pleasing
MY} and {MgYo}"" clusters contain a robust core of six metal
atoms and either 8 face-capping {MYs}"* or 12 edge-bridging {MgY o}*"
halide ligands Y. An additional 6 ligands X are terminally bound, one
to each metal center, completing the structures [MgY,Y¢]" % and
[MgY ,Xc)* ® (Fig. 1). In the present discussion it is convenient to re-
fer to the charge of only the {MgYg}"* or {MsY o}"* unit instead of refer-
ring to the entire cluster and its full complement of axial ligands.
This notation is especially useful when there is ambiguity as to the
type and charge of the ligands occupying the axial sites or when the
properties of the cluster core are independent of the axial ligands.
Nomenclature developed by Schifer and von Schnering (1) denotes
the bridging ligands as inner (superscript i) and the terminal ligands
outer (from ausser) or axial (superscript a); thus, [MogCl,,]*~ is noted
[Mo¢CIiCl2]*". Soluble octahedral clusters {M¢Ys}*" and {M:Y;,}** with
inner halide ligands have been reported for Nb, Ta, Mo, and W. Mo-
lybdenum and tungsten are observed predominately in the {MgYg}"*
geometry, and the group 5 metals are found with the {MgY,}*" ar-
rangement. One notable exception is the niobium iodide clusters such
as [NbgI(NH,CH;)] in which the iodide ligands occupy face-capping
sites on the Nb¢ octahedron (2).

Solid compounds with {MgYgs}** or {MY5}** units and halide ligands
have been observed for other metals, including those of the rare earth

oM OY Ox
Fic. 1. Structures of [M¢YeXsl* A and (MY, X;F B.
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Fic. 2. Periodic table of metals (shaded) found in {MgYg}"* or {MsY 2}"* geometry.

and late d-block elements (Fig. 2). Extensive intercluster bridging has
confined the chemistry of the majority of these compounds to the con-
densed phases. By contrast, the weak intercluster bridging in the
group 5 and 6 derivatives provides solid-state materials that are eas-
ily dissolved into molecular cluster species. Subsequent solution
chemistry has revealed rich photophysical and redox properties for
these compounds. The relationship between the ligation of the group
5 and 6 metal halide clusters and their chemical and physical proper-
ties, as well as the subsequent materials chemistry that has evolved
from this association, is the subject of this review. The solid-state and
solution chemistry of the related zirconium halide clusters {ZrsY,}"",
which occur with interstitial atoms occupying the center of the metal
octahedron or hydrides ligands bridging the octahedron faces, is rela-
tively new and has been the subject of a number of reviews (3, 4).

li. Group 6

Recent interest in halide clusters containing the {M;Yg}*" unit
stems in part from its structural relationship to the superconducting
Chevral phases PbMogQ;s (Q = S, Se, Te) in which eight chalcogenide
ligands Q occupy the face-capping positions (5, 6). Early development
of the ligand substitution chemistry of the group 6 clusters had led
to recent applications of these compounds to catalysis and materials
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chemistry. Molybdenum(II) chloride was discovered over 100 years
ago (7), and the related cluster MosCl(OH),(H;0), was one of the first
complexes characterized by X-ray diffraction (8). Renewed interest in
the substitution chemistry of the inner ligands arises from the prom-
ise of generating {MogQgs}*” (Q = S, Se, Te) units in solution, which
are potential precursors to Chevral phases. Also of current interest is
the discovery of the long-lived excited state exhibited by the molybde-
num and tungsten clusters (9, 10).

A. SyYNTHESIS OF GROUP 6 CLUSTERS

Early synthetic procedures for the group 6 metal halide clusters
relied on disproportionation reactions of the intermediate halides,
MoCl;, MoBr;, WCl,, and WBr,, at elevated temperatures to produce
the clusters MgXy; (11, 12). These reactions suffered from inherently
poor yields and the need to synthesize and isolate the reactive inter-
mediate metal halide. McCarley and co-workers (13) introduced the
use of sodium tetrahaloaluminate melts to reduce the halides MoX;
and WX, (X = CI, Br) with aluminum at lower temperatures:

6MoCl; + 6Al —» MoeCl,; + 6AICL, (1)
6WCIS + 8Al b W60112 + 8Alclg. (2)

Near quantitative yields are achieved for the molybdenum halides,
but substantially lower yields (50%) are obtained in the synthesis of
the tungsten clusters, which require higher temperatures and the use
of Vycor reaction vessels. A higher yield low-temperature synthesis
was devised by McCarley and co-workers for WCl,, using iron as the
reducing agent (14).

The chemical reduction of the higher Mo and W halides provides
good yields of the octahedral clusters, but the mechanism is obscure.
By contrast, chemical oxidation of zero-valent Mo and W leads to the
bromo and iodo cluster species in poor yields but provides consider-
able insight into the formation of these cluster compounds. The reac-
tion of the hexacarbonyls Mo(CO); or W(CO)s with I, at moderately
low temperatures produces a mixture of metal halide phases (15, 16).
In the reaction W(CO); with I,, lower nuclearity clusters have been
isolated as reaction intermediates that lead to Wy species. The tri-,
tetra-, and pentanuclear tungsten iodide species are obtained from
W(CO)s and I, by varying reaction times and temperatures, and the
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following reaction sequence was proposed by Franolic, Long, and
Holm:

[WBIQJP - [W4111]1> i [W5I13]1A e [W6114]27- (3)

The lower nuclearity clusters [MosCl;]*~ were isolated from MoCl; in
AICL/KC1/BiCly/Bi melts that led to the hexanuclear species (17).
This is the only intermediate isolated from reaction mixture that pro-
duces the {MoClg}*" core. Solution chemistry has yielded Mo,, Mo,
and Mo, halide species from mononuclear molybdenum complexes,
suggesting that a nucleation process similar to that proposed for the
tungsten systems may take place during the formation of hexanuclear
molybdenum clusters (18-22).

Extraction of the cluster from the products of the solid-state reac-
tions with HX yields the hydronium salts of the molecular species
(H;0)5(MeXsXe)-6H,0, which are converted into the polymeric mate-
rial MgXiXeX4, under vacuum at 200°C (12, 23). The structure of
MX:X5X3,, also designated MgX;, consists of a {MgXs}'* core with two
terminal axial ligands X,* and four axial ligands bridged to neigh-
boring clusters X3, (11) (Fig. 3). Both M¢X;, and (H;0):(MX:Xs)-6H,0
may serve as precursors to new molecular species containing the
metal halide cluster core {MogXg}'".

B. Axian Liganp CHEMISTRY

The ligand substitution chemistry of the axial ligands of the group
6 clusters is considerably more developed than the substitution chem-

Fic. 3. Structure of MogCl;CL,Cl,,,. Reprinted with permission from Ref. (130).
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istry of the inner ligands. This is due largely to the robust nature of
the {MsYs}!" core, which requires substantially harsher conditions to
displace the inner ligands. The increased lability of the axial ligands
enables the coordination environment about the {MgYg}*" framework
to be altered without disrupting the metal octahedron on the Y, cube.

1. Mechanism of Ligand Exchange

Kinetic studies of the ligand exchange reaction
[Mo:ClsCls*~ + 6Br~ — [MozClgBrg]2 + 6C1- (4)

were performed by Sheldon with *¥Cl-labeled [MoCl;Cl;]? in aqueous
solutions. The rate-determining step was found to be first order with
respect to the molybdenum cluster and independent of halide concen-
tration, and hence the aquation step

[Mo:CL;CLJ* + H,0 — [MosCLCL:H,0]~ + C1” (5)

was proposed as rate limiting (24). Schéfer found similar results with
the exchange reactions of [MogClsClg]*~ and [WClClg)>” with Br™ and
I” (25). Two significant findings from Schifer’s work are the equiva-
lency of the six axial positions and the rate dependence on the metal
itself, which show that reactions of molybdenum clusters proceed
faster than those of the analogous tungsten complexes.

Preetz substantiated the equivalency of the axial positions for the
ligands F-, C17, Br~, I, and NCS~ by monitoring the °F and N and
%Mo NMR spectra of the ligand exchange reactions

[MogClgFsl?™ + [MogCleXc]* — [MogClsFs X, 1> X =Cl, Br,and I (6)
and

[MogCls(NCS)s]*~ + [MogCleX;]*” — [MogCly(NCS)5_, X, 1>
X=F,Cl,Br,and1. (7)

Reaction rates were found to increase with the series X = Cl < Br <
I < SCN < F, equilibration of the thiocyanate cluster was achieved
in 10 h, and 2-3 days were required for the formation of the fluoride
cluster at room temperature (26, 27). All the clusters [MogClsFs_,X. 12~
and [MosClgNCS)s_ X, >~ including structural isomers (i.e., mer or fac
of [MosClsF;X;]?) were identified by NMR. In all cases a statistical
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distribution of all possible compounds, inclusive of the ratios for the
structural isomers, was obtained. Importantly, no evidence of isomer-
steering electronic effects was observed.

2. Synthesis of Molecular {MYys} Clusters

Various types of neutral ligands, including nitrogen donors (12, 23,
28, 29), oxygen donors (12, 28, 30, 31), phosphines (28, 32, 33), and
solvent molecules (28, 34, 35), disrupt the extended Mo¢Cl,, and
WiCl,; solid structure. Under harsher conditions terminal chloride li-
gands of MogCl,, are displaced by neutral donor ligand, L:

MoeCl;; + xsL— [MogCl,Cly—, L. J** (8)

For instance, addition of PPh; to Mo:Cl,; yields MosClsCl,(PPh;), at
room temperature, but it is necessary to reflux Mo,;Cl,, with an excess
of PPh; in tetrahydrofuran to produce the triphosphine cluster
[MogClgCl3(PPhy)sIC1 (28). Similar experiments by Walton and co-
workers with PEt; and MogCl;; in refluxing ethanol resulted in the
reduced cluster MogClsCl;(PEt;);, which contains a {MogCls}** core.
Magnetic susceptibility measurements conducted on MogCl;Cly(PEt;),
indicate that the cluster is diamagnetic, a result inconsistent with the
expected odd number of electrons in the {MosClg}** core. The com-
pound was subsequently reformulated as the reduced species
[MocCly(PEt;);]**, which crystallizes with the counteranion
[MogCLCle]>” (32). The introduction of two triphenyl phosphine li-
gands increases the lability of the remaining chloride ligand in the
biphosphine cluster MogCl;Cl,(PPh3),. Both ethanol and pyridine dis-
solve MosCl,,, forming the solvent complexes MoyClzCl,(solvent),, but
dissolution of the biphosphine cluster MogClgCl,(PPh;); in these sol-
vents to leads to the species [MogClsCly(PPhy)(HOEL),]** and
[MosClsCly(PPhy)y(py)e]** (28).

Neutral clusters with the formula MosCliCl.L, can exist as cis or
trans isomers. Differences in polarity of the cis and trans structures
were employed by Saito and co-workers to separate the isomers of
[MozCl;Cl(P(n-C3H;):); by chromatography to produce 3 and 15%
yields of the cis and trans respectively (33). The less polar trans iso-
mers of MogCl;CL(PR;); (R = n-C,Hy, n-C;H;;) have also been isolated
in greater than 40% yields (Fig. 4). Shifts in the P NMR spectra
reveal a preference for the formation of the all-trans isomer. DiSalvo
and co-workers effected the isomerization of trans-MogClCl[P(n-
C:H11)5ls into cis-MogCL,CL,[P(C;H;);], by immersing the trans-P(n-
C,H,,); cluster in a THF solution of P(C,H;); (Fig. 5). A 95% conversion
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Fic. 4. Structure of trans-MogClgCl{P(n-C,H,)],.

to the cis isomer was obtained (36). Alkylation of the ¢trans phosphine
clusters MogClgCl,(PR3), with trialkylaluminum reagents AlR; (R’ =
CH;, C.H;, n-C3H;, n-C,H,y, and n-CsH,3) leads to the replacement of
two axial chloride ligands with R groups, MosCl,Cly(PR;), (R'), (Fig.
6). Additional AlR; reacts with MogsCl;CLy(PR;):(R’'), producing the tri-
alkyl MogCl;CI(PR3)4«(R’)s, and both mer and fac isomers were shown
to be present by ¥P NMR. These organometallic derivatives are the
only examples in which carbon atoms are directly bound to the metal
atoms of the {MozClg}** framework.

Addition of two equivalents of sodium methoxide to Mo¢Cl;; in
methanol leads to [MoyCl;CLi(OCH;):J?~ (37). Single-crystal X-ray dif-
fraction reveals that the methoxide ligands occupy axial positions in
a trans geometry (Fig. 7). However, it is not clear whether the trans

Fiac. 5. Structure of cis-MogClyCl,[P(C.H;).1,.
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Fic. 6. Structure of all-trans-MogClyCly( CoHi)o[P(CoH)s 1,

isomer is formed exclusively or only crystallizes preferentially be-
cause neither solution NMR nor X-ray powder pattern data on the
bulk material was reported. In contrast to the bisphosphine clusters
Mo:ClsCL(PR;3),, in which both electronic and steric factors may affect
the cis/trans ratio of the products, only electronic effects are likely to
influence the formation of the trans isomer of [Moz;ClyCl(OCH,),]*".
The trans isomer of [Mo;Cl;Cl,Br,]>* was prepared from crystalline
MoCL;CL(H,0), in a heterogeneous reaction with Br~. Homoge-
neous mixtures of Mo;ClzClL(H,0); and LiBr/[(C¢H;),As]Br lead
to bromide-rich clusters [(C¢H;),Asl)[MocCliCl,,Br,s] after only 30
min (35).

Fic. 7. Structure of trans-[MogCl,Cl,(OCH,),]*".
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Mixed halo clusters (H;0),MCl;Y; (M = Mo, W; Y = F, Br, I) have
been prepared from the aqueous acids HY and Mo¢Cly, (12, 27, 32,
35). It is likely the substitution results from an excess of the acid,
HX, rather than the relative affinities of the {MosClg}** core for the
halide, X-, ions. Dehydration of (H;O),[M:ClY¢] leads to the mixed
ligand bridged systems MosClsY;Yys, which are analogous in struc-
ture and reactivity to MogCl,; in that addition of 2L produces
MogCLY,L;. One of the first comparative studies of the mixed halide
clusters MogCl;Y,Y,. (Y = Cl, Br, and I) revealed that the axial iodide
ligands of MogCLl,1,; are more susceptible to displacement by nitro-
benzene than the terminal bromide or chloride lands of MogCl;Y Y.
(Y = Cl, Br) (23). Dissolution of MogClgl;l4; in nitrobenzene produces
[MosClgI3(NO,CsHj;)511, and the bromo and chloro derivatives yield bis-
nitrobenzene complexes MogClY,(NO,C¢Hs),.

Strongly basic anions such as hydroxide and alkoxide easily dis-
place the axial chloride ligands of [MogClsCle)*"; thus, titration of
[MogClgCls]*~ with OH" initially precipitates the tetrahydroxo cluster
MosCl(OH),(H,0)- 14H,0, which redissolves as the hexahydroxo clus-
ter [MosCl(OH)s>~ with increasing pH (23). Similarly, when MoyCl,,
is refluxed with sodium alkoxides in alcohol solution, the alkoxide
substitutes for all of the axial chloride ligands (35, 39). Methoxide,
ethoxide, and pentafluorophenoxide clusters [MogCl3(OR)sJ*~ have also
been generated by this method (35, 38).

Increased lability of the axial positions has been achieved by intro-
ducing weakly coordinating ligands such as triflate (trifluorometh-
anesulfonate) (40, 41), tetrafluoroborate (26, 42-45), nitrate (43, 46,
47) tosylate (40), trifluoroacetate (40, 48), and perchlorate (34). (Cau-
tion: perchlorate complexes are hazardously explosive.) Reactions of the
chloro cluster [MogClzCl}2~ with the silver salt or the protonated form
of the weakly coordinating base B~ generate the reactive species
[MogClgBgl?:

[MosClCls]*~ + 6AgB — [MosClBg >~ + 6AgCI( | ) (9)
[MosClsCL]* + 6HB — [Mo4ClgB¢]* + 6HCI( 7). (10)

Only the axial chloride ligands were abstracted by the silver salts or
acids, leaving the inner ligands and the {Mo¢Cls}** core intact. The
weakly coordinating ligands are easily displaced by anionic, X-, or
neutral ligands, L, generating the hexasubstituted -clusters
[MosClgXs?~ or [MogClgLgl*". Cotton and Curtis first employed this
strategy with AgClO, to prepare the first tetracationic clusters with
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the {MogClg}** unit, [MogCly(solvent);}(C10,), (solvent = DMF or
DMSO) (34). These compounds demonstrate the utility of using
weakly coordinating ions to alter the coordination environments
about the {MosCls}*" core, but they are potentially explosive.

The triflate derivative [MogClg(OSO,CF;)s]>~ (Fig. 8), has been used
extensively in our laboratory to prepare new cluster derivatives with
neutral ligands not previously observed to bind to the {MosClg}** core
in all six axial positions. Limits of the substitutional lability of the
triflate ligand of [MogCls(OSO,CF;)?~ have been explored with “F
NMR (49). Diagnostic shifts in the *F NMR signal of coordinated and
uncoordinated (free) OSO,CF;~ may be employed to monitor the dis-
placement reactions. As expected, only one peak is observed in the F
NMR spectrum of [MosClg(OSO,CF;)s]*>" in noncoordinating methylene
chloride. Two peaks are observed with THF, acetonitrile, and acetone,
suggesting incomplete substitution of the triflate ligand by solvent
molecules. A single peak is observed for [MosCl(OSO,CF;)%]?” in both
DMSO and methanol, indicating that the triflate ligands are com-
pletely displaced in these solvents (49). Titration of [MosClg
(OS0O.CF;)s]* in methylene chloride with phosphine ligands PRy (R =
Et, t-butyl, Ph) generates all possible species [MogClg
(0OS0.CF3)s_(PR3),]?* (0 < x < 6) as determined by *'P NMR. Unlike
the ligand exchange reactions between [MogClsF¢>~ and [MosClgYs]*
(Y = Cl, Br, I, and NCS), in which a statistical distribution of prod-
ucts was formed (26, 27), the x = 2 species is disfavored in the phos-
phine titration reactions. This may be due in part to the polar CH,Cl,
solvent, which may disfavor the neutral species. Interestingly species

Fia. 8. Structure of [MosCl(OSO,CF;)]*".
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with x < 6 persist in the presence of excess of the phosphines
P[C(CH,);); and P(C,H;); (49). 1t is unclear whether steric or elec-
tronic factors prevent full substitution of the triflate ligands by the
phosphines.

The acetonitrile ligated cluster [MogCls(NCCH;)]** is an even more
labile cluster than [MogClg(OSO,CF;)]*~. DiSalvo and co-workers pre-
pared the hexaacetonitrile complex as the [SbCls]” salt by treating
[Bu,N1,[MosClg(OSO,CF3);] with KSH to generate [Bu/N],
[MosCls(SH)s], which reacts with SbCl; in CH;CN to produce
[MosClg(INCCH,;)6l[SbClgl, in less than 5% yield (50). Some decomposi-
tion of the {MogClg}*" core is required to provide the sixth chlorine
atom for the formation of the [SbCls]~ counteranion. A similar ab-
straction of inner chloride ligands may have occurred in the alkyl-
ation reactions of the phosphine clusters MogClgCl,(PR,), with trialkyl
aluminum reagents studied by Saito (33). The [MosCl{(NCCH;)q|**
cation also can be prepared in near quantitative yield by reaction of
the azide ligands of [MogClg(N;)J2~ with NO* in acetonitrile; however,
the CH;CN ligands are removed under vacuum and the BF,” ions
then bridge molybdenum centers to fill the coordination sphere of the
{MogClg}** units (49).

The methoxide derivatives [MogClg(OCH;)%]>~ and [MogClsCl,
(OCH;),]>” provide an alternative strategy for generating new clusters
with the {Mo¢Clg}** core (51-55). The strongly basic OCH;™ ions are
easily abstracted by Bronsted acids, liberating methanol. Nannelli et
al. (54) first demonstrated the lability of the methoxide ligands with
metathesis reactions between [MosCls(OCH;)s]*” and phenol:

[MosCl(OCH3)1?>” + 6C¢H;0H — [Mo:Cly(OCeHs)s]*” + 6HOCH;. (11)

The trans isomer of [MosCl(OCH,Ar)s]>~ (Ar = 9-anthracenemetha-
nol) was prepared from trans-[MosCl;Cl,(OCH,),J*~ (Fig. 9), indicating
that little or no isomerization or ligand exchange between clusters
occurs (37). This strategy is convenient in that readily available pro-
ton sources including alcohols, phenols, thiols, and carboxylic acids
can be used, and the only by-products are solvent molecules. Other
organic ligands with pK, values comparable to phenol, such as sulfa-
namides, benzamide, pentafluoroanaline, acetylacetonate, and nitro-
methane, do not undergo the expected metathesis reactions with
[Mo¢CIs(OCH;)sJ*~ (56). Interestingly, the hexaphenoxide derivative
[MogCl(OC¢H;)]* reacts with benzoic acid to produce the benzoate
cluster:
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Fic. 9. Structure of trans-[MoyCl,Cl(OCH,C,,Hy),]* .

[MO(;Clg(OCsH5)6]27 + H02006H5 rd [MOGCIQ(OzCCGH5)6]27
+ HOC¢H;. (12)

However, no reaction is observed between [MoCly(OC:H;)]*" and so-
dium benzoate, suggesting that formation of the alcohol or phenol is
the driving force for these reactions (56).

C. INNER LiGAND CHEMISTRY
1. Mechanism of Ligand Exchange

Substitution of the inner ligands of {Mo,Cls}** and {W,Clg}** clusters
requires more forcing conditions than those used to exchange axial
ligands. Neither boiling aqua regia nor fuming sulfuric acid affect the
{MoyClg}** core (57). Basic solutions, however, disrupt the cubic array
of inner ligands. The inner halide ligands of [MoClg(OH)]*" and
[MosBry(OH),]?" are susceptible to partial displacement by hydroxide
ions, [MogX,_.(OH),(OH):]*". Kinetic studies of the substitution of the
inner chloride and bromide ligands by OH™ reveal that the process
occurs with a second-order rate law, which is first order with respect
to both cluster and the hydroxide ion. Interestingly, substitution of
the bromide ligands of [MosBry(OH)]?" by OH™ was found to be auto-
catalytic, suggesting that steric factors play a role in displacement of
the bromides (58, 59).

2. Inner Ligand Exchange

As implied in the previous discussion, the inner ligands have lower
lability than their outer counterparts, but full substitution of the in-
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ner chloride ligands by methoxide ions can be effected by boiling solu-
tions of sodium methoxide and MogCl;; to dryness. The resulting clus-
ter, Nay[Mog(OCH,)(OCH;)], which has face-capping methoxide ions,
is pyrophoric (39, 60).

Briickner et al. prepared mixed inner ligand species by heating the
mixed halide clusters MogClgX, Xy, (X = Br, I) to 400°C (44, 45). The
resulting mixtures of clusters were converted to the fluoride deriva-
tives [Bu,N1.[Mo(Y,Cl;_,)F;] and analyzed by NMR spectroscopy. De-
convolution of the 1D and 2D *F NMR spectra revealed a mixture of
products and structural isomers, all of which were identified in the
NMR spectra. A statistical distribution of products is obtained from
MosCL;BryBry;. A contrasting result was observed when MogClIo1,
was heated to produce the z = 3 and 4 species as the most abundant
species. Complexes containing iodide ligands in close proximity are
favored. Complete exchange of both inner and outer chloride ligands
of MCliCl,Cl,; (M = Mo, W) occurs in fused salt mixtures of LiX/KX
X = Br, 1) (12, 61).

The similarity between the structure of {MogClg}** and the MogQ;
(Q = chalcogenide) unit of the superconducting Chevral phases has
stimulated interest in the substitution chemistry of the inner ligands
and, in particular, substitution of the inner chloride ligands by a chal-
cogenide. A number of mixed halide—chalcogenide -clusters
{Mog(Ys-. Q) X =CIL,Br, I; Q =8, Se, Te; z = 1, 3, 4, 6, 8) have
been prepared from MoClyC1,Cl,; and the elemental chalcogenide at
elevated temperatures (900°C) (62—64). The clusters are linked into
extended arrays through both inner and outer bridging ligands
{Moy(Ys-.Q.)} (Fig. 10). Diamagnetic and dielectric properties of these
solids reveal insulator to metal to superconductor transitions upon
increasing chalcogenide content, halide size, and intercluster
bridging.

e "“T“ L

Fic. 10. Intercluster bridging between {M;Ys}"* clusters. The vertices of the cube
represent the inner ligands Y.
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Lower temperature methods for introducing chalcogenides into the
face-capping positions of MosCl;; were developed in McCarley’s labo-
ratory, where MosCl; in pyridine was refluxed with NaSH. The re-
sulting soluble mixed-capped cluster (pyH);[Mog(Cl;S)Cls] was ob-
tained in 41% yield (65). Saito used similar conditions followed by
extensive chromatographic separation to prepare the mixed halide—
chalcogenide clusters [Mog(Y,Q)Xs]F X =Y = Cl, Br; Q = S, Se) and
the disubstituted species [Mog(ClsSe;)Cl;>"*~ (66, 67). The chemistry
of these interesting chalcogenide clusters has not been pursued. The
observation that chromatography of the clusters with a chloride-defi-
cient eluent produces the aqua complex [Mog(Cl;Q)H,0)** indicates
that the axial chloro ligands of the chalcogenide-doped clusters are
more labile than those of the all-chloro complex [MozCl;Clg]*.

Tungsten clusters with inner halide-chalcogenide ligands have
been prepared by the reaction of W¢Cl,;, and A;Se (A = Na, K) (68).
When W¢Cl,; and an alkali metal chalcogenide are refluxed in toluene
with triethyl phosphine, clusters with mixed ligands are produced,
[We(Se,Cls_)PEt;%]'" (z = 7.0, A = Na; z = 6.4, A = K). Slight
changes in reaction conditions or chalcogenide source significantly af-
fect the halide/chalcogenide ratio of the substituted product.

Full substitution of the inner chloride ligands of both MogCl;; and
W;Cly; by chalcogenides produce molecular clusters with the {M¢Qg}"*
cores. When WCl,, and elemental sulfur are heated to 300°C, an un-
characterized cluster results, which reacts with magnesium in the
presence of triethylphosphine to generate W Sy(PEt;); in 10% yield
(69). Better yields for {MSg}** (M = Mo, W) are obtained when
M,Cl,,, NaSH, and NaOBu are refluxed in pyridine. In these reactions
the NaOBu serves as a proton abstractor and the chalcogenide clus-
ters are isolated as the pyridine adducts (14, 70, 71). The chemistry
and structural variations of the group 6 metal chalcogenide clusters
were recently reviewed in this series, and the reader is referred to
this publication for further information on these compounds (72).

D. Redox Chemistry and Photophysics of the Group 6 Metal
Halide Clusters

The robust nature of the {MosClg}*" core in combination with its
photophysical and redox properties is ideal for solar energy storage
(73). Voltammetry on [MogCl;Clg]>” in acetonitrile reveals two 1-elec-
tron steps at —1.53 and 1.56 V (vs SCE), corresponding to generation
of the oxidized and reduced species [MogCl;Clg]!" and [MogCI;CIs¥*-,
respectively (74). Electrolysis of [MogCl;Cl]*>~ at potentials more posi-
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tive than that of the 2—/1— couple generates the oxidized cluster
[MogClL;Cl¢]'", with no evidence for decomposition or any new elec-
troactive species (75). Coulometric measurements are consistent with
quantitative one-electron oxidation of the cluster; however, the oxi-
dized species [MosClsCls]*~ with a {Mo¢Cls}** core was not isolated (10).
Voltammetry experiments on [MogClsCl;]?™ in basic chloroaluminate
melts reveal a reversible oxidation couple corresponding to generation
of [MosCL;Cl¢]'". In contrast to the voltammetry experiments in aceto-
nitrile, the [MogClsClg]* /[Mo¢Cl,CIg*~ couple in the ionic melt is chem-
ically irreversible, presumably due to dissociation of axial chloride li-
gands (76). The oxidized clusters [MgY:Xs]'” (M = Mo, W; Y = C], Br,
I; X = Cl, Br, I) with the {McXs}** core have been generated electro-
chemically in organic electrolytes (Table I) (10, 77, 78).

The tungsten clusters [WsYXs]'” (X, Y = Cl, Br) have been pro-
duced by chemical oxidation of [W:YX¢]?” with NO* (79). Oxidation
of W¢Bry, with liquid bromine in a net two-electron process, and the
extended structure, W¢BrgBrBr,),», results consisting of {WBrs}5*
units bridged in a linear array by (Br,)* anions (80, 81). The re-
arrangement of inner halide ligands to edge-bridging positions takes
place with W;Cl3Cl,Cl,, at elevated temperatures in the presence of
chlorine (82). The resulting core {W¢Cl;;}*" contains 12 edge-bridging
chloride ligands, and 6 axial chlorides complete the structure of
W;Cl,,Cls. An alternative route to W¢Cl;,Cl; employs octachlorocyclo-
pentene, C;Clg, as both the oxidant and the chloride source (83). Oxi-
dation of MogClgCl,Cly,, by C5Clg leads to MogCl;,Cl,, which can be con-
verted to the tetraethylammonium salt of [MogCl;,Clg]*~ (83). The
clusters W¢Cl,,Clg and [MogCl;;Cls]*~ are the only known examples of

TABLE I

REDOX POTENTIALS® FOR SOME {MYs}"* CLUSTERS

Cluster E,, (Ox) E,;, (Red) Reference
[MosClClg]*~ 1.60 —-1.56 10
[MogBr:Brs)*~ 1.38 10
[WCIL:Clg]*™ 1.14 10
[WeClBrgl*™ 0.99 78
[WeBrsCle]* 0.93 77
[W¢BryBrg]*~ 0.80 78
[WelaIg)*~ 0.57 78
[Wl,Brgl? 0.56 78

@ All values were obtained from voltammetry experi-
ments in CH;CN and are referenced to SCE.
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group 6 metal halide clusters adopting the {MgY;}*" geometry. Con-
version of the {MgY}*" core to {M¢Y,,}"" has only been observed in
these reactions, and no examples are known in which the reverse
transformation from {MgY,}"" to {MsY}'" occurs.

Clusters containing chalcogenide ligands {Moy(Cls_,Q,)}"" are some-
what more substitutionally labile than the all-halo complexes and un-
dergo oxidation at potentials about 0.87 V less positive than that
needed to oxidize the parent perhalo cluster (Table 1). The oxidation
potentials of the chalcogenide-substituted clusters change very little
with the identity of the chalcogenide, but significant solvent depen-
dence is observed for the chalcogen-containing clusters. The cyclic
voltammograms of [Mog(Cl;S)Cl]*" in the noncoordinating solvent
methylene chloride reveal a quasi-reversible wave corresponding to
reduction of the cluster at 0.14 V vs. the ferrocene/ferrocenium cou-
ple. In acetonitrile this wave is shifted to 0.28 V, indicating that par-
tial substitution of the axial ligands by CH3;CN has occurred. New
waves grow in upon changing the potential on acetonitrile solutions of
[Mog(CL;:S)Cls]*", suggesting that further changes in the coordination
environment of the {MogCl;S)}"* core take place upon switching the
oxidation state of the cluster (66, 84).

In the early 1980s Gray and co-workers discovered an unusually
long-lived excited-state lifetime, 180 wus, for the cluster anion
[Mo,Cl;Cls]*". The emission spectrum is substantially red shifted from
the absorption bands (9) (Fig. 11). This is one of the longest observed
lifetimes of any purely inorganic compound. Shifts in the near-UV
absorption band upon variation of the Y ligands in {MosYs}*" and
{W:Y}'" were initially taken as an indication that the transition origi-
nates from an (inner) ligand-to-metal charge transfer; however, the

Intensity
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FiG. 11. Absorption (full) and emission (dashed) spectra of [Bu,N],[Mo,Cl:Clil in
CH.,Cl,.
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independence of the emission spectra of the {MosXs}*" unit on chang-
ing the identity of inner ligands suggests that the transition responsi-
ble for radiative decay is between purely metal-based orbitals (10, 77,
85, 86), The {WYg}*" clusters display emission spectra that vary only
slightly with changes in the inner and outer ligands. A summary of
the photophysical data for various molybdenum and tungsten clusters
is given in Table II. The low rate constants for the red-shifted radia-
tive decay are attributed to a spin- and symmetry-forbidden character
of the transition. Also important to the low rate constants is the ab-
sence of high-energy vibrational modes capable of deactivating the
excited state. Additionally, the halide ligands appear to shield the
Mo and W core and thereby inhibit energy transfer to solvent mole-
cules.

From the photophysical and electrochemical data on [MogCl;Clg]?",
a modified Latimer diagram can be constructed relating the excited
cluster [MogClsClg]> * to the oxidized and reduced ground states (74)
(Fig. 12). When [MosCl;Clg]> * is quenched with an electron donor
such as benzoquinone, [MogCliClg]>~ 1is generated. Similarly,
[Mo¢CL;Cl¢]* * is quenched by the electron acceptor phenothiazine to
produce [MogClgClg]'~. The long excited-state lifetime of [MogClyClg]?~*
and the strong reducing and oxidizing nature of the electronically

TABLE II

PuortorrysICAL DaTa® oF {MgYg})"" CLUSTERS

Cluster Amax, em T (us) k. (10° s7%) k. (10° s71) Refs.
[MoClsClg>~ 805 180 1.1 4.5 10, 85
[MogClyBrgl*- 140 89
[Mo,Cl I~ 86 89
[MogBrsClg* 190 89
[MogBrgBrg]*~ 825 110 2.1 7.0 10, 85
uv‘[()(;BI'ng;]z~ 71 89
[MOGIRIG]2~ 84 19 10 85
[WsClCl, > 880 2.2 13 650 10, 77, 89
[WClBrgl*~ 814 4.4 10 490 85, 89
[WCleIg> 802 5.6 23 310 77, 89
[WBriClg)*~ 766 15 10 93 77, 89
[WBrsBrg]*- 758 15 8 59 77, 84
[WBrgs > 752 19 17 50 89
[WIClgl* 701 16 11 89 77, 89
[WelBrg]?> 698 . 27 11 34 77, 89
[WelaIs)?~ 698 30 13 20 77, 84

® Values are reported with acetonitrile solutions of cluster.
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Fic. 12. Latimer diagram of [MosCl;Cls]*". Excited state energy in eV, electrode po-
tentials estimated vs. SCE in CH,;CN.

quenched clusters should be useful for converting solar energy to
chemical energy (73).

The potentials in the excited-state Latimer diagram demonstrate
that the annihilation reactions of [Mo¢ClsCl;]*~ and [MosClsCl¢]*~ liber-
ate enough energy to generate [MosClsClgJ* * and electrogenerated
chemiluminescence (ECL). This phenomenon has been used exten-
sively to study electron transfer reactions between the excited states
of a broad range of the halide clusters [MgX Y¢]>” (M = Mo, W; X =
Cl, Br, I Y = Cl, Br, I) in combination with both electron donors
and acceptors (78, 87, 88). Chemical oxidation of benzyl alcohol and
2-propanol by electrochemically generated [MogClsCls]'~ has been
demonstrated; however, photochemically generated [MosCl,Cls]'™ is
less effective for the oxidation of alcohols (75). The excited cluster
[MosClsClg]?> * is quenched by molecular oxygen through an energy
transfer mechanism to generate singlet oxygen, which was identified
by reaction with 1-methylcyclohexene (89).

E. MoLECULAR AND ELECTRONIC STRUCTURE OF THE GROUP 6 METAL
HaLIiDE CLUSTERS

1. Electronic Structure

Electronic structure calculations carried out at a variety of levels
on these octahedral metal-halide clusters vary in detail (90—104). Our
view of the metal-based orbitals responsible for metal-metal bonding
in the {M:Ys}*" unit has evolved very little since Cotton and Haas’
semiempirical treatment in 1964 (90). Undoubtedly the importance of
symmetry in the calculations has led to the consistent description of
the bonding scheme. Only a brief summary emphasizing the relation
between the proposed models to the physical and chemical properties
of the clusters is presented here. For a more detailed discussion of the
bonding numerous reviews are available (105-109).
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Orbitals responsible for the metal-metal bonding in {MgYg}** have
A1, Ly, tog, tow, and e, symmetry and are directed along the edges of
the Mg framework, generating 12 two-electron bonds. A total of 24
cluster bonding electrons, CBE (CBE number is equal to the number
of valence electrons of the metal atoms minus the number of anionic
ligands and the charge of the cluster) fill the bonding orbitals, creat-
ing “closed shell” diamagnetic compounds (Fig. 13). ESR measure-
ments are consistent with the proposed diamagnetism of [MgYXs]?"
(M = Mo, W) clusters and paramagnetism of the oxidized species
[MeY: X' (10, 79).

Some dispute persists as to the size of the highest occupied molecu-
lar orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap
in the closed-shell 24-electron species. This aspect of the molecular
orbital diagram is of particular interest for its implications on the
photophysical properties of the clusters. Electrochemical measure-
ments are consistent with a large, 2- to 3-eV, separation; however,
the exact nature of the excited state remains uncertain.

2. Molecular Structure

These highly symmetric compounds provide aesthetically pleasing
structures with near perfect Mos and Ws octahedrons that expand and
contract to accommodate different coordination environments. Com-
prehensive studies of the structures of the halide clusters [MogY:Xs]*

tw

b

Fia. 13. A molecular orbital diagram for {M;Y}*" based on an Extended Hiickel cal-
culation, adapted from reference (108).
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(Y =C],Br, I, X = F, Cl, Br, I) by Preetz reveals that both electronic
and steric effects of the inner and outer ligands influence the Mo—Mo,
Mo-Y, and Mo—X bond lengths (42, 43, 110). For a given {MoyY}**
(Y = Cl, Br, I) core, the Mo—Mo bond length increases with the axial
ligands series X = F < Cl < Br < I (Table III). Expansion of the Mo,
octahedron is attributed to changes in the electronegativity of the
axial ligands. The Mo NMR spectra of the various halide clusters
reveal that resonances occur at the lowest field for complexes having
six axial fluoride ligands. A high field shift occurs with increasing
polarizability of the axial ligands, indicating that the electron density
on the metal centers increases with decreasing electronegativity of
the outer ligands. Because this increased electron density coincides
with an expansion of the Mog octahedron, it is reasonable to assume
that the added electron density increases occupation of the antibond-
ing orbitals of the Mo; framework. In addition to increasing the elec-
tron density on the metal centers, changes in the identity of the axial
ligands X from F to I also result in a reduced HOMO-LUMO gap as
the ligand field strength of X decreases. The ®*Mo NMR shift of the
halide clusters varies linearly with the electronegativity of the axial
ligands (110), and a similar relationship exists between the ¥Mo
NMR shift and the Mo—Mo bond length (Fig. 14).

TABLE III

SELECTED BOND LENGTHS® OF SOME [Mo,Y:Xs]>~ CLUSTERS

Cluster d(Mo-Mo) dMo-Y) d(Mo-X) d(Y-Y) d(Y-X) Ref
[MosCliFsl2~ 2.593 2.488 1.993 3.517 3.234 42
[MosClCls 1+ 2.602 2.469 2.420 3.489 3.523 42
[MoxClgBrgl* 2.604 2.465 2.565 3.483 3.629 42
[MogClgIs 1> 2.615 2.466 2.788 3.484 3.801 42
[MogBryFg]* 2.618 2.622 2.012 3.710 3.305 43
[MogBrsClg]* 2.636 2.604 2.451 3.680 3.591 43
[MogBrsBrg]?~ 2.640 2.600 2.491 3.674 3.675 43
[MogBr,Is]*~ 2.644 2.598 2.815 3.673 3.854 43
[MogIFgl? 2.650 2.798 2.008 4.006 3.394 110
[MogIgClg1* 2.655 2.775 2.460 3.923 3.656 43
[MogIsBrg]* 2.670 2.775 2.616 3.924 3.764 43
[MogIiIs1* 2.675 2.767 2.846 3.911 3.923 43
[Mog(CI,:S)Cl,*~ 2.609 2.479% 2.468 66
[Mog(Cl;Se)Cl*~ 2.616 2.501° 2.471 66
[Mog(ClsSe,)Clg]* 2.610 2.513¢% 2.496 3.559 3.591 67

@ All distances are in A.
" Chalcogens are disordered over the capping positions.
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Fic. 14. Plot of ¥Mo NMR shift vs. average Mo—Mo bond length. Data are taken
from references (43, 66).

The expansion of the Mo, octahedron correlates with contraction of
the cubic array of the eight inner ligands and shortening of the Mo—Y
bonds. The net result of these distortions is a deviation in the planar-
ity of the Mo-Y, units on the face of the Yz cube (Fig. 15). The Mo
atoms of the clusters [MogClgXs]>~ (X = F, Cl, Br, I) protrude outside
the halide cube with progressively increasing distances as the axial
ligand is changed from F through 1. At the other extreme, the metal
atoms lie within the I; cube and approach the Y, face as X increases
in size for [MogIsXs]?". The [MogBrsXs]?~ clusters exhibit intermediate
structures, with the metal atoms of [MogBrgF¢l?>" inside the halide
cube and those of [MosBrsBrgl?~ and [MogBrsl;]?>~ outside. With the ex-
ception of [MogClsF¢)>™ and [MogBriF¢]?", overlap of the inner and
outer ligands induces a strain within the cluster framework, and this
strain becomes more pronounced as the size of either X or Y increases.
The strain may account for the increased reactivity in clusters with
larger ligands (26, 27).

N N\ ™ all
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Fic. 15. Distortions of Y, cube and X, octahedron with changes in X or Y.
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Changes in the inner ligands Y of the clusters [M;Y:X;]?" from Cl to
I results in an expanded M; octahedron and a Y; cube. Substitution
of chalcogenide atoms for the inner halide ligands has only a modest
effect on the average Mo-Y and Mo—Mo bond length (Table III), with
the chalcogenide ligands distributed among two or more face-capping
sites. However, the terminal chloride-molybdenum bond lengths are
elongated compared to the all-halide clusters. These bond length
changes have been attributed to decreased electrostatic attraction be-
tween the axial chloride ligands and the less positive halide-
chalcogenide cores {MogY; .Q,}* .

The pseudo-halide derivatives [MogXsYs]*” (X = Cl, Br; Y = N; (46),
NCO (47), NCS (X = Cl only) (40, 111, 112), and NCSe (47)) have
been reported and crystallographically characterized. Some discrep-
ancies exist in the assignment of the disposition of the ambidentate
ligands. For instance, both N- and O-bound cyanate are indicated by
N NMR in tetrachloroethane; however, crystallographic studies are
consistent with N-bound cyanate ligands. Selenocyanate is found to
be exclusively N-bound by N NMR, IR, and X-ray crystallography.
Thiocyanate ligands of most [MoyCls(SCN).J*>~ salts are assigned as
N-bound to the cluster, with the exception of K;[MosClg(SCN)sl, which
has been identified as S-bound in both the solid state and solution.
Interestingly, structures of the cluster anions [MogBry(Ns)l* vary
with the type of counterion, including relatively noninteracting
[Bu,N]* and [Ph;P=N=PPh;]*. The cluster anions of these salts have
regular octahedral geometries; however, the Mo—Mo and Mo—Br
bonds vary by as much as 8% between the two structures.

Several vibrational studies of the [MY:X;]*~ clusters have been re-
ported (12, 53, 113—-117). The structures of these compounds led
Hogue and McCarley to predict that extensive mixing of the symme-
try coordinates in the normal modes would prevent the application of
group-frequency concepts (12); however, diagnostic M—M, M-X, M-Y,
and X-M-Y stretching frequencies have been identified, and they
find use in the characterization of the clusters. Selection rules for the
high-symmetry (O,) halide clusters [M;Y:X;)>" (Y = Cl, Br, I; X = F,
Cl, Br, I) predict a total of ten Raman active (3A,, + 3E, + 4T,,) and
five IR (5T),) active modes. The three totally symmetric (A,,) bands,
which consist of the breathing mode of the M; octahedron, the Y, cube,
and the terminal X ligands, are virtually unmixed and thus provide
diagnostic features that are easily identified by their totally polarized
Raman bands. Decreased symmetry in the environment about the Mg
core, owing to site symmetry in the solid or the presence of axial li-
gands having lower symmetry, does not prevent application of group-
frequency concepts.
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Pyridine N-oxide derivatives, MogCl;Cl,(ONC;H,R);, have been pre-
pared, and the »(Mo—0) band was assigned around 1200-1270 cm™".
The v(M-0) frequencies correlated with the Hammett constant o of
the R group. As the R group becomes more electron withdrawing (or
increases in o), the {Mo—0) stretching frequency decreases. This ob-
servation contrasts with trends in the »(M-O) frequency with late-
transition metal complexes such as Ni, Co, and Cu, in which the M-O
vibrational energy increases with the electron-withdrawing nature of
the R group and indicates that 7-bonding is unimportant in the axial
ligand-metal bonds (31).

Oxidation of the {M¢Y;}*" core removes electrons from the bonding
orbitals of the M framework, causing an expansion of the metal octa-
hedron. Few of these oxidized clusters have been isolated and struc-
turally characterized. The EPR spectrum of [MosCliCls]'” indicates
that the compound is distorted along one axis; however, single-crystal
X-ray data is not available to confirm this distortion. The EPR spec-
trum of the oxidized tungsten cluster [W:BrsBr¢]'~ contrasts with the
spectrum of [MogClyCIg]'” in that the values are consistent with an
undistorted octahedron, which has been verified by the crystal struc-
ture of [(Ph;P),N][WBrsBrs] (10, 79).

Ill. Group 5 Metal Halide Clusters

Clusters containing the {TasCl,,}*" and {Nb¢Cl;,}>" cores have been
known for nearly as long as those of the group 6 metals, and their
structures were first reported by Linus Pauling (118). Despite the
long history of the group 5 metal halide clusters {MY,}"" (M = Nb,
Ta) the ligand substitution chemistry is not as well developed as that
of the analogous group 6 metal compounds {MYg}** (M = Mo, W),
because of the extensive redox chemistry associated with the {MgY,}**
core. Five different oxidation states have been observed for the Nb
and Ta cores, with compounds in the n = 2—4 states being most com-
mon. The n = 1 and n = 5 states are electrochemically accessible;
however, clusters in these oxidation states have not been isolated. As
the average oxidation state changes for the metals in the cluster core
{M;Y 5}, the affinity for the axial ligands is altered. In the more elec-
tron-rich (reduced) state, the clusters have higher affinity for w-acid
ligands such as phosphines, and in the more electron-deficient state,
the core has a greater affinity for m-donor ligands such as chloride.
Thus, the stability of a particular oxidation state is altered by the
coordination environment about the {MY,}"*" core.
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A. SynTHESIS OF CLUSTER CORE

The most convenient route to {MyY5}*" clusters of niobium and tan-
talum is the conproportionation of the pentahalides NbY; and Ta¥;
(Y = Cl, Br) with excess of the metal in molten alkali halide:

20NaY + 14MY; + 16M — 5Na, MY 5. (13)

Formation of lower nuclearity compounds can be avoided by using a
10 to 7 ratio of NaY to MY; (119). The conproportionation reaction is
convenient for the synthesis of the group 5 metal clusters because it
allows the use of glass reaction vessels as opposed to electron-beam-
sealed metal tubes, it provides almost quantitative yield of cluster (in
excess of 90%), and it requires only 24 h for the reaction to reach
completion, as opposed to 4-6 days. Work-up of the product in aque-
ous acid HY solutions with small amounts of stannous chloride to
prevent oxidation produces M;Y,,-8H,0. Unlike the group 6 polymeric
materials MgY;,, MY ,,-8H,0 consists of discrete molecules with a
{MsY5}* core coordinated by two halide ligands and four water mole-
cules, and is accurately described as MH,,Y,(H,0),-4H,0. The solu-
ble tertiary salts A;NbsY;;Y; have been used as precursors to other
cluster compounds with the {NbgY,,}*" core, with limited success
(120, 121).

B. REpox CHEMISTRY OF THE GROUP 5 CLUSTERS

Initial studies on the redox properties of the {MyY,}"* clusters were
reported on poorly defined complexes simply noted as [TasCl,J** or
[NbsCl]** (122). Aqueous cluster solutions were prepared from the
sulfate salts TasCl,;SO, and NbsCl;;SO, with various electrolytes.
Some combination of water molecules and anions fills the coordina-
tion sphere of the {MY,}"* cluster. Despite these ambiguities, the
oxidized compounds {M;Y ;}** were obtained with various chemical ox-
idants by a two-electron transfer process (123):

MY o} + 20x — {M:Y,,}*" + 2Red. (14)
Subsequent investigations (124-126) revealed an equilibrium be-
tween the intermediate {MY,;}'" state and the {M;Y,}*" and
{McY.}'" clusters,

2{MY 213 = (MY} + {MeY )" (15)
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and a slow disproportionation of the oxidized {TagY,}** (Y = Cl, Br)
cluster to mononuclear Ta(V) complexes and the reduced clusters
{TasY,}*" and {TagY )",

Cyclic voltammetry studies (127) on {TasBr,}** reveal two revers-
ible one-electron oxidations corresponding to generation of the n = 3
and n = 4 states,

{TasBr}* _: {TasBr,}** :_: {TaBry}*", (16)

suggesting only a minimal structural rearrangement upon changing
oxidation state. Contrasting results were obtained by Hussey and co-
workers (128, 129) who investigated the cyclic voltammetry response
of [Ta,Cl;.Cl;]®™ in acetonitrile. Three 1-electron transfer processes
were observed, corresponding to generation of the n = 2-5 species.
The reduced cluster [TagCl;;Cls]*~ undergoes facile substitution by an
acetonitrile molecule, generating [TagCl;Cl;(CH,CN)*~ (Fig. 16),
which is detected in the voltammogram along with the liberated chlo-
ride ion. Noncoordinating electrolytes in methylene chloride prevent
the loss of the chloride ligand, and the redox couples are chemically
reversible (Fig. 16). Interestingly, [TasCl;z(OSO,CF;)s>~ undergoes
two reversible one-electron reductions in acetonitrile to generate
[TasCl,(OSO,CF;3)el*™ and [TagCli(0OSO,CF;))*, with no evidence for

Anodic €— Current—> Cathodic
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Fic. 16. Cyclic voltammogram of [Bu,N1;[TasCl,;,Cls] in (A) CH,Cl; and (B} CH;CN
0.1 M [Bu,NIBF,. Sweep rate is 0.10 V/s.
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ligand displacement on the cyclic voltammetry time scale. Presum-
ably the strong o- and 7-donor properties of the chloride ions weaken
the Ta—Cl® bonds of [TasCl;,Cls]*", making the chloride ligands suscep-
tible to displacement. In contrast, the reduced {TasCl,}** core of
[TasClix(OSO,CF;)]* is stabilized by the weak donor properties of the
triflate ligands.

In acidic chloroaluminate melts, the redox potentials of the
{TasCl,,}**** and {TagCl,})***" couples are anodically shifted by one
volt compared to values obtained in acetonitrile electrolytes, sug-
gesting that the majority of the axial chloride ligands have been re-
placed by [AICI,]” ions (129). A similar shift in the redox potentials of
the {NbCl,}**** and {NbCl,;}**** couples is observed when changing
from a basic chlorocaluminate melt to an acidic one. In Cl -rich molten
salts, the highly reduced cluster [NbsCl;,Cl;]> with a {Nb¢Cl,}'" core
is accessible (128), but this species is not accessible in acidic melts or
acetonitrile (130). At the other extreme, the highly oxidized cluster
[NbgCl,5,Clg]'™ with a {NbgCl,}°" core is generated at 1.76 V vs. SCE in
acetonitrile electrolytes.

C. LIGAND SUBSTITUTION

The ligand substitution chemistry of the [NbgY;;X;1® ™~ and
[TagY1.Xc)® ™" clusters is complicated by disproportionation reactions
and dependence of the ligand affinity on the oxidation state of the
cluster. Unless measures are taken to control chemical potentials, un-
wanted redox reactions can produce mixtures of partially substituted
clusters in a mixture of oxidation states. Consequently, no strategies
for exchanging all six axial ligands with a wide range of donor groups
exist. Instead, a number of less versatile methods have been devel-
oped that introduce a limited range of ligands at the axial positions
and provide moderate control of the redox chemistry.

The axial ligands of A\NbsY,Ys (A = alkali metal; Y = Cl, Br) un-
dergo simple metathesis with azide and thiocyanate. Dissolution of
A,NbsY,,Y; in alcohol solutions of N; or NCS™ produces the crystalline
compounds ANbY;Xs (X = N;, NCS) (131-133). Long reaction
times, on the order of weeks, are required when the A;NbgY ;Y clus-
ters are used as precursors to new cluster compounds. Also, the rela-
tive affinity of the {M;Y,}** core for different anionic and neutral li-
gands is unknown and may restrict the types of clusters accessible
from ANbgY,Y;.

The hydrated complexes MY, Y,(H,0),-4H, O (MgY,,) provide more
versatile precursors to new {M;Y;}** (M = Nb, Ta) derivatives. The
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aqua ligands are slowly displaced by neutral L or anionic X~ donor
ligands, generating MgY.Y,Ls or [MgY, Y Xy l* (31, 134-136). The
range of ligands amenable to this strategy has not been delineated,
but if care is taken to prevent oxidation of the cluster, a variety of
7-acids are likely to bind to the reduced {MY,}*" core. Saito and co-
workers used chromatography to isolate the cis and trans isomers of
the phosphine complexes [M¢Cl;;Cly(PR;);] in moderate yields (13—
37%) (135) (Fig. 17). Also isolated in the separation procedure was
the trisubstituted cluster [TagCl,,Cly(PEt;);], indicating that substitu-
tion of the water molecules of TagCl;,Cl,(H:0),-4H,0 is more complex
than first proposed.

Repeated addition of aliphatic alcohols ROH to M,Y,,Y,(H,0),-4H,0
(M = Nb, Ta; Y = Cl, Br) under an oxygen-free atmosphere eventually
yields [MgY2:(ROH)JX, (137). Interestingly, 'H NMR and conductivity
measurements indicate that the axial halide ligands (especially bro-
mide) are displaced by methanol before the axial water ligands (138).
Under anaerobic conditions [M;Y,,(OCH;),(HOCHS,),] can be obtained
from methanolic solutions of MsY,,Yo(H;0),-4H,0 and two equivalents
of sodium methoxide (139). Care must be taken to exclude air from
these reaction mixtures to avoid unwanted oxidation of the cluster.

In basic solutions the {M;Y,}** core is rapidly oxidized upon expo-
sure to air. Presumably the strong o- and 7-donor properties of hy-
droxide and alkoxide ligands increase electron density on the

Fic. 17. Structure of trans-TayCl;,ClolP(CoH;)sl,.
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{MeY.}** core, making the clusters [MgY,,(OR)s]* (R = H, CHy) sus-
ceptible to oxidation. Titration of MgY,Y,(H,0O), with OH™ precipitates
the neutral complex MY ,(OH),(H,0),-6H,0 under N, (140). Isolation
of MY »(OH).,(H,0),-6H,0 indicates that the axial chloride ligands are
displaced in preference to the axial H,O ligands. Subsequent addition
of OH" yields A, MY ;(OH)s. In oxygen-containing atmospheres, M¢Y;,
(OH),(H,0), precipitates and then redissolves as A;MgY;(OH); with
increasing pH (141). The methoxide clusters MY ,;(OCH;),(HOCHS,),
and A,M:Y,,(OCH;); have been prepared in a similar fashion (139)
(Fig. 18).

In acid environments the {M:Y;}** core of M;Y,,Y.(H;0),-4H,0 is
oxidized to either {MsY;}** or {M:Y,}** depending on the metal, inner
ligand, and acid source. Hydrochloric acid oxidizes TasCl,;Cly(H,0), to
TagCl,Cl,(H,0), with a {TasCl,}** core (142); however, NbsCl,Cl,
(H,0), is oxidized to [NbgCli:Cls]*~ with a {Nb¢Cl,}*" core (143, 144).
Synthesis of the two-electron oxidized cluster [NbgCl,,Cls]* requires
chlorine gas to oxidize NbsCl,,Cly(H,0), (143, 145).

Introduction of the weakly coordinating triflate ion at the axial po-
sitions of the {MY5}"* cluster is accomplished by the reactions

[BuyN1y[TasCl;,Clg] + xsHOSO,CF,
b d [BU4N]2[T360112(OSO2CF3)6] + 6HCl(g). (17)

The resulting cluster is an electron deficient species (146) (Fig. 19).
The niobium analog [Bu,N][NbgCl,,(OSO,CF;)] has also been pre-
pared. Cyclic voltammetry on solutions of [Bu,N1)[TasCl;o(OSO,CF;)l
reveals two l-electron transfers at 0.89 V and 0.29 V vs. Ag/AgCl,
corresponding to generation of [Ta;Cl(OSO,CF;)sl*~ and [TagCli,
(OSO,CFy)g]*", respectively. These reduction potentials are among the

Fic. 18. Structure of [TacCl,(OCH;)s)* .
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Fig. 19. Structure of [TagCl,(OSO,CFy)el*.

most positive observed for the {TasCl;}!" and {TasCl,}** clusters and
attest to the poor donor strength of the triflate ion. The strong oxidiz-
ing character of [BuN1,[TagCl,;;(OSO,CFs)s] prevents the simple me-
tathesis reactions with anionic ligands X~ such as Cl-, Br~, I", NCS-,
and CN- that are observed with the analogous [BuN],[Mo¢Clg
(OSO.,CF;)] (40). Instead, a complex redox process accompanies the
substitution reactions and reduced clusters [Bu,N1j[TasCl.Xs] (X =
Cl, Br, I, NCS) are obtained. A slight excess of X~ is required for
complete substitution of the trifiate ligands, and the reaction rate in-
creases with the ligand series CI- < Br- < NCS- < I~ < CN", This
trend does not follow the basicity or polarizability of the ligand, so
other factors, possibly oxidation potentials of X, influence the redox/
substitution process. In fact the reduced cluster [TasCl;;:(OSO,CF;)s1*"
is observed spectroscopically as an intermediate. Reduction of
[TagCl,,(OSO,CF3)s* by Cl™ (1.29 V vs. Ag/AgCl) would not be pre-
dicted from redox potentials; however, refluxing methylene chloride
solutions of [BuyNI1,[TasCl;5(0OSO,CF3)] and [Bu,NICl yields the re-
duced product [Bu,N1;[TagCl,,Clgl. It is likely that oxidation of Cl™ is
promoted by loss of Cl, due to a slow stream of N, passed over the
reaction mixture. In mixtures of [Bu/N],[TaCl;;(0OSO,CFs)] and the
more reducing ligands I", Br-, and NCS-, the reduced cluster core
{TasCl,,}** is detected spectroscopically and the proposed reaction/sub-
stitution scheme in Fig. 20 is proposed. Surprisingly, the simple me-
tathesis reaction

[Ta60112(OSOZCF3)ﬁ]Z’ + 25X~ (Or L) — [TaﬁCth(;]Z_
(or [TasCl,,L¢l*") + 6 OSO,CF;  (18)
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OSO,CF; X
[TaCl,XJ" L—Z[T&Clu(osozcﬁ)s]}
e

0SO,CF; X 112X,
[TaCLXJ ~>— [Ta C1,(0SO,CF,)
X X

112X, X,

[ThGCIIZXG]‘- ﬁ [T&Clu(OSO,CF,)Q]"
0SO,CF; X
Fig. 20. Reaction scheme of [Ta;Cl;,(0OSO,CF;)]?~ with X-.

is not observed for any anionic, X, or neutral, L, ligands including
phosphine oxides.

D. ELECTRONIC AND MOLECULAR STRUCTURE

Numerous electronic structure calculations on the {MgY,}"** cluster
have been performed at various levels (90, 91, 93, 94, 96, 98, 104).
The molecular orbital structure obtained from extended Hiickel calcu-
lations indicates that the eight metal-based orbitals responsible for
M-M bonding in the {MsY,2}"" unit have ay,, ty, t;,, and ay, symmetry
(147) (Fig. 21). In contrast to the directionality of the bonding orbitals
in {MgYs}*" (see Section ILE.1), the bonding orbitals of {M;Yy,}"" are
directed along the faces of the metal octahedron, creating 8 three-
center, two-electron bonds. The number of cluster-bonding electrons
available to fill the eight bonding orbitals is equal to the number of
valence electrons of the metals minus the number of anionic ligands
and the charge of the cluster. Thus, [NbCl,;CI;]*" is electron precise,
with 16 CBE [30 — 18 — (—4)], and [NbgCl;,Cl¢]*" is electron deficient
with 14 CBE.

The exact bonding or antibonding character of the a,, level differs
among the various calculations depending on how the contribution of
the axial ligands to the molecular orbitals is considered. Oxidation of
the {NbsCly}** core to {NbsCl;;}*" corresponds to depopulation of the
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-

Fig. 21. A molecular orbital diagram for {MgY,o}"" based on an extended Hiickel cal-
culation, adapted from reference (108).

a,, level; thus, the ay, level is the HOMO or LUMO of the n = 2 or
n = 4 clusters respectively. Magnetic susceptibility measurements
and ESR spectra of the clusters with n = 2—4 confirm the assigned
a,, symmetry of the HOMO/LUMO (148). Hyperfine splitting of the
unpaired electron of [NbsY ;. Xs1*~ delocalized over the six niobium cen-
ters (spin 9/2) leads to impressively split ESR spectra (Fig. 22). X-ray

28 30 32 34 36 38 40 42
kG

Fic. 22. EPR spectrum of [Bu,N];[Nb,Cl,;Bri] in CH,Cl, at room temperature.
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crystal structure determinations for the cluster series [NbgCl,;,Clg]" ¢~
reveal that the average Nb—Nb bond length decreases from 3.029 to
2.899 A as the oxidation state on the {NbgCl5}"* core is lowered from
n = 4 ton = 2 (149). This trend is consistent with the assignment of
the a,, level as predominately bonding in character for the all-chloro
clusters. The high energy of the a,, orbital explains the relative stabil-
ity of the oxidized clusters {M;Y;,}** and {MsY,}**. The average oxida-
tion state of the metal atoms ranges from 2.33 (n = 2) to 2.66 (n = 4).

Numerous UV-vis absorption studies on the Nb and Ta clusters
have been reported; however, despite the existence of one-to-one cor-
respondence in the spectra of the two metals, there is little agreement
on the assignments for the metal-based transitions (135, 150-152).
Solutions of both {TagY;;}*" and {TasY,}*" are orange-brown in color,
and the niobium analogs {NbgY,}*" and {NbgY,}** are yellow-brown in
solution. The reduced states {NbsY,,}** and {TasY,}*" are olive green
and green, respectively. Attempts to assign the electronic transitions
of the clusters have been complicated by the similarity in the spectra
of (MY o}* and {MgYo}** clusters, which makes identifying mixtures
of clusters in these oxidation states difficult. Additionally the
{MY ,}** state is intensely colored and therefore easily obscures the
spectra of the oxidized clusters.

E. NioBiuM IopiDE CLUSTERS {Nbglg}"*

Hexanuclear niobium iodide clusters {Nbglg}"* are the lone excep-
tion to the usual edge-bridging halide geometry adopted by the group
5 metal halide clusters. With eight face-capping iodide ligands, the
{Nbglg}"* core is isostructural with the group 6 metal halide clusters
{MocClg}** and {W¢Clg}** (153). The similarity in the metal-ligand con-
figurations permits the use of the molecular orbital structure derived
for the group 6 metal halides {MgYg}"" to be applied to the {NbgIg}"*
unit. The Nbglsl; is extremely electron deficient, with 19 CBE avail-
able for 12 metal-metal bonding orbitals. This unique electronic
structure gives rise to the distinctive chemical and physical properties
of {Nbgls}"".

The binary phase Nbglsl; is prepared (154) from the decomposition
of Nbsl; at 950°C:
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Increased yields are obtained when Nicbium metal is added to the
reaction mixture to reduce the Nbl, by-product:

11NbI, + 13Nb — 4NbgLl;. (20)

The addition of CsI to the reaction mixture produces the reduced clus-
ter CsNbgIsl;, with 20 CBE (155).

The electron deficiency of Nbglgl; and CsNbglgl; allows these com-
pounds to absorb hydrogen in the solid state at 300°C and atmo-
spheric pressure, generating HNbglI; and CsHNbgIl; (155, 156).
Low-temperature neutron diffraction studies on Nbgll;, HNbgl,I;,
and DNbglgl; reveal that the hydrogen atom is slightly displaced from
the center of gravity of the surrounding Nbg octahedron (157). The
size of the displacement is enough to accommodate multiple hydrogen
atoms, suggesting that more than one interstitial hydrogen may re-
side in the cage in high-temperature phases of HNb;IsI;. Adsorption
of hydrogen into the interstitial position is unusual, and this is the
only case in which an interstitial atom is implanted in a preexisting
M; octahedron of a metal halide cluster. The uptake of hydrogen by
Nb¢Isl; increases the number of CBE from 19 to 20, and thus a de-
crease in the average Nb—Nb bond length is expected. However, sin-
gle-crystal X-ray diffraction studies of Nbglgl; and HNbgII; reveal a
slight expansion of the Nbs cage of HNbglgl; compared to the intersti-
tial free cluster (158) (Table IV). By contrast, ZrgHCl,,(EtNH,); con-
tains interstitial hydrogen atoms but an average Zr-Zr bond length
is ~0.3 A shorter than the interstitial free [Zr;Cl;;H;Cl;]*>", which has
a comparable CBE count (both at 13) (159, 160).

Low-temperature magnetic susceptibility measurements on NbgIsl;
and HNbgI:]I; reveal ground spin states of S = 1/2 and S = 0, respec-

TABLE IV

Niosium—NioBIuM BoND DISTANCES IN SOME
{Nbgls}** CLUSTERS

Cluster CBE d(Nb-Nb) (A) Ref.
NbeLL, 19 2.850 158
HNbsL], 20 2.890 158
CsNbgl,l, 20 2.825 155
NbgIs(NH,CH); 29 2.755 2

* Average Nb—Nb bond lengths are reported with
crystals at room temperature except HNbgI,I; (211 K).
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tively. At higher temperatures the former has a ground state S = 3/2
and the latter S = 1 (161). The change in spin states is not due to
simple transitions from the ground to excited state but a coupled elec-
tronic and structural phase change (158, 161, 162). Heat capacity,
X-ray diffraction, and magnetic susceptibility measurements indicate
that a second-order or higher phase change occurs at 274 K for Nbgl,;
and 324 K for HNbgIgl;. The structural deformation, a rotation of one
Nb; face of the octahedron by 7°, is accompanied by the crossing of
electronic levels, which leads to a reduction of the spin degeneracy.
This spin-crossover transition is made possible by competition be-
tween the effects of a spin flip and changes in the molecular orbital
levels that result from the cluster distortion (163).

Two discrete molecular compounds containing {Nbglg}"* units were
obtained from reactions of Nb¢IiI; and NH,R (R = CHj;, C;H,) (2). The
amines displace all the bridging axial iodide ligands, generating the
neutral complexes [Nbglg(NH;R)sl. These clusters are electron-rich
with 22 CBE compared to the 19- and 20-CBE {NbgIs}"* cores obtained
from solid-state reactions. Consequently, the increased number of
electrons available for cluster bonding orbitals results in shorter
Nb-Nb distances (Table IV). Magnetic susceptibility measurements
indicate that [NbgI(NH,CH;)s] is diamagnetic. This observation is
contrary to the prediction of a half-filled e, HOMO for a 22-CBE spe-
cies with a {MYg}"* geometry.

IV. Materials Chemistry Derived from Soluble Metal Halide Clusters

A. HicHER NUCLEARITY CLUSTERS

Mixed metal clusters have been generated by reaction of organo-
metallic species with ambidentate cyanide ligands and [MoCly
(0OS0,CF;)s* (41). Both [CpMn(CO),CN}- and CpRu(PPh;),CN dis-
place the triflate ligands of [MosCls(OSO,CF3)s}*", forming the 12
metal clusters {MogCli[{u-CN)Mn(CO),Cple}> and {MogCls[(u-CN)
Ru(PPh;),Cpls}**, respectively. Single-crystal X-ray structure determi-
nations on (PPN)y{MocCl[(£-CN)Mn(CO),Cpls} reveals that the
[CpMn(CO),CN1~ fragment is coordinated to the {MosCl}** core via
bridging cyanide ligands (Fig. 23). Interestingly, the electronic spec-
tra of these mixed metal clusters show an extremely intense ab-
sorbance that most likely corresponds to a charge transfer band [pos-
sibly intervalence charge transfer from the CpMn(CO),CN~ ligand].
The intensity of this band cannot be accounted for from a simple com-
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Fic. 23. Structure of {MosCl{(1-CN)CpMn(CO),le}*.

bination of the absorbencies of the manganese centers and the
{MosClg}** core; however, “intensity-stealing” between a Mog-based
d—d* transition and a charge transfer band may lead to the increased
absorption (Fig. 24).

Cyclic voltammetry on [Bu,N1,{MosClg[( u-CN)Mn(CO),CpJ} reveals
a broad redox wave assigned to the oxidation of the pendant manga-
nese centers. This wave is anodically shifted 0.26 V from the “free”
ligand/metal complex and is consistent with reduced electron density
on the CpMn(CO), fragment. The breadth of the redox wave is attrib-
uted to communication between the manganese and molybdenum
atoms through the bridging cyanide ligands. Chemical oxidation of
{MogClg[(u-CN)Mn(CO),Cple}*~ with NO* results in clean substitution
of one of the carbonyls of the manganese fragment by NO*, generat-
ing {MosCls[(u-CN)Mn(COYNO)Cple}**.
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Fic. 24. Absorption spectra of (A) [Bu,NI][CpMn(CO)CN], (B) [Bu,Nl[MoyCly
(OSO,CF;)l, and (C) [Bu,N1y{MoCls[(u-CN)CpMn(CO), ]} in CH,Cl,.
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Fic. 25. Structure of [MogCl(O,CC;H,FeCp)l>~.

Reaction of Na,MosCl(OCH;)s with the carboxylic acid HO,CC;H,
FeCp produces the organometallic derivative Na,MosCls(O,CC:H,
FeCp)s (85). The iron centers are attached to the {MosClg}** core
through the carboxylate moieties on the Cp ring (Fig. 25). In contrast
to voltammograms of {MogCls[(x-CN)Mn(CO),Cpls}*~, cyclic voltammo-
grams of Na,MoCly(0,CC;H,FeCp)s in DMF display a single redox
wave shifted 0.10 V from that of the acid HO,CC;H,FeCp, indicating
that the iron centers are independent and equivalent. Cyclic volt-
ammetry on Na;Mo,Cls(0,CC;:H,FeCp); in DMSO reveals a chemically
irreversible oxidation of the iron centers. A reduction wave is ob-
served substantially shifted to negative potentials. This chemical irre-
versibility is attributed to reduction of uncoordinated ferrocenium
carboxylate. A decrease in basicity of the carboxylate moiety upon
oxidation of the pendant ferrocenyl group should make this oxidized
ligand a weaker donor, which is susceptible to dissociation. Presum-
ably, vacant coordination sites of {MoyCl;}** are taken up by solvent
molecules.

B. SuprpORTED CLUSTER MATERIALS

A number of strategies have been developed to generate composite
materials by the incorporation of the {MosClg}*" unit into a host ma-
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trix. Coordinating polymers such as poly(4-vinylpyridine) (PVP) pro-
vide sites to bind the {Mo4Clg}** units directly to the polymer back-
bone. Thus, the addition of MogCly; or [BuN];[MogCl(OSO.CF;)e] to
PVP in ethanol secures the {MogClg}*" unit to the pyridine moieties of
the polymer. Because the {MosCls}** unit acts as a cross-linking agent,
the nature of the axial ligands on {MoClg}** influences the physical
properties of the cluster/polymer composite material (164). Dissolu-
tion of MosCl;; in ethanol generates MogClgCl,(EtOH),, with two labile
axial sites capable of coordinating pyridine. In contrast [Bu,N],
[MogCl(0OS0O,CF;)s] has six sites available for pyridine to bind and
thus provides a more effective cross-linker. The number of accessible
coordination sites is reflected in the glass transition temperature, T},
of the resulting material. Adsorption of MoyCl;; and [Bu,N],[MoCls
(OSO,CFy)] into PVP in a ratio that provides equal donor groups to
cluster binding sites results in composite materials with a higher T,
than those derived from MogCl;,. Immobilization of the {MogCl3}*" core
by the PVP does not drastically alter the emission spectrum of the
{Mo¢Clg}** core; however, increasing the number of pyridine groups
coordinated to the cluster lowers the excited-state lifetime (164). The
photocatalytic properties of these materials have been demonstrated,
and singlet oxygen generated by quenching the excited cluster with
O, has been used to oxidize alkenes (165).

DiSalvo and co-workers developed a monomer in solvent strategy
for preparing monodispersed {MosClg}** units in a polymer matrix
(166). By dissolving [Bu,N1;[MogClg(OSO,CF;)%] in a coordinating sol-
vent with a polymerizable functional group such as N-vinylimidazole
(NVI), a monomer unit containing the {MosClg}** unit is generated,
[MogCl(NVI)s](OSO,CFy),. The low solubility of these tetracationic
clusters is circumvented by using the monomer unit, in this case NVI,
as the solvent. Polymerization of the cluster/monomer solution pro-
duces a monodispersed cluster in an organic matrix. In addition to
solvating the cluster cations, the uncoordinated monomer/solvent di-
lutes the highly cross-linking clusters. By adjusting the cluster con-
centration in the monomer/solvent, the degree of cross-linking can
be controlled.

Oxide supports have also been used to immobilize {MoCl}** clus-
ters with various degrees of success. Basic and acidic silica adsorb
[Bu,N1[MosCl;Clg] and [Bu,N1.[MogClg(OSO,CF;)s] (167). Both electro-
static and covalent binding of the {MosClg}** core to the silica surface
can be obtained with proper choice of cluster, solvent, and silica treat-
ment. The photophysical and photocatalytic properties of the cluster
are retained on the SiO, support (168).
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Intercalation of the aqua complex [MogCls(H;0)]** into layered so-
dium montmorillonite creates a pillared structure (169). The cluster
cations increase the d-layer spacing from 12.5 A for sodium montmo-
rillonite to 16.6 A for the intercalated composite material. The driving
force for the intercalation process is attributed to ion exchange with
the Na* of the montmorillonite; however, the amount of cluster ad-
sorbed by the layered clay is larger than expected based on the so-
dium content. Similar observations have been made for the intercala-
tion of {Nb¢Cl,}?*#* and {TagCl,}** into sodium montmorillonite,
which results in an increase in d-layer spacing and adsorption of ex-
cess cluster (170). The axial ligands attached to the intercalated
group 5 clusters were not unambiguously identified, thus the driving
force for intercalation is unclear.

C. CHARGE-TRANSFER SALT COMPLEXES

Organic—inorganic charge-transfer salt complexes containing radi-
cal organic cations such as tetrathiafulvalenium (TTF)* or tetrameth-
yltetrathiafulvalenium (TMTTF)* and anionic clusters [M¢ClsClg]*
and [MCl;;ClgJ® ™ as counterions have been electrocrystallized.
Other organic—inorganic salt complexes have been prepared from
these organic radicals with smaller anions such as BF;, PF;, ReOy,
and SbF; (171). Interactions between the organic radical cations, es-
pecially overlap of the HOMO of neighboring cations, can produce
semiconducting, metallic, or superconducting properties in the molec-
ular salt compounds. Using large cluster anions changes the anion/
cation volume ratio, thereby forcing the cation radicals into new pack-
ing arrangements. Also, the use of radical cluster anions creates the
possibility of anion—cation spin interactions.

Single crystals of the first charge-transfer salt complex containing
a hexanuclear metal halide cluster, (TMTTF),[Mo¢ClsClg], were pre-
pared from TMTTF and [Et,N]:[MosCLl;Clg] (172). The structure of
(TMTTF),[MosCl;Cl;] consists of cation dimers with the anionic metal
clusters in a distorted CsCl structure (Fig. 26). The CsCl arrangement
is likely a consequence of the comparable volumes of the cation dimer
and [MogCl;Cl;]*". Interdimer distances (S-S distance of 4.87 A) are
quite large, resulting in an insulating material. As expected no ESR
signal could be obtained because the cation radicals are paired.

The tetrakis(methylthio)tetrathiafulvalenium (CH,S),TTF* salt of
[MogCI¢NCS)]>~ was prepared in the same manner as
(TMTTF),[MosCl;Cls;] and has the same CsCl-based structure with
isolated dimers of (CH;S),TTF* (111). However, unlike
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Fic. 26. Unit cell of [TMTTF],[MoClsClgl.

(TMTTF)[MocClgClgl, the cation dimers of [(CH;S),TTF];
[MogCli(INCS)¢] interact with the axial ligands of the cluster. Sulfur-
sulfur distances separating theo (CH;S),TTF* dimer and
[MoClg{INCS)sl* are 3.793 and 3.755 A. These cluster—cation interac-
tions stabilize a slipped planar configuration in the cation dimer,
which favors a mobile triplet exciton at room temperature. In effect,
the triplet state cation dimers are coupled through the
[MogCls(NCS)]?~ cluster.

Charge-transfer salt complexes containing the ESR-active
[NbgCl;Cl;2I*~ cluster with the organic cation radicals TTF* and
TMTTF* were prepared by electrocrystallization from CH,CN/CH,Cl
solutions (130, 173). The TTF* salt, which was isolated as
(TTF)(Bu,N)[Nb¢C1;,Cl,,]-CH;CN, contains isolated TTF* dimers. At
higher temperatures the triplet state of the cation dimer is populated
and interacts with the unpaired electron localized on the {NbyCL.}**
core. In contrast, the TMTTF* salt as well as the selenium analog
TMTSF were isolated as (TMTTF);[Nb¢Cl,,Cl;;]-0.5CH,C], containing
a [(TMTTF),’* cation and neutral TMTTF molecule. The TMTTF
units in the [(TMTTF),]** cation are stacked into infinite layers sur-
rounded by [NbgC1,,Cl;,I*~ anions (Fig. 27). The fifth TMTTF molecule
is neutral and orthogonal to the cationic TMTTF species. Four par-
tially oxidized TMTTF molecules are present. The HOMO of the or-
ganic stack is 5/8 filled (5 electrons in 4 orbitals), and metallic proper-
ties are expected. Conductivity measurements, however, indicate that
the hybrid material is semiconducting, with band gaps of 0.16 and
0.20 eV for the TMTTF and TMTSF, respectively. Inequivalency in
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Fic. 27. Unit cell of [TMTTFI;[NbsCl;,Cli]; two clusters at corners of the unit cell
are omitted for clarity. Reprinted with permission from Ref. (130).

the structures of the stacked cations is invoked to explain the electron
localization and the resulting semiconducting properties. A single
ESR signal is obtained for both (TMTTF);[NbsCl;,Cl;;] and
(TMTSF)s{Nb¢Cl,,Cl;;], which indicates mixing of the localized spins
of the cluster and cation.

D. EXTENDED SOLIDS

The most notable example of a covalently linked extended solid gen-
erated from a soluble precursor is Prussian blue (174). A number of
strategies for assembling discrete mononuclear complexes into ex-
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tended solids have been adapted to the formation of an extended
metal halide cluster network. Interactions between counter cations
and the ligands of the metal halide clusters often result in solids with
bonding in one, two, or three dimensions. Hydrogen bonding between
ligands with donor or acceptor groups and water molecules in the
crystal lattice also provides intercluster linkage.

Alkali metal salts of [M;Y:Xs]>~ and [MgY.Xs1® ™" often contain cat-
ion—cluster interactions that fill the coordination sphere of the alkali
metal cation. When ligands from neighboring clusters coordinate to a
common cation, an extended network results. A recent example is
the ferrocenecarboxylate derivative, Na[MosClg(Q,CC;H,FeCp)l, in
which the ferrocenyl moieties are connected to the {MogClg}** core
through the carboxylate groups (55). The multidentate properties of
the carboxylate group enable the ligand to coordinate to the cluster
and the sodium counterions. Two carboxylate ligands from one cluster
are linked to a sodium counterion, and a third ligand from an adja-
cent cluster anion plus a methanol molecule fill the coordination
sphere of the cation. These interactions create a one-dimensional
array of [MogClg(Q,CC;H,FeCp)]*~ anions (Fig. 28).

Crystals of the pseudohalide complexes AM;Y.X; (A = K, Rb, Cs;
Y = Cl, Br; X = N,, NCS) produced from aqueous solutions incorpo-
rate water molecules in the unit cell (131-133). These water mole-
cules as well as the inner halide and the pseudohalide ligands coordi-
nate the alkali cations, resulting in an extended solid with a three-
dimensional array. Interestingly both the a- and B-nitrogens of the
azide ligand bind the cations, whereas only the sulfur atoms of the
thiocyanate groups coordinate to the alkali metals. In addition to cat-
ion bridges, water molecules connect the azide ligands of adjacent

clusters via hydrogen bonding.
re
N
y(.
~C

Fic. 28. Display of the linear chain of {MosCly}** units connected through bridging
carboxylate ligands and sodium ions of Nay[MoCl{(O,CCsH,FeCp)sl. The ferrocenyl
moieties of the carboxylate groups are omitted for clarity.
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Extensive hydrogen bonding has been observed in many structures
containing {MY;2}"* units with OH~, H,0, or CH;OH ligands in the
axial sites. The axial ligands act as both proton donors and acceptors.
Hydrogen bonding interactions between the axial ligands and solvent
molecules of the crystal lattice create three-dimensional cluster sys-
tems. A few structures containing extended networks of clusters
linked via hydrogen bonds are listed in Table V. It should be noted
that the hydrogens were not located in the structures but inferred
from short donor-acceptor distances. Two compounds, (Me,N)
[TasCl,,(H,0)]Br, (175) and [NbeBr,(H,0)][HgBr,]-12H,0 (176), pos-
sess hydrogen bonds between water donors and bromide acceptors.
DC electrical measurements indicate that [NbgBr,(H,O);l[HgBr,]l-
12H,0 has semiconducting properties; however, the origin of this con-
ductivity is not completely understood.

E. CueEmMicALLY MODIFIED SURFACES

The affinity of the cluster anions [Bu,N];[NbsCl;:Xs* (X = Cl, Br, )
for gold and silver surfaces is determined by the identity of the axial
ligand X (177). Only [NbgCl;;Brs]*~ adsorbs in a monolayer fashion on
gold as determined by quartz crystal microgravimetry, X-ray photo-
electron spectroscopy, and cyclic voltammetry. Redox potentials for
[NbgCl,,Brg]* adsorbed to gold are anodically shifted 0.15 V relative
to the cluster in solution. This shift is consistent with the transfer of
electron density from the cluster to the metal surface. By contrast no

TABLE V

HyDROGEN-BONDED CLUSTER COMPLEXES

Cluster H Bonding Ref.

~Br, H---O 175
~Br"H--0 176
~Br”H---O 176
~Br, H---O 179
-Br,H---O 179

[N(CHjy),l [Ta-GCIH(HzO Ys]Br,
[NbgBr,,(H,0)sl[HgBr,l- 12H,0
[TagBr2(H,0)l(HgBr,]- 12H,0
[TagCly(CH;OH )1Br;
[TasClLo(CH;0H)]Br;-4H,0

CEEEEEEEE

[Nay(CH;OH)][Ta:Cl,,( OCH;)sl-3CH,;OH -0 180
trans-[TagCli(OH),(H,0),]- 10H,O -0 181
[N(CH,)4Jo[TasCl,;(OH)]-21H,0 -0 181
Na,[TasCl;2(OH)s]- 16H,0 -0 181

¢ Bromide ligands from both the cluster cation and the anion par-
take in hydrogen bonding.
b Cation and anion are involved in hydrogen bonding.
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sign of niobium or chlorine is observed in the XPS spectrum of gold
surfaces that were exposed to [BuN]j[NbsCl,,Cls]*~. At the other ex-
treme, solutions of [Bu,N]3[NbgCl,,Clg] completely dissolve gold films.
The increased reactivity of the clusters with the heavier halides par-
allels the interaction of gold with the free halide ions, where Cl- ad-
sorbs the weakest and I~ the strongest (178). Of the three clusters
only [Nb¢Cl;,Clg]*~ forms a monolayer on silver surfaces. Both
[NbeCl;;Brel>~ and [NbgCl;,Is]*~ dissolve silver. These findings demon-
strate that halide ligands should be versatile anchors for immobiliz-
ing many types of metal complexes to metal surfaces.

Pyridine groups immobilized on gold surfaces through strong gold—
sulfur interactions displace the triflate ligands of [TasCl;,
(0OS0,CF;3)]* and result in a immobilized monolayer of cluster on the
gold surface. XPS reveals that an average of four triflate ions are
replaced by the surface-bound pyridines. Dilution of the pyridine sur-
face with coadsorbed thiolphenol, a noncoordinating moiety, reduces
the amount of cluster adsorbed to the surface and the average num-
ber of triflate ligands displaced by surface pyridine. The number of
triflate ligands remaining on the surface-bound cluster may be ad-
justed with the thiolphenol/mercaptopyridine ratio. The different co-
ordination environments about the {TazCl,;}"* core in the resulting
material have been identified with differential pulse voltammetry. As
the number of coordinating pyridine ligands coordinated to the
{TasCly}"* core decreases, the oxidation potentials of the clusters are
cathodically shifted. The shift reflects the 7-acid character of the pyri-
dine ligand.
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