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1. Introduction

This review surveys the coordination chemistry of molybdenum reported in 1996,
and follows the same format as those which covered 1994 and 1995 [1,2]. The
references have been located by a search of volumes 124, 125 and 126 of Chemical
Abstracts, together with use of the Current Contents and BIDS databases; in
addition, all the major inorganic chemistry journals have been examined individually.
Where appropriate, late references from 1995 have also been included. The review
is restricted to coordination complexes, including carbonyls but excluding organo-
metallic compounds and solid-state chemistry. Synthetic models of Mo centres and
clusters in biological systems are covered, but biochemical studies of the enzymes
themselves are not. A thematic issue of Chemical Reviews dedicated to bioinorganic
enzymology provides a useful overview of the current state of molybdoenzyme
chemistry, including articles on nitrogenase [3] and its crystal structure [4], alterna-
tive nitrogenases [ 5], and on mononuclear molybdenum enzymes [6] and their newer
tungsten counterparts [7]. These articles include details of important recent advances
in the crystallography of oxomolybdoenzymes, including the solution of the crystal
structure of the dmso reductase enzyme from Rhodobacter sphaeroides, which
revealed that two pterin ligands are coordinated to the molybdenum centre through
dithiolene linkages [8]. This ties in with an EXAFS study of the same enzyme which
showed that in the oxidized form the molybdenum is coordinated by four sulfur
atoms, one oxo group and a further N or O donor [9].

Two further reviews deal with the structure and mode of action of the oxomolyb-
doenzymes with emphasis on the pterin fragment [10] and the chemistry of the
oxomolybdenum centre [11]. Three further accounts of the use of molecular com-
plexes in modelling and understanding nitrogenase have also appeared [12-14].

The book ‘‘Transition Metal Sulfur Chemistry: Biological and Industrial
Significance”, edited by Stiefel and Matsumoto, contains much pertinent material
[15]. Arising from a symposium in Hawaii in December 1995, it contains an overview
[15a], followed by relevant chapters on the reduction of hydrazine and acetylene by
MoFe, cubane clusters [15b], hydrodesulfurisation catalysts and model MoCo clus-
ters [15¢], C-S bond making and breaking reactions in molybdenum and tungsten
complexes [15d,15¢], incorporation of heterometals into the incomplete
[Mo3S4(H,0),]** cubane [15f,15¢g], raft type molybdenum chalcogenide clusters
[15h], the chemistry of dinuclear cyclopentadienyl molybdenum complexes with
bridging sulfur ligands [15i], and heterometallic Cu/Ag Mo/W clusters [15j]. A
separate general article by Stiefel deals with the importance of molybdenum-sulfur
chemistry in geology, biology and technology [16].

Other reviews published this year include further articles on the chalcogenide
clusters of the Group 6 metals and Re [17] and on Cu/Ag Mo/W clusters [18], a
review of mixed octahedral complexes and clusters including some related to
[MoeCl,,J>~ [19], and a comprehensive account of halocarbonyl complexes of
Mo(II) and W(II) [20]. The coordination chemistry of the Group 6 metals in 1995
has been reviewed in an annual report [21]. Some relevant material can also be
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found in reviews on metal sulfoxide complexes [22], metal oxoalkoxides [23], com-
plexes of heterocyclic thionates [24], alkanes [25] and CO, [26], and the theoretical
relationship between metal-metal distance and force constants in homodinuclear
complexes [27]. An analysis of the MAM’ angle in 283 compounds of the type
L.M(u-AYM'L,, where M and M’ are d- or f-block metals and A is a p-block
element, includes many oxo-bridged Mo(V) dimers, which are usually linear in
form [28].

2. Molybdenum(VI)
2.1. Complexes with halide ligands

The second virial coefficient and viscosity of gaseous MoF¢ have been measured
[29]. Theoretical ab initio calculations have been carried out to explain the fact that
[MoF,]™ and [WF,]™ adopt capped octahedral structures whereas [ TeF-] ™, IF, and
[XeF,;)* all prefer a pentagonal bipyramidal geometry. In fact, for [MoF;]~ the
capped octahedral and capped trigonal prismatic structures are of approximately
the same energy [30].

2.2. Complexes with nitrogen donor ligands

Electrochemical studies of a number of high oxidation state molybdenum com-
plexes have shown that [Mo(=N)Cl]~ was the most stable of those studied,
followed in order by [MoCly(NPPh,NPPh,N)], [MoCl,(NSNSN)]~, [MoOCI}*~,
[MoF4]~ and [MoClg]~. The geometries of these d* and d° species and the trends
in their redox properties were successfully reproduced by theoretical studies [31].
The reaction of [NEt[Mo(=N)Cl,] with two equivalents of Liy(SCcH,S) gave
[NEt, ), [Mo(=N)(SCcH,S),(C1)] (1). This compound is much more air- and water-
sensitive than the starting halide and reacts rapidly with O, or H,O to afford
[MoO(SC¢H,S),]*~. The lower Mo=N stretching frequency (1010 cm™!) and an
upfield shift in the N NMR spectroscopic signal both suggest that n-donation
from the thiolate ligands is competing with that from the nitrido group [32]. The
reaction of [Mo(=N)Cl;] with Me,SiN=PMe; gave the homoleptic phosphinimi-
nate complex [Mo(NPMe,),][Cl],, an unusual example of a dicationic, tetrahedral
Mo(VI) species [33]. Fluorination of [Mo(=N)Cl;] with elemental F, afforded
[Mo(=NCIF,] which coordinates thf to give [Mo(=NCI)F(thf)] and then slowly
converts into [ MoQ,F,(thf),]; the X-ray structure of this compound revealed a trans
disposition of the fluoride ligands [34].

The complex [MoO,Cl,(dme)], prepared in situ by reaction of Na,MoQO, with
Me,SiCl in dme, reacted with hexamethyldisilazane to give an unidentified material
which on treatment with pyridine produced [Mo(=N)(0SiMe,);(py)] (2). The
crystal structure showed a monomeric square-based pyramidal structure with an
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Mo=N distance of 1.627 A [35]. A molecularly defined alkene metathesis catalyst
has been prepared from [Mo(=N)(CH,'Bu);] by grafting onto a silica support. In
reactions designed to model its interaction with the support, treatment of the
complex with the disilanol HOSiPh,0SiPh,OH afforded the imido species
[(HN=)Mo(CH,'Bu);(u-OSiPh,0SiPh,0)Mo(CH,'Bu),;,(=NH)] [36].
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The reaction of [Mo(=N)(O'Bu);] with [Ti(NRAr);] (R=C(CD,);Me,
Ar=3,5-CcH;Me,), gave an unstable intermediate thought to be
[(‘BuO);Mo(u-N)Ti(NRAr),], which rearranges by loss of 'Bu radical in a first
order process to give [(N=)Mo(O'Bu),(1-O)Ti(NRAr);]. The product reacts with
more [Ti(NRAr),] in the same way, via a second observable intermediate, to give
the final product [(N=)Mo(O'Bu){(p-O)Ti(NRAr),},]. A similar reaction occurs
between [MoO,(0'Bu),] and [Ti(NPh'Bu);] to give [MoO,{(1-O)Ti(NPh'Bu),},],
whereas in contrast the related p-nitrido complex [(Me,N);Mo(u-N)Ti(NPh'Bu);,]
is stable [37].

The *'P NMR chemical shielding tensors for the terminal phosphide
complexes [Mo(=P)(NRAr),}] (R='Bu, Ar=Ph, 3,5-CqH;Me,) and
[Mo(=P){N(CH,CH,NSiMe,);}] have been measured from solid state MAS
spectra. The chemical shift occurs at over 1000 ppm and the anisotropy is over
2000 ppm, one of the largest ever. These effects arise through paramagnetic shielding
in directions perpendicular to the Mo=P bond [38]. The Raman spectra of
[M(=E){N(CH,CH,NSiMe,);}] (M =Mo, W; E=P, As) have been measured with
the peaks due to Mo=E being assigned as 521 and 374 cm ' for P and As respec-
tively. The force constants for Mo are slightly larger than those for W [39].

The readily available complexes [Mo(NR),Cl,(dme)] continue to provide a conve-
nient entry into Mo(VI) imido chemistry. The reaction of Na,MoQ, with
Me,SiCl and a mixture of '‘BuNH, and 2,6-diisopropylaniline gave the mixed imido
complex [Mo(N'Bu)(NAr)Cl,(dme)] [40]. However, with very bulky amines the bis-
imido product is not formed; thus adamantylamine gave [Mo(O)(NAd)Cl,(dme)]
[40] and the corresponding mono-imido complex was produced from
2,4, 6-triphenylaniline [41]; both of these compounds were structurally
characterised. Reaction of [Mo(N'Bu),Cl,] with LiN('Bu)SPh afforded
[Mo(N'Bu),{N(*Bu)SPh},}]; the corresponding dioxo species was prepared from
[MoO,Cl,(dme)] [42].
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The diamines 2,2-H,NCcH/,(CH,),CcH,NH, (n=1 or 2) have been used to
make complexes with chelating bis-imido ligands. In the case of the p-substi-
tuted diamine CH,{C¢H,-3,5-Pr,-4-NH,},, dinuclear [(dme)Cl,Mo{pH=
NC¢H,'Pr,CH,CeH,'Pr,N=},MoCl,(dme)] was formed [43]. The complex
[LMo(NAr),], where L=NCsH;-2,6-(CH,CPh,0);~ and Ar=C¢H;-2,6-Pr, con-
tains one linear and one bent imido group (Mo-N-Ar angle 144.8°); comparison
with the corresponding alkylidene complex supports the view that this nitrogen is
sp? hybridised [44].

Two routes to the complexes [(HBpz¥)MoO,(S,PR,)] (R =Me, Et, ‘Pr, Ph) have
been described: reaction of [(HBpz¥)MoQ,(Cl)] with the NaS,PR, or oxidation of
the Mo(IV) complexes [(HBpz)MoO(S,PR,)] (q.v.) [45]. Further details on the
extensive interconversions of Mo(IV), Mo(V) and Mo(VI) tris-pyrazolylborate
complexes can be found in Sections 3.2 and 4.2.

2.3. Complexes with oxygen donor ligands

The structures of [MoO,]*~, [HMoO,]” and [H,Mo00,] in aqueous solution have
been modelled by DV-Xa calculations, giving good agreement with their observed
UV-visible spectra. It was proposed that the first two species are tetrahedral but
the last is octahedral and is the key species in molybdate build-up reactions; a
sequence of changes from [H,Mo0Q,] to [H,Mo00,]-2H,0 to [Mo(OH )] was sug-
gested [46]. The ®*Mo NMR spectra of [MoO,S, _,)*~ (n=0-4) has been modelled
theoretically by semi-empirical, CNDO and ab initio methods; the calculated values
agree well with the observed ones when p- and d-orbital electron populations are
taken into account [47]. The relationship between the ®**Mo chemical shift in cis-
dioxo Mo(VI) species and their oxygen atom transfer capability has also been
examined [48].

Complex formation between molybdate (or tungstate) and p-galacturonic acid or
D-glucuronic acid in aqueous solution has been studied by NMR spectroscopic
methods; evidence for complexes with 1:2 and 2:1 stoichiometry was obtained, with
the latter species thought to play an important role in the oxidation of these acids
by Mo(VI) [49]. The formation of dinuclear complexes of molybdate with
D-fructose, L-sorbose and D-glycero-L-mannoheptose has also been studied
by multinuclear NMR spectroscopy [50,51]. The 'H and '*C NMR
spectra of dinuclear complexes of molybdate with EDTA and with EGTA
[3,12-bis(carboxymethyl }-6,9-dioxa-3,12-diazatetradecanedioic acid] have been
recorded at various temperatures [52]. The interaction of [MoO,]>~ with the
enzyme purple acid phosphatase has been examined over a range of pH conditions.
Similar experiments with [WO,]*~, [VO,]*~ and [AsO,]*~ were undertaken, and
showed that the rates are independent of the concentration of oxoanion, suggesting
that loss of water from the Fe(III) centre in the enzyme may be the rate determining
step [53].

The kinetics of the formation of the known complex [(H;N)sCoOMOoO,][ClO,]
from [Co(NH,);(H,0)P?* and molybdate have been studied by stopped flow
methods and are consistent with a mechanism involving substitution at Mo
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rather than at Co [54]. The complex [LCr(p-O)(p-MoQ)CrL][CIO,],, where
L =tris(2-pyridylmethyl )amine, has been prepared from molybdate and
[{LCr(OH),},] and characterised by electronic spectra and electrochemistry [55]. A
similar reaction between molybdate and [Cu(acpa)]”™ [Hacpa=N-(1-acetyl-
2-propylidene)(2-pyridylmethyl )amine] afforded [{Cu(acpa)}(n-MoO,)]-4H,O in
which the copper atoms are antiferromagnetically coupled with 2J= —5.1 cm™1; the
analogous compound with a p-CrO, unit exhibited ferromagnetic coupling [56,57].
A large number of double salts of the type [M M ?*{MoQO,},], where M! =a monova-
lent cation such as NH; and M?=a trivalent cation such as a rare earth, Fe, In,
Bi, Cr, etc., have been prepared by interaction of ammonium molybdate with M?
acetate [58-61].

A system for the aerobic hydroxylation of benzene to phenols using Fe(1I) and
Mo(VI) has been described [62]. The reduction of hydroxyiminophosphonates to
l-aminophosphonates has been accomplished with NaBH, in the presence of
MoO; [63]. Reduction of potassium molybdate with aqueous KBH, at room temper-
ature gave a variety of lower valent oxides such as MoO, and Mo, 0,,, as well as
nonstoichiometric bronzes K,MoO; [64].

The catecholate ligand N,N’-bis(2,3-hydroxybenzoyl)-1,5-diaminopentane (H,L;
3: R=H), which is an analogue of a naturally occurring siderophore from A.
vinelandii (3; R=COOH), reacted with [MoO,J*~ to give [{ MoO,(L)},}*~ which
has a double helical structure [65]. A study of the solubilisation of Fe(III) hydroxide
by the siderophore in the presence of stoichiometric amounts of molybdate also
revealed the instantaneous formation of such a complex, with a consequent slowing
of the iron dissolution [66].
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Coordination of two of the catecholate ligands (4) to a MoO, unit to give
[MoQ,L,]?>~ produced a species which can act as a receptor for dicarboxylic acids
[67]. Dinuclear complexes of the type [Mo,0s(cat),]?” containing two co-facially
oriented catecholate groups have been prepared by a new route from [Mo,0,]*";
this has been applied to elaborate catechols which incorporate secondary metal
binding sites as well as simpler species such as the Cl cat ligand (HOC,CI,OH).
The weak intramolecular coordination of the Clcat ligands can be released by
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addition of py and pyH™, which results in an opening up of the central MoOMo
angle to give [pyH],[Mo,0s(py)A(Clicat),], as shown in Scheme 1 [68].

The (R)- and (S)-isomers of 2-diphenylphosphinoyl-2’-hydroxy-1,1"-binaphtha-
lene, abbreviated as Hbinappo, have been prepared. Reaction with [MoQO,(acac),]
gave [MoO,(acac)(binappo)], whereas with [MoO,Cl,] in the presence of TIOFEt,
the disubstituted {MoO,(binappo),} was produced [69]. The crystal structure of
a 3:1 disordered solid solution of [Mo0,0,(OMe)s] and [Mo,0,(OMe)sCl,] has
been determined [70]. The photochemistry of the complex [MoO(L)], where
H,L =tetrakis-(phenyldiazenyl )calix-4-arene, has been studied by extended Hiickel
calculations and spectroscopy; the lowest energy excited states involve the azoben-
zene moieties [71].

The synthesis of 2-(diphenylphosphinoyl ) propanoic acid, Ph,P(=0)CHMeCOOH,
and its coordination to a number of metals have been described; in the case of
molybdenum, reaction of [M0oO,Cl,] with the thallium salt gave [MoQO,L,] [72].
The related enantiomerically pure chiral alcohols (15)-2-(diphenylphosphoryl)-
l-methylethanol, Ph,P(=0)CH,CHMeOH, and (1R)-2-(diphenylphosphoryl)-
1-phenylethanol, Ph,P(=0)CH,CHPhOH, have been prepared; reaction with
[MoO,(acac),] gave [MoO,(acac)(L)] or [MoO,L,] depending on the stoichiometry
used [73].

The catalytic oxidation of alcohols to carbonyl compounds by an oxygen atom
transfer reaction from dmso or Ph,SO using [MoO,(acac),] as catalyst has been
reported [74}], and the same catalyst system has been used for the Meyer-Schuster
rearrangement of a-acetylenic alcohols to a,B-unsaturated carbonyl compounds [75].

Much effort continues to be devoted to the investigation and application of
molybdenum complexes, especially peroxo species, in oxidation reaction. The oxida-
tion of organic compounds with H,0, catalysed by peroxo complexes of Mo, W
and V has been reviewed [76]. Alcohol oxidation by sodium perborate or sodium
percarbonate and [MoO,(acac),] has been described [77], and the oxidation of
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Scheme 1.
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aniline to azobenzene by H,0, can also be catalysed by Mo(VI) species [78]. The
bromination of alkenes and aromatics can be achieved with a system consisting of
H,0,, KBr, and Na,MoO, or NH,VO; in a two-phase water—chloroform mixture
[79]. The kinetics of the oxidation of the anthocyanidin colouring agent malvin
chloride by H,0O, have been studied; bleaching was found to be catalysed by Mo(VI)
species such as [MoO(0O,),(CsH;NO),] [80].

The O NMR spectra of a range of peroxo and diperoxo complexes have been
recorded and the chemical shifts correlated with v(O-O) and the O-O bond
length. Monoperoxo complexes have chemical shifts in the range 500-660 ppm,
with the IR frequency at >900 cm ™! and a bond length of 1.43-1.46 A, whereas
the corresponding values for diperoxo complexes are 350-460 ppm, <900 cm™!
and 1.46-1.53A [81]. Molybdenum peroxo complexes, particularly
[MoO(0,)(dipic)(hmpa)] (H,dipic = 2,6-dipicolinic acid) have been used to catalyse
allylic amination by aryl amines in the presence of '‘BuOOH. The first stage in this
reaction involves formation of the aryl nitroso compound (which can be trapped by
the addition of 2,3-dimethylbutadiene); this adds to the alkene to give an
N-allylhydroxylamine, which is reduced to the N-allylamine, possibly by a Mo(IV)
species [82]. The same [MoO(0O,)(dipic)(hmpa)] complex catalyses the formation
of oxazines (hetero Diels-Alder adducts of aryl nitroso compounds with dienes)
from aromatic amines, H,O,, and the diene [83]. A study of the oxidation of aryl
amines to nitro compounds with H,0, showed that yields were better with
[MoO(0,),(hmpa)(H,0)] than with Fe or Mn porphyrin complexes [84].
Oxidation of N,N-benzylalkylamines to nitrones has been carried out with the
Mo (V1) and W(VI) polyperoxo complexes [PO,{M(0)(O,),}4J*~; the intermediacy
of a hydroxylamine was again suggested [85].

In the reaction of [MoO(O,),(L-L)] (L-L=N-octyl-3-pyrazolylpyridine) with
strong Bronsted acids such as CF,CO,H, NMR spectroscopic studies have
shown that protonation occurs at a peroxo ligand and not on the terminal
oxo group, a result backed up by extended Hiickel calculations [86]. The
reaction of [MoO(O,),(hmpa)] with dialkyl tartrates produced complexes of the
type [Mo0,0,(0,)s(hmpa),(L)], or in the case of N,N-dibenzyltartramide
[Mo0,0,(0;),(hmpa),(L)]. The different diastereomers of 1-benzyl-3,4-dihydroxy-
2,5-pyrollidine diol gave either dinuclear of tetranuclear species [87]. A key step in
the total synthesis of (+)-mitomycin K involved the oxidation of a double bond in
mitosene with [MoO(O,),(hmpa)] {88]. The sulfoxidation of thianthrene-5-oxide by
Me,;SiOO0SiMe; has been studied with a range of Mo, W and V catalysts, the most
effective being [MoO(0,),(OP'Bu;)] [89]. Treatment of [MoO(O,),(hmpa)] with
p-CICqH,CH,NH, (L) gave [MoO,(0,)(1L)] which was characterised by thermal
.analysis [90]. Peroxo complexes of the type [MoO,(0,)(L)] have been prepared
from tetraazamacrocycle ligands such as 1,4,8,12-tetraazacyclopentadecane [91].

Chiral B-hydroxyphosphoryl ligands derived from camphor have been prepared
and used to make complexes of the type [MoO{0,),(L)(H,0)] [92]. The reaction
of MoQj; with glycylglycine or aspartic acid (H,L) in aqueous H,0, gave complexes
of the type [MoO(0,),(H,L)(H,0)}; if copper powder was included dimetallic
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species could be isolated [93]. The complex [MoO(O,)(L),], where HL=
2-(2-hydroxyphenyl Ybenzimidazole, has been prepared from MoQO,, H,0, and the
ligand; the species [MoOQ,L,] and [MoOL,] were also made [94].

The X-ray structures of [NMe,J[(R,EO;){Mo0O(0,);},], where E=As, R=Me
and E=P, R=Ph have been determined; both contain peroxo groups which act as
bridging ligands by coordinating to the axial site of the other molybdenum of the
dimeric unit. The structure of [NH][(Ph,PO,){MoO(0,),(H,0)}] is similar, with
the water occupying the axial site [95]. The related sulfate species
[NBu,],[(SO){ M00O(0,),},] was formed from molybdate and sulfate in the presence
of H,O, and structurally characterised [96]. A compound of the formula
[NMe, L[ H(SO,),{ M0oO,(0,)}3]- 3H,0 was isolated from the reaction of strongly
acidic molybdate solution with sulfate [97]. The structure of
K, Mo0;04(0,),}' 2H,0 has also been determined [98].

Complexation reactions between N-arylmonohydroxamic acids
CH;(CH,),CON(R)OH (H,L': R=Ph, n=4-6, 8 R=p-tol, n=5) and
[NH,],[MoOC]ls] or Na,MoO, gave species of the type [MoO,(L"),] (5); the crystal
structures of those with R=Ph and n=4 and 5 were determined. Similar reactions
employing dihydroxamic acids HON(R)CO(CH,),CON(R)OH (H,L*: R=Ph or
p-tol, n=2-4, 7; R =p-CcH,Et, n=35) gave analogous compounds [MoO,L?] [99].
The ligand HOCH,-(R)-CHPhNH-(S)-CHPh-(R)-CHPhOH (H,L), prepared by
reaction of (R)-phenylglycinol and rac—trans-stilbene oxide, has been complexed to
molybdenum in the form of [LMoO,] (6); the absolute stereochemistry was estab-
lished by NOESY NMR spectroscopic studies and crystal structure analysis. The
solid state structure is polymeric with one Mo=0 group coordinated to the neigh-
bouring molecule [100]. A related ligand has been prepared by the reaction of (R)-
phenylglycinol with cyclohexene oxide and separated from its diastereomer by crys-
tallisation; the [LMoQO,] complex was again synthesized [101]. The UV stabilizer
Tinuvin P, 2-(2-hydroxy-5-methylphenyl ) benzotriazole, has been used as a diden-
tate monoanionic ligand in a complex of the type [MoO,(acac)(L)} [102]. The
crystal structure of cis-[MoO,L,], where HL =2-methyl-8-hydroxyquinoline, has
been determined [103]. The reaction of [MoO,(acac),] with PhnRNNH, (R=Ph,
Me) gave [Mo(NNRPh),(acac),], both of which were shown to have linear hydrazido
groups by crystallography [104].
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Treatment of [MoO,(acac),] with 1,1-dimethyl-1-(2-pyridyl )-methanol produced
[MoO,(NC;H,CMe,0),] which selectively catalyses alkene epoxidation with air
[105]. Chiral diol ligands derived from (25,4R)-4-hydroxyproline have been com-
plexed to Mo(VI) centres and in some cases grafted to zeolites, then used for the
epoxidation of allylic alkenes with ‘BuOOH [106]. Complexation of
[MoO,(acac),] by a triazole unit bonded to a polyimide support in the form of
spherical particles gave a catalyst which was active for the epoxidation of cyclohexene
by 'BuOOH with good activity and recycling properties [107]. A short review of
alkene epoxidation with Mo (VI) peroxo species has appeared [108].

A theoretical study of the oxygen atom transfer reaction between
[MoO,(SH),(NH,),] and PMe; has proposed that the substrate approaches the
cis-MoOQO, unit from a perpendicular direction and rotates to be in the plane in the
MoO(OPMe,) grouping of the product. This direction of attack leaves two electrons
in an orbital which is of 8 symmetry with respect to the remaining Mo=0 group,
allowing further overlap to form a Mo=0 unit which is not possible in the original
cis-dioxo arrangement. Displacement of the O=PMe, by H,O is followed by reaction
with further starting material to give a Mo(V) species which is reoxidized by O, to
complete the model catalytic cycle [109]. The structure of the thiobenzilate complex
[MoO,(0,CCPh,S),]*~ intercalated into a Zn(II)-Al(IIT) double hydroxide host
has been studied by XANES and EXAFS methods, which reveals that it changes to
a novel structure with three Mo=0 groups, a coordinated water molecule, and the
thiobenzilate ligands bonded in a monodentate fashion through the sulfur atom
[110].

The reaction of [MoO,(NCS),J*~ with bpy  afforded initially
[MoQ,(NCS),(bpy)], but this was unstable and underwent a redistribution reaction
to give [{ MoO,(NCS)(bpy)}.(p-0)] and [MoO(NCS),(bpy)]. Increasing the steric
bulk of the bipyridyl ligand by employing 4,4'-di-'Bu-bpy stops the reaction at the
first stage, and [MoO,(NCS),(4,4-di-'Bu-bpy)] is an extremely active oxygen transfer
catalyst [111]. The synthesis of some Mo(VI) and Mo(V) complexes of a-nitroso-
B-naphthol, including [MoQO,(L),(NCS)(Cl1)] and [MoO(L),(NCS),(Cl)], has been
described [112].

A theoretical study of the topology of the electron density distribution in various
halides and oxyhalides which do not possess the structure expected by VSEPR,
including square pyramidal [MoOF,], has attributed these variations to the non-
spherical nature of the electron cloud [113]. Several papers have appeared on the
electronic structure and thermal stability of oxohalides of Mo and W compared to
those of element 106, seaborgium [114-116]. A density functional theory investiga-
tion of the activation of C—-H or O-H bonds in MeOH by a variety of d° metal
complexes, including [MoQ,Cl;], has appeared. Geometries were optimised for the
possible products including [M(O)CL,(OH)], [M(O)Cl,(OH)(OMe)] and
[M(O)CL,(OH)(CH,OH)]; the oxidative addition of O-H was found to be more
favourable than that of C-H or H-abstraction by the M=Q unit [117]. Treatment
of [MoO,Cl,] with the free stable carbene 1,3-dimethylimidazoline-2-ylidene gave
[MoO,(C1)(L);][Cl], a rare example of cationic Mo(VI) species, whereas the
tungsten analogue gave [WO,Cl,(L),] [118]. The reaction of [MoO,Cl,] with
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diethyl (2-phenyl-2-oxoethyl)phosphonate gave [MoO,Cl(L)] in which the B-
ketophosphonate acts as a didentate ligand [119]. The ROMP polymerisation of
norbornene can by catalysed by [MoO,Br,(bpy)] and by the organic derivatives
[MoO,R,(bpy)] (R=Me, Et) in the presence of MeMgBr. The methyl complex is
also a catalyst when supported on montmorillonite clays, and the polymer formed
has a higher cis-content [120].

Numerous complexes of the MoO3 ™ unit containing Schiff base ligands have been
prepared, mostly from [MoO,(acac),]. For uninegative ligands (from HL) they
usually take the form [MoO,L,] or [Mo0,0;L,], and for dianionic ones (from H,L)
they tend to be [MoO,L(S)], where S=solvent. Tetradentate ligands H,L form
dinuclear complexes. Further details of some of the compounds prepared are given
in Table 1.

2.4. Complexes with sulfur donor ligands

Two methods for the deposition of MoS, from [MoS,]*~ by either acidification
or cathodic electrodeposition have been described [132,133].

The unsymmetrical tris-dithiolene complexes [Mo(SCH=CRS);] (R=Ph,
p-CcH4OMe) have been prepared. Solution NMR spectroscopic studies show that
they retain a trigonal prismatic structure in solution and are non-rigid, with the
trans isomer favoured. Calculations show that the rotation of one ligand is a low
energy process [134]. The non-planarity of the dithiolene ligands in complexes of
the type [M(S,C,H,);] can be attributed to a second-order Jahn-Teller distortion
which should be greatest for d° species, according to Fenske—Hall calculations [135].
The electrochemical properties of [Mo(mnt);])"~, where mnt = S,C,(CN),, have been
examined by FTIR and potential modulation techniques for n=0 to the highly
reduced species with n=4, for which the redox process is only partially reversible.
A plot of v(CN) against n shows the increasing n-interaction with the ligand [136].

Three dioxo Mo(VI) complexes with dithiolene-type ligands have been prepared,
structurally characterised and compared to the known [MoO,(mnt),]*~. The first,
[PPh,],[(MoO,(SCcH,S),], has two long Mo-S bonds frans to the Mo=0 linkages
and two shorter ones due to the trans effect of the oxo ligands; reduction with
PPh, gave the corresponding Mo (IV) species [MoO(SC¢H,S),]*~ without formation
of dinuclear Mo(V) complexes. In the related [MoO,(S,CsH;-4-Me),)>”~ and
[MoO,(S,CeH;-3-SiPh,),]?, the presence of the methyl substituent accelerates oxo
transfer reactions whereas the triphenylsilyl group retards them [137].

A theoretical study of a selection of four-, five- and six-coordinate model species
for the active site of xanthine oxidase has been undertaken using the local density
approximation of density functional theory, with a view to determining whether a
hydroxide ligand is present on the Mo centre. This is considered unlikely in four-
and six-coordinate systems, but the optimised geometry of a species of the type
[Mo(O)(OH)(S)(SR),]” gives good agreement with the observed EXAFS data
[138].

Thermolysis of [MoO,(dtc),] (dtc=S,CNMe,, S,CNEt,;) with RNCO (R=Ph,
‘Bu, 2,6-C¢H,;!Pr, and others) gave moderate yields of [Mo(NR)(S,)(dtc),], which
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has a pentagonal bipyramidal structure with a side-bound S, ligand. Separate experi-
ments showed that [MoO(NR)(dtc),] is a probable intermediate in this transforma-
tion. The reactivity of one of the product complexes towards P(OEt); and the
electron-deficient alkyne dmad (MeO,CC=CCO,Me) was explored (Scheme 2)
[139].

3. Molybdenum(V)
3.1. Complexes with halide ligands

The diffusion of MoCls in dmf solutions of polyacrylic acid has been studied by
two-dimensional spatial-spectral EPR imaging [140]. A similar study was under-
taken using MoCl; in ethanol solution and in perfluorinated (Nafion) membranes;
the sulfonic acid groups of the membrane are thought to be coordinated to the
molybdenum centre [141,142]. Alkyne polymerisation reactions of ‘BuC=CH and
of 1-chloro-2-naphthylacetylene have been catalysed by MoCls-based catalysts. In
the first case, the stereoregularity of the polymer was examined; directly after
polymerisation the polymer is all cis, but the regularity decreases if it is allowed to
stand. Use of [Mo(CO)], a less Lewis acid catalyst, slows down this isomerisation
process [143,144].

Further details of reactions of the compound
[Cl,(O)Mo(u-OEt),(u-EtOH )Mo (O)Cl,}, formed by treating MoCls with

NPh

s",,,, “ S >_NEt P(OE); \ // \/ )
< VAR
o S K_s S

\j\mad
PhN/S/ EtzN /S/

. \/s
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Scheme 2.
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ethanol in chloroform, have appeared. Its reaction with NEt; followed by
[PN][CI]-2H,0 afforded [PPN][NHEt;][CL,(O)Mo(u-0),Mo(O)CL,] in 90%
yield; an intermediate complex is formed and then hydrolysed to the isolated product
by the water present in the PPN chloride. Reactions of the starting dimer
with allyltrimethylsilane or SbF; gave [MogOg(ps-O)x(p-OEt)s(n-Cl),] and
[MogOg¢Clg(13-0)4(OH ), (u-OH ) 4(u-OEt) ,( EtOH),] respectively, which simulates
the build-up of molybdenum oxides from alkoxides in the sol-gel process
[145]. Treatment of MoCl, with Me;SiOC;H,-4-'Bu gave a complex of the
type { MoClL,(OAr),} ] [146]. Oxidation of  [LMo(CO),=Ctol)]
[L=CpCo{P(Q)(OR),} ~ where R =Me, "Pr] with PhICI, produced [{LMoCl,},] at
—78 °C and [LMoCl,] at 40-50 °C [147].

The reaction of tellurium bromide with MoOBr; or of TeCl, with MoNCl, and
MoOCl, gave crystals of [ Te,sX,][MoOX,], [148], while treatment of MoOCI, with
elemental sulfur in the presence of ICI; at 100 °C gave [SCL;J[MoOC]l,] [149]. The
EPR spectra of [MoOBr;}*~ and [MoOCI,(H,0)] ™ have been recorded in solution
and also doped into a diamagnetic host crystal [a salt of the corresponding Nb(V)
anion]. The electronic structure was also studied by theoretical methods to simulate
the EPR parameters [150]. The reaction of [Mo(CO)] with HCI gas, water and
a crown ether in toluene led to the rapid formation of liquid clathrates, from
which the crown ether oxonium salts [H,0-18C6][MoOCI,(H,0)] and
[H,0 - aza-18C6-H][MoOCI,(H,0)] were crystallised [151]. The reaction of
MoCl; with thiodipivaloylmethane gave the first structurally characterised example
of a salt of the 3,5-di-'Bu-1,2-oxathiolium cation, [‘BuCOCHCS'Bu]
[MoOCI,(H,0)] [152]. A spectrophotometric and mathematical modelling
study of the formation of thiocyanate complexes of Mo(V) in aqueous HCI,
HBr or H,SO, has been carried out. Species such as [MoO(NCS),]",
H,[MoOCI,(NCS),]*, HIMoOCI,(NCSF*, H,/MoOCLP*, HIMoOCL(NCS)P*
and H,[MoOCL,?* are involved in HCI; chloride has a greater ability to compete
with NCS™ for Mo(V) [153].

3.2. Complexes with nitrogen donor ligands

The reaction of [Mo(O)(OEt)(TPP)] with hydroquinone afforded the catecholate-
bridged species [(O)Mo(TPP)(OC¢H,O)Mo(TPP)(0)] in which there is fast
exchange of electrons as shown by EPR spectroscopy. The compound is in equilib-
rium with [Mo(O)(TPP)] and 1,4-benzoquinone [154]. The crystal structure of
[{ Mo(O)(TPP)},(p-0)}- 1.5H,0 - 0.5CH,Cl, has been determined [155]. The oxida-
tion of cysteine by chemically modified graphite electrodes containing the phthalocy-
anine species [Mo(O)(OH )(Pc)] has been compared to that in solution using the
analogous tetrasulfonatophthalocyanine complex [Mo(O)(OH)(Pc-SO3)1*™ [156].

Compounds of the type [M0,0;(L),CL]-H,O and [Mo,05(L),(OH),(H,0),]
have been made from the Schiff base ligands HL, derived by reaction of benzo-
thiazole 2-hydrazide with substituted salicylaldehydes [157]. The complexes
[MoO(HL)X;] (X=Cl, Br) where HL is 1,1-dihydro-1,5-dimethyl-2-phenyl-
4-(2-hydroxynaphthylazo) 3H-pyrazol-2-one have been prepared [158].
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Several papers deal with the redox properties of Mo(IV), Mo(V) and Mo(VI)
complexes containing the HBpz# (i.e. Tp") ligand, denoted for the next two para-
graphs by L. The EPR properties of complexes containing chelating dithiolates,
[LMo(O)(S-S)], have been examined, where S-S=S(CH,),S (n=2-4) and
SC¢H,S. The presence of the sulfur atoms appears to result in large g values,
attributed to low energy charge transfer transitions from sulfur to molybdenum.
The EPR spectrum of the low pH and high pH forms of sulfite oxidase were also
studied, as was that of [MoO(SCH,CH,S),]” [159]. Reduction of [LMoO,(SPh)]
by Cp,Co in py occurs stepwise to give [LMo(O)(SPh)(py)], which can be oxidized
by [FeCp,]™* to the cationic Mo(V) species; in wet solvents this is rapidly hydrolysed
to [LMo(O)(OH)(SPh)], which in turn is oxidized by air back to Mo(VI) [160].
If Me;SiCl is present during the initial reduction, air-stable species
[LMo(O)(0SiMe;}( X)] (X=Cl, Br, NCS, OPh, SPh, SCH,Ph) can be isolated
[161]. The X-ray structure of [CoCp,][(HBtz¥)Mo(O),(SPh)), containing the related
tris(3,5-dimethyltriazoly! )borate ligand, has been determined. Comparison with the
corresponding Mo(VI) complex shows that in the reduced form the Mo-O bonds
are longer and the O-Mo—O angle is slightly opened up [162]. Reduction of
[LMo(O),(S,PR;)] with SH™ afforded initially {LMo(O),(SPR,S)]™ in which the
dithiophosphate ligand is monodentate, then [LMo(O)(S)(SPR,S)]~, which could
be oxidized by air to [LMo(O)(S)(S,PR,)] [45]. This complex contains an S...S
interaction between the P=S group of the monodentate dithiophosphinate ligand
and the Mo=S group, which is thought to break on reduction to
[LMo(O)(S)(SPR,S) ™. Oxidation of [LMo(S)(S,PR;,)] to Mo(V) is proposed to
be accompanied by S-S bond formation [163]. An EPR study of LMo(V) centres
weakly coupled to low spin Fe(IIl) porphyrin substituents has appeared [164].

The recent exploration of the interaction of LMo(NO)(X) metal centres through
bridging ligands undertaken by McCleverty has now been extended to analogous
Mo(V) species. The complexes [{LMo(O)(Cl)},(n-O-0)] have been prepared,
where 0-0=14-0(C,H,),0 (n=1-4), 1,3-OC;H,0, and O(CiH,-2-Me)O.
Electrochemical measurements show that each Mo(V) centre can undergo a one-
electron oxidation or a one-electron reduction. Large separations between the two
oxidation waves were noted, e.g. 990 mV for the n=1 complex, but less so for the
reduction waves, EPR spectra showed magnetic interactions between the two metals.
The interactions could be related to s, the substitution pattern of the ligand, and
its dihedral twist angle [165].

3.3. Complexes with oxygen and sulfur donor ligands

The reaction of [Mo(CO)¢] with chrysene semiquinone gave five products, of
which two were proposed to contain Mo(V) centres: cis and trans isomers of
[Mo0,04CO0),(L);] and [Mo,0s(L),]-L; the other species isolated included
[Mo0,0,(CO),(L),] and [M0,0,(L),] [166]. A similar reaction with chrysene semiqui-
none monooxime was also reported [167]. An EPR spectroscopy study of Mo(V)
complexes containing salicylaldoxime, 2-hydroxyacetophenone oxime and
2-hydroxybenzophenone oxime in the solid state and in solution has been carried
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out [168]. The photoinduced oxidation of Na,[Mo,0,(edta)] in aqueous KBr or
K.,S,04 has been investigated [169].

The synthesis of [M0,0,(1-S),(dtp),] [dtp=S,P(OR),; R =Et, Ph, ‘Pr or the cyclic
analogues where (OR), =0CMe,CMe, O or OCH,CMe,CH,0] has been achieved
by addition of Na[dtp] to MoCls; an alternative route involves heating
[Mo,05(dtp),] in glacial acetic acid [170]. The reaction of [Mo(CO)s] with
Na,Mo0O, in (CF;CO,),0 gave initially Na,[Mo,0,(0,CCF,),,] which reacted
with P,Ss; in ethanol to give [NEt][Mo,0,(u-S).(u-O,CCF;){S,P(OEt),},]
[171].  Oxidation of the dinuclear imido complex [Mo,(NAr),
{S,P(OEt),},(u-S)(p-Stol ) (u-OAc)] with m-CPBA occurred at the bridging
sulfur atom to give corresponding species with p-SO and p-SO, ligands;
irradiation of the latter with visible light caused the release of SO with formation
of a p-oxo ligand [172]. The X-ray structures of three compounds which contain
the metalloligand [Fe,(u-S),(CO)¢J*~ (L?7) coordinated to the Mo,0,(p-E)3* core
have been determined: [AsPh,],[Mo,0,(u-S),L,], [PPhy),[ M0,0,(1-O)(u-S)L,] and
[PPh,L[{LM0,0,(1-0),},(u-OMe),] - thf [173].

A new high yield preparation of [NH,],[Mo,(S,)¢] - 2H,O has been described. Its
reaction with eight equivalents of PhSH afforded [(S,)Mo(S)(u-S),Mo(S)(S))*~,
which can also be obtained from [MoS,}*~ and Ph,S,. If a large excess of PhSH
was used, [Mo,S,(SPh),]>~ was formed instead. Reaction with didentate ligands
gave [Mo,S,(u-S),L,]"” (L=S,CNEt,, SCCH,NH,, n=0; L=SC.H,S, SC;H,NH,
SCH,CH,S, rn=2) [174].

The synthesis of [Mo(dtc),[Ln(dtc),] (dtc=S,CNEt,) where Ln=La to Er,
excluding Pm, from MoCls, LnCly and Na[dtc] has been described; X-ray structures
were determined for the Nd, Sm, Ho and Er complexes [175,176]. The
dinuclear complexes [MnMoO,(dtc),(H,0)] and [HgMoO,(dtc);(H,0)] [dte=
S,CNEt,, S,CN(CH,),, S,CN(CH,);] have been prepared; both contain distorted
octahedral MoO(dtc), centres linked through an oxo bridge to the second metal
[1771.

4. Molybdenum(IV)
4.1. Complexes with halide and cyanide ligands

Heating [MoCl,] with SeCl, in a sealed ampoule produced [SeCl,},[ MoClg], con-
sisting of pyramidal selenium cations and octahedral Mo(IV) anions [178]. The
analogous reaction of [MoCl,] with TeCl, at 150 °C gave [TeCl;],[MoClg] [179];
from a similar reaction the related compound [TeCl;]3[MoClg)[Cl] was also iso-
lated [180].

The reaction of [MoCIl(SEt,),] with PhC=CSeBu gave the alkyne complex
[MoCl,(SEt,)(PhC=CSeBu)], which was structurally characterised [181].

The electron transfer reaction between [Mo(CN)g]*”™ and cis-
[Co(NH,),(H,0),]>* has been studied in a number of different solvent mixtures
and analysed by Marcus theory; this paper also includes an evaluation of the
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formal redox potential of the cyanide complex [182]. The kinetics and mechan-
ism of the reaction of [Mo(CN)J*~ with [Cr(H,0)s(OH)** to give
{Cr(H,;0),(OH)},{Mo(CN)g}] have also been studied [183]). The
thermal properties of the compounds K;i[MoO(O,)(OH)(L)]-3L and
Ki[Mo(CN);(OH),L] 2L -3H,0 have been studied; the compounds were made
from the photoproduct of [Mo(CN )g]*~ with en by reaction with 8-hydroxyquinoline
(L) [184].

4.2. Complexes with nitrogen and phosphorus donor ligands

Interaction of [MoO(TMP)] (TMPH, = tetramesitylporphyrin) with O, in the
solid state has enabled the detection of a dioxo species, [Mo(O),(TMP)], by in situ
UV-visible spectroscopy. The reaction is reversible: irradiation reforms the starting
Mo(IV) complex [185].

Two short review accounts have appeared concerning the reactivity of the com-
pounds trans-[MX(NNH,)(dppe),]* and cis,mer-{MX,(NNH,)(PMe,Ph);] (M=
Mo, W; X =F, Cl) towards aldehydes, ketones and thf derivatives, which ultimately
enables the formation of pyrrole or N-aminopyrrole from molecular nitro-
gen [186,187]. The hydrazido complexes [MCIL,(NNR,)(PMe,Ph),],
[MCL,(NNPh,)(dppe) (PMe,Ph)] and [MCI(NNPh,)(dppe),]* (M=Mo, W; R=
Me, Ph) have been prepared and their reactions with acid were studied; in some
cases ammonia was formed [188]. Controlled potential electrolysis of the hydrazido
complexes [MoX(NNH,)(triphos)(PPh3)][Y] [ X=Y=Br, Cl; or X=F, Y=BF,;
triphos =PhP(CH,CH,PPh,),] in thf at a mercury pool electrode in the presence of
H;PO, also gave ammonia, quantitatively so for the chloride complex [189].
Displacement of the alkene ligand in [Mo(N'Bu)y(PMe;)(CH,=CHMe)]
or [Mo(NAr),(PMe,),(CH,=CH,)] (Ar=2,6-C¢qH;Pr,) by the diphosphene
RP=PR [R=24,6-CiH,(CF,;);] gave the corresponding species [Mo(N'Bu),
(PMe;)(RP=PR)] and [Mo(NAr),(PMe;)(RP=PR)] in which the phosphorus
ligands are side-bound, as shown by X-ray analysis of the former product
[190].

Several papers deal with the redox properties of Mo(IV), Mo(V) and Mo(VI)
complexes containing the HBpx* (i.e. Tp”") ligand, denoted for this paragraph
by L; see also Section 2.2 and Section 3.2. Reduction of [LMo(0),X] (X=Cl, Br,
NCS, OPh, SPh) to [LMo(O)(X)] can be accomplished by reaction with PPhy;
dmso effects the reverse reaction [160]. The reaction of [MoO(S,PR,),] (R =Me,
Et, 'Pr, Ph) with KL gave the Mo(IV) complexes [LMo{O)(S,PR,)] which could
be oxidized to Mo(VI) dioxo analogues. The rates of oxygen atom transfer from
dmso or pyridine-N-oxide to the Mo(IV) species were determined (this being an
associative process), as was the rate of transfer from the Mo(VI) complex
to PPh,; both compounds catalyse oxidation of PPh; by dmso [45]. The reac-
tion of [MoO(S,PR,),] (R=Ph, ‘Pr) with the related KL*, where
L* = hydridobis(3-Pr-pyrazolyl ) (5-‘Pr-pyrazolyl ) borate, HB(3-Prpz),(5-Prpz)
gave [L*Mo(O)(S,PR,)], which reacts with B,S; to give [L*Mo(S)(S,PR,)]. Both
of these can be converted into the Mo( V1) species [L*"Mo(O)(S)(SPR,S)] in which
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the dithiophosphinate ligand is monodentate [191]. The reaction of ethylene sulfide
with [LMo(O)(NC,H,S)] results in insertion of a sulfur atom into the Mo-S bond
of the pyridine-2-thiolate ligand to give [LMo(O)(NCsH,SS)]. Reduction of this
complex gave [LMo(O)(S)(SCsH,S)] ™. The structure of this compound was com-
pared to that of [LMo(O)(S)(SPR,S)] which contains a S...S interaction between
the monodentate dithiophosphinate and the Mo=S bond; the proposed relationship
between the oxidized and reduced forms of these two complexes is shown in
Scheme 3 [163].

The compound [MoH,F,(PMe;),] can be prepared by the reaction of
[MoH,(PMe,)s] with aqueous HF. However, if the reaction is stopped at an interme-
diate stage, the interesting species [Mo(H),(F)(FHF)(PMe;),] can be isolated,
which contains a molecule of HF hydrogen-bonded to the Mo-F bond as shown
by X-ray analysis; the FHF angle is 134°, The IR spectrum shows that this interaction
is weaker than in [HF,;]~. A bis-HF adduct could also be detected [192].

The reaction of [MoH,(dppe),] with the N-alkylamides R'NHCOR? (R =Me,
Ph; R?=Me, Ph, H) yields the distorted pentagonal bipyramidal species
[MoH(n*-R'NCR20)(dppe),] (7) in which the anionic ligand is bound through
N and O. The reactivity of the complex with R!=R?=Me was explored:
treatment with MeOH gave [MoH,(OMe),(dppe),] which gradually converted
into [MoH,(n-CH,0)(dppe),] while reaction with catechol gave
[MoH,(OCgH,O)(dppe),] which was crystallographically characterised [193]. The
mechanism of the reaction of [MoH;(C=C'Bu)(dppe),] with HCl to give
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[MoH,Cl,(dppe),], H; and alkyne has been elucidated; protonation can occur either
at the acetylide ligand to give a cationic vinylidene or at the metal; while the former
is the predominant initial product, the latter is more reactive, eliminating first H,
then the alkyne [194].

4.3. Complexes with oxygen and sulfur donor ligands

The reaction of [Mo(PMe,)q] with phenol itself gave trans-[Mo(OPh),(PMe,),],
whereas with more hindered phenols (ArOH, where Ar=mes or 2,6-C¢H;'Pr,) the
Mo(II) complexes, [MoH(OAr)(PMe,;),] were formed. The analogous reactions
with W complexes gave cyclometallated species; labelling studies showed that cyclo-
metallation of the o-Me groups does take place in the Mo case, but that the
hydride—aryloxide complex is the most thermodynamically stable product [195].
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Complexes of the type [{ MoO},L,] have been prepared from the doubly didentate
amide ligands HO,C-A-CONH-(p-CcH,),-NHCO-A-CO,H where n=1 or 2 and
the spacer group A can be CH,CH, or 0-C¢H,. The ligands were prepared by
condensation of benzidine or p-phenylene diamine with phthalic anhydride or suc-
cinic anhydride, then complexed to the metal with [MoQO,(acac),], followed by
phosphine reduction to Mo(IV) [196].

The X-ray structure of [NBu,],[MoO(mnt),] [mnt=S,C,(CN),] has been deter-
mined. The NBu; cation was exchanged for various bipyridinium salts and the
energy of the ion pair charge transfer band was plotted against the redox potential;
this produced a linear graph, but with a gradient of 0.45 rather than 1 which suggests
a deviation from Hush-Marcus theory [197]. As part of a paper about tungsten
mnt derivatives, it was shown that [WO(mnt),}]>~ reacted with [MoO,]*” to give
[MoO(mnt),}]*~ by a dithiolene transfer reaction which possibly involves a W(V)
intermediate [198]. The complex [NPr,],[MoO(S,WS,),] was obtained as an unex-
pected side product in the known reaction of [Mo,(0O,CPh),] with [WS,}>~ [199].

A variety of complexes have been prepared from the ligand
PhP(C¢H,-2-SH), (H,L); its reaction with [MoCl(PPh,),] gave unstable [MoL,]
or, if carried out in MeCN, air-stable [MoL,(MeCN)]. From the reaction with
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[MoCl(CO),(PPh;),], the compound [MoL,(CO)] was isolated, and from
[MoCI(NNMePh) (PPh,),][Cl], [MoL,(NNMePh)] (8) was formed. Its crystal struc-
ture showed a distorted pentagonal bipyramidal structure in which one L spans the
axial and equatorial positions whereas the other is all equatorial. The compound
[MoL,(NO)] was also made from [Mo{NO)(SPh),]™ [200].

Protonolysis of [Mo(o-tolyl),] with the highly hindered tellurol HTeSi(SiMe,),
afforded the homoleptic tellurolate [Mo{TeSi(SiMe;);},], shown by crystallography
to be a slightly flattened tetrahedron with Te-Mo-Te angles of about 114.9°. The
main pathway observed in the reactivity of the product appeared to involve elimina-
tion of RTe-TeR [201].

A theoretical study of the electronic structure and spectra of the complexes
[Mo(=E),(PH;),] (E=0, S, Se, Te) using Xa and ab initio calculations has
appeared. The ab initio calculations suggest that the HOMO is a px lone pair rather
than the Mo d,,, and for the three heavier chalcogens the lowest energy transition
is calculated to be from the pr lone pairs into the Mo =En" orbitals; however, both
the calculated and observed spectra are different for E=0 [202].

5. Molybdenum (III)
5.1. Complexes with halide and phosphine ligands

The reaction of [MoX;(thf),] with X~ (X=Cl, Br) afforded [MoX,(thf),]”,
isolated as NBu,, PPN* or PPh; salts. Dissolution of these compounds in
CH,Cl, caused loss of thf and formation of [Mo;X,,]? ~, which has a linear structure
consisting of three face-sharing octahedra. The long Mo-Mo distances are consistent
with bond orders of 0.5 between the metals [203]. By treatment of
fac-[Mo(OTf);(NH,);] with lithium halides in EtOH or thf, the new species
Jac-[MoX3(NH;),] (X=Cl, Br, I) were obtained, The spectrochemical parameters
for Mo(III) were calculated by analysis of the electronic spectra and comparison
to [MoXg]® ™. Their magnetic moments are all close to the d® spin only value [204].

As well as the expected mer-[MoX;(py)al, the reaction of [NH,],[MoXs(H,0)]
(X=Cl, Br) with py in methanol was found to give 10-20% of the double salt
trans,trans-[ MoX,(py). ] MoX 4(py),] as a side product; both compounds were struc-
turally characterised. The anionic component can be oxidized with Br, to
trans-[MoX,(py).], allowing isolation of the cation as [MoX,(py),][Brs] [205]. The
X-ray structure of the compound with X =Cl was subsequently determined [206].
The reaction of [MoCl,(triphos)] [triphos =PhP(CH,CH,PPH,),] with NaCp or
Nalnd has been used to prepare [CpMoCl(triphos)] and its indenyl analogue [207].

The complex [Mo,Clg(tht);] is an active catalyst for the polymerisation and
cyclotrimerisation of alkynes; [MoCl,(tht);] exhibits similar behaviour, and the
process probably occurs at a mononuclear centre. Two alkyne complexes,
[MoCly(tht),(PhC=CR)] (R =Me, Et), were isolated and structurally characterised;
they were also found to be active catalysts {208]. The X-ray structure of
[Mo,Clg(thf);] (9) has been determined; the compound has an anti-(1,2,6) arrange-
ment of the thf ligands. The rate constants for the interconversion of anti and gauche
forms were also evaluated [209].
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The electronic structure of edge- and face-sharing bioctahedral complexes of Mo
has been explored by ab initio calculations. The metal-metal interaction in such
species was found to have a dual nature: formation of direct metal-metal bonds
and antiferromagnetic coupling of remaining electrons. The experimentally observed
magnetism can be explained on the basis of low-lying magnetic excited states due
to weak exchange coupling [210].

Density functional theory calculations have been carried out on the electronic
structure of [M,Cl]*~ (M=Cr, Mo, W) under full- and broken-symmetry regimes;
it was found that for Cr, where overlap of the magnetic orbitals is weaker (i.e.
electrons are more localised), the broken symmetry model was more accurate, but
where overlap is strong, both methods gave the same result [211]. Optimised geome-
tries for the ground state and for excited spin states up to S=3 have been obtained
for the Mo and W compounds from further calculations, which predict an increase
in M-M distance with increasing S [212]. The magneto-optical properties of
Cs;[Mo,Br,] have been studied by single crystal absorption, Zeeman and MCD
spectroscopy; seven band regions were resolved and show that the Mo-Mo
n-bonding in this compound is weaker than in the corresponding chloride [213].
The compound [H;0 *-18C6],[(Hs0,) - M0,Cl,] has been crystallised from a liquid
clathrate produced by treating [Mo(CQO)g] in toluene/H,O with HCl gas in the
presence of the crown ether [214].
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5.2. Complexes with oxygen and nitrogen donor ligands

Partial hydrolysis of [Mo,(OR)¢] (R=CH,'Bu) in the presence of an excess of
PMe, gave [Mo,(1-O)(u-OR)(OR)3(PMe,),] (10). The bridging oxo ligand is asym-
metrically bonded and it is proposed that the octahedral metal centre is formally
Mo(Il), whereas the trigonal bipyramidal one is formally Mo(IV); there is a
metal-metal bond distance of 2.4931(9) A. In solution it reacts with CO to give a
1:1 adduct which could be considered as the formal cleavage product of CO, by
[Mo,(OR)4(PMej;),]; in reality this reaction proceeds by insertion into the Mo—-O
bonds instead [215].

The reaction of [Mo,(OR)s] (same R) with Ph,C=S results in cleavage
of the C=S bond with formation of the terminal alkylidene complex
[Mo,(OR)s(u-OR)(p-S)(=CPh,)]. The structure of the PMe; adduct (11) of this
species was determined. The activation parameters for the reaction were calculated
for various aryl groups. The analogous tungsten compound reacts differently, giving
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[W(OR),(1>-SCPh,)] and [W(S)(=CPh,)(OR),] [216]. The reaction of
[Mo,(OR)¢] (same R) with NaCp in dme gave [Na(dme)(p-OR);Mo,(OR);Cp] (12)
with a Mo—-Mo bond of 2.276(1) A; in polar solvents it dissociates back to the
starting materials {217].

Mo—————M
OR PMe; / ’ \
RO/,,,". I .“‘\\\\SI/,,I'_ / RO \ OR\
'MO.—'—:MO‘OR
RO OR
o TN S
OR R CPh, a\
MeQO OMe
an (12)

Further developments in the chemistry of the complex [Mo(NRAr);], where
R=C(CD;);Me and Ar=3,5-C;H;Me,, have been reported by Cummins and
coworkers. Full details of the synthesis and characterisation of the amide complex,
the nitrogen-bridged species [{ Mo(NRAr),},(p-N,)] and the cleavage product
[Mo(=N)(NRAr),] have appeared, as well as those of analogous compounds
derived from [Mo(N'BuPh);); X-ray structures and EXAFS data for some complexes
were included [218]. In the absence of N,, [Mo(NRATr);] was shown to undergo a
N-atom transfer reaction with [Mo(=N)(0'Bu);] to give [Mo(=N)(NRAr);] and
[Mo,(O'Bu)g]. In the presence of N,, however, both nitrido complexes are formed,
and if 1°N, is used, both are labelled, i.e. N, is cleaved by the amide complex and
can be transferred to the alkoxide. An unobserved intermediate, presumably
[(‘BuO);Mo(p-N,)Mo(NRATr),], was postulated [219].

The ammoniolysis reactions of a range of metal amides have been studied with a
view to obtaining metal carbides and nitrides; the product from [Mo,(NMe,)q]
analysed as MoCNH, s [220]. The structure of the thionitrosyl complex
[Mo(NS)(dtc),] (dtc=S,CNEt,) has been determined and shows a distorted pentag-
onal bipyramidal geometry with the NS ligand in an axial position [221]. The
compounds [L;Mo{ M(SCN),}] [L =py, nicotinamide, PPh,; M =Cu(I) or Ag(I)]
have been reported; the first two contain bridging and terminal S-bound thiocya-
nates, whereas the last contains N-bound ligands [222].

6. Molybdenum(II)
6.1. Complexes with halide and phosphine or carbonyl ligands

The geometry of [Mo,Clg]*” in the lowest excited state (the 38") has been deter-
mined by application of the sum-over-states method to resonance Raman band
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intensities [223]. The electronic, IR and Raman spectra of [Mo,Xs(H,0),*” (X=
Cl, Br and also some mixed ligand species) have been recorded [224]. The electronic
spectra show broad bands attributable to the §—38" transition. An experimental and
theoretical study of anomalous intensity variations in the resonance Raman excita-
tion profile of the totally symmetric Raman bands in these complexes has also
appeared [225].

The compound [MoCl,(PMe,),], which was previously reported as the product
of the reaction of [(n-Cs;Me,Et)MoCl,(PMe;),] with Li,Pmes, has now been refor-
mulated as the zinc complex [ZnCl,(PMe;),] and its identity confirmed by indepen-
dent synthesis from ZnCl, and PMe;. Its presence in the original reaction presumably
arises from zinc used as a reductant at some point in the synthesis, thus producing
zinc chloride [226,227]. The reactions of compounds of the type [MCLL,] with
various substrates, leading to [M(=E)CL,L;] (M=Mo, W; E=0, Se; L=a phos-
phine), have been reviewed [228].

A number of papers describe the synthesis of Mo(Il) complexes containing
bis(diphenylphosphino)amine, (Ph,PNHPPh,), abbreviated as dppa. Treatment of
[Mo,(OAc),] with Me,SiX and dppa at reflux afforded [Mo,X,(pu-dppa),] (X=Cl,
Br). The Mo-Mo distances in these compounds are quite short [2.134(1) and
2.137(2) A respectively], even though there are significant torsion angles (14.4 and
15.2° respectively) around the Mo-Mo bond [229]. Under milder conditions, the
intermediate complexes [Mo,X,(u-OAc),(n-dppa),] could be isolated for X =Cl, Br,
I; the Mo-Mo distances in these three complexes are 2.158(1), 2.176(1), and
2.164(1) A respectively [230]. A similar compound with the related ligand
Ph,PNMePPh,, dppma, was also prepared; the structure of [Mo,Cl,(p-OAc),
(u-dppma),] again showed some degree of torsional strain and had a Mo-Mo
distance of 2.1719(8) A [231]. Another related complex, [Mo,(MeCN},
(1-OAc),(p-dppa),][BF,],, was made from [Mo,(p-OAc),(MeCN)([BF,], and
dppa [232]. However, an unexpected result was obtained from the reaction
of [Mo,(NCMe)]** with dppa; crystals of [Mo,(u-NCMe)(u-dppa)
(1-NCMePPh,NPPh,)(NCMe);][BF,]; - 0.5MeOH - 3MeCN (13) were obtained. If
water was also present, the complex [Mo,(u-NCMe)(p-O)(pu-dppa),(NCMe),]
[BF, ], MeCN-0.5C¢H,, (14) was obtained instead. Both of these contain unusual
transverse bridging MeCN ligands, and the first also contains a ligand formed by
coupling of MeCN with one of the dppa’s [233].

Reaction of [Mo,(OAc),] with Me;SiCl and PR, (R=CH,CH,CN) affords a
blue material assumed to be [Mo,Cl,(PR;),]., which dissolved in R'CN (R’'=Me,
Et, iPr) to give the unusual 1,1,2,2 isomers of [Mo,Cl(PR;),(NCR"),] (15) in which
the phosphines occupy trans positions on one metal and the nitriles zrans positions
on the other [234]. The reaction of [Mo,(1-OAc),Cl,(PPh;),] with the phosphines
P(CH,CH,PPh,),; (tetraphos-2) or PhP(CH,CH,PPh,), (triphos) gave
{Mo,(u-OACc)CI4(L)] (16) in which the phosphine ligand is tridentate; both com-
pounds were structurally characterised [235].

Treatment of [Mo,(OAc),] with Me;SiCl in the presence of didentate ligands L
such as bpy, 4,4-Me,bpy, 2,2"-bipyrazine, 2,2"-bipyrimidine, phen or 3,3-bipyridaz-
ine gave the compounds [Mo,X,L,] which contain an unbridged Mo-Mo bond.
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The products react slowly with oxygen to give initially [Mo,0,Cl,L,] and then
[MoO,Cl,(L)]; the crystal structure of the latter with L=4,4-Me,bpy was deter-
mined [236].

Interaction of [Mo,Cl(u-dmpm),] with LiC=CSiMe; in dme in the pres-
ence of HC=CSiMe; gave the highly wunusual complex [Li(dme)]
[Mo,(C=CR),(u-HC=CR) (p-C=CR-C=CR)(u-dmpm),] which contains a trans-
versely bridging alkyne ligand and a bridging alkynylvinylidene ligand formed by
acetylide coupling [237].

The reaction of [MoBry(CO),(PPhy),] with one equivalent of N-acyl-a-
amino acids in the presesnce of NaOMe gave the carboxylate
species [MoBr(O,CCH,NHCOR)(CO),(PPh;),] (R=Me, Ph), whereas the
use of two  equivalents led to the  disubstituted species
[Mo(O,CCHR MHCOR ?),(CO),(PPh;),] (R'=H, R?=Ph; R2=CH,'Pr,
R2=Me; R!=Me, CH,0H, R?2=CH_,Ph). In the first of these the carboxylate
ligand is didentate, whereas the second contains one didentate and one monodentate
ligand; both are thus seven-coordinate species [238].

Treatment of [MI,(CO);(NCMe),] (M=Mo, W) with the thiamacrocycle
[9]aneS; gave [MI(CO);L]}*; the X-ray structure of the W complex as the
BPh; salt showed a capped octahedral structure. A similar reaction with
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[MI(CO);(NCMe)(PPh;)] gave [Mol(CO),(PPh,)L}[Moly(CO),]. Similar
compounds could be prepared from @ 2,58-trithia[9]orthocyclophane,
C¢H,CH,(SCH,CH,),SCH, [239]. Coordination of dppm  disulfide,
Ph,P(S)CH,P(S)Ph,, to [Mol,(CO);(NCMe),] has also been achieved [240]. The
pendant  phosphine arm of [WILCO)(n*triphos)(n-C,R,),] [triphos=
PhP(CH,CH,PPh,),, R=Me, Ph] can be used as a ligand to displace one or both
of the acetonitrile ligands in [Mol,(CO);(NCMe),], [Mol,(CO);(NCMe)L]
(L =PPhj;, AsPh,, SbPh;) and [MoCl(GeCl;)(CO),(NCMe),(PPh,)] to give di- or
trinuclear species [241].

6.2. Complexes with nitrogen donor ligands

A series of diarylformamidinate complexes [Mo,(ArNCHNATr),] have been pre-
pared and their quasi-reversible oxidation potentials correlated with the Hammett
constants of the aryl substituents. Four of the complexes were structurally character-
ised and show virtually identical geometries in the solid state, with the Mo-Mo
distance varying between 2.0949(8) and 2.0965(5) A [242]. The formation of Mo(1I)
dimers with substituted 1,8-naphthyridine ligands (HL) has been explored. With
2-benzylamino-7-methyl naphthyridine, the complex zrans-[Mo,L,] was formed in
which the trans-ligands are oriented the same way, whereas 7-phenylnaphthyridin-
2-one gave cis-{Mo,L,]. The reaction of [Mo,(OAc),] with 2-acetamido-
7-phenylnaphthyridine gave cis-[Mo,(u-OAc),(u-L),] while the intermediate com-
plex [Mo(CO),(HL)] could be isolated from the reaction between [Mo(COg4] and
the 7-methyl analogue [243]. The compound [Mo,(OAc),(HBpz;),] reacted with
Me,SiX to give [Mo,X,(HBpz,),] (X=Cl, Br); X-ray structures of both products
revealed Mo-Mo distances of 2.155(1) and 2.156(1) A respectively. As in the starting
materials, the pyrazolylborate ligands bridge the two metals [244]. The compounds
cis-[Mo,Cl,(6-mhp),L,] (6-mhpH = 6-methyl-2-hydroxypyridine; L =PMe,, PEt;,
PMe,Ph, PPh,Me) undergo a ligand redistribution process when irradiated with
visible or near-UV light to give [Mo,Cl3(6-mhp)L,] and [Mo,Cl{(6-mhp),L.,]. By
carrying out the reaction in different solvents in which one of the products
decomposes or reacts further, it was possible to isolate each one. The photoreactions
do not occur from the first excited state, but from higher ones [245].

Many papers report further extensive chemistry of the
tris(3,5-dimethylpyrazolyl Yborate complexes [( HBpzf)Mo(NO)X;] (X=Cl, Br, I).
These redox-active 16-electron compounds react with alcohols and amines with
elimination of HX and formation of [(HBpx¥)Mo(NO)(X)(OR)] or
[(HBpz¥)Mo(NO)( X)(NHR)], or the corresponding disubstituted species, but also
react with neutral donors such as pyridines to give 17-electron compounds
[(HBpz)Mo(NO)(X)(L)]. The nitrile complexes [(HBpz¥)Mo(NO)(I1)(NCR)]
(R=Me, Pr, CH,CH,CH,CN) have been made by the reaction of
[(HBpz3)Mo(NO)I,] with RCN. They are paramagnetic and display one irreversible
electrochemical reduction [246]. Treatment of [(HBpzi)Mo(NO)I,] with
(NH,),S,0 or (NH,),Seq gave [(HBpz3)Mo(NO)(Es)]; the X-ray structure of the
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selenium complex showed a chair-like configuration of the MoSes; ring. In
the presence of H,E (from slow hydrolysis of AlLE;) the dimers
[{(HBpz$}Mo(NO)(p-E)} ,] were formed [247].

The o-, m- and p-isomers of 5-{( HBpz$)Mo(NO)(Cl)(NHC:H,)}-10,15,20-tetra-
phenylporphyrin have been prepared. Electrochemical studies revealed two porphy-
rin-centred oxidations and three reductions, two of which were on the porphyrin
and one at the molybdenum; the redox potentials of the porphyrin or the metal
centre are only slightly different to their normal values. However, the compounds
do undergo a photoinduced electron transfer from the ring to the metal to give an
excited state with a lifetime of approximately 300-340 ps [248].

A number of papers deal with the interaction between two metal centres linked
by different types of ligand. The complexes [{( HBpz¥)Mo(NO)(X)}, (u-N—N)]
(X=Cl, L, n=1 or 2) have been prepared for a large number of difunctional ligands
N-N. These include 3,3-bpy, 4,4-bpy, 4,4-NC;H,CH,CH,C;H,N, 4,4 -NC;H,
(CH=CH),CsH,N (m=0-4), and 4,4-NC;H,CH=CHCMe~=CHCH=CHCH=
CMeCH=CHCH,N; the X-ray structure of the latter complex with X=Cl con-
firmed that the chain has an all-frans configuration. Cyclic voltammetry shows a
one-electron reduction for the monometallic species, and for the dimetallic ones two
one-electron reductions separated by an amount which depends on the chain length
of N-N, varying from 36 mV for the longest to 765 mV in the 4,4-bpy complex.
The EPR spectra show an antiferromagnetic interaction in one case over a distance
of approximately 20 A [249]. The complexes with dipyridyloctatetraene and dipyri-
dyldecapentaene show a solvatochromic shift of the low energy absorption in the
electronic spectrum which has been analysed quantitatively [250]. Complexes in
which the N-N ligand is 3,3'-, 3,4"- and 4,4'-bis(pyridyl Jethane have been compared
to those of 3,3'-, 3,4"- and 4,4"-bpy; these too show a large electrochemical interaction
between the metals. The sign of the magnetic interaction changes with the number
of carbon atoms between the metals: the 3,3’- and 4,4"-isomers are antiferromagnetic
whereas the 3,4’-isomer is ferromagnetic; this is in accord with a spin polarisation
mechanism [251]. The ligand 1,3,5-tris{3,4-bis(4-pyridylethenyl ) phenyl } benzene has
been prepared by Pd-catalysed crosscoupling. Six (HBpz¥)Mo(NO)(Cl) groups can
be attached to the pendant pyridyl arms. The resulting complex is EPR active with
each nearest neighbour pair of molybdenum centres displaying magnetic inter-
actions [252].

Ligands have been synthesized in which two pyridyl or phenol groups are joined
by an oligothiophene chain, as in 4,4-NC;H,(SC/H,),CsH,N (n=1-4) and
ROC¢H,(SC,H,),CsH,OR (R=Me, H). The ligands are ¢lectrochemically active,
undergoing two one-electron oxidations, and are also strongly luminescent. When
(HBpz)Mo(NO)(C1) units were attached to each terminus of the pyridyl ligand, a
strong electrochemical interaction was observed between the metal centres: the
oligothiophene chain transmits this better than a polyene chain [253].

The compounds [{(HBpz¥)Mo(NO)(Cl)},(u-O—O0)] have been prepared for
0-0=0(CH,),0, OCH,CH=CHCH,0, and OCH,C=CCH,0. The alkenyl
bridge gave the largest electrochemical interaction between the two metal centres
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[254]. Dimetallic complexes bridged by cyclohexanediolate or cyclopentanediolate
ligands were prepared, of the type [{(HBpz})Mo(NO)(X)},(u-O—0O)] where
0-0=1,x-OC¢H;,0 (x =2-4) or 1,3-OC,HO. They exhibit two one-electron reduc-
tions separated by a difference which increases with decreasing spatial separation.
For 1,3-cyclohexanediolate the difference is only slightly less than for
1,3-OC-,H,LO, but for the 1,4-isomer it is over 300 times less than in the cor-
responding 1,4-OC,H,O species [255]. The reaction of two equivalents of
[(HBpz¥)Mo(NO)( X),] with Schiff base ligands derived by condensation of p-
or m-hydroxybenzaldehyde with p-phenylene diamine or 1,6-diaminohexane
was complicated by hydrolysis of the ligand, the isolated product being
[(HBpz)Mo(NO)( X)(OC;H,CHO)]. Reduction of the imine linkage allowed
the reaction to proceed smoothly to give [{(HBpzi)Mo(NO)(Cl)},
(u-OCcH,CH,NHC,H ,NHCH,C,H ,0)] [256].

The cyclic oligomeric species [ HBpz¥)Mo(NO)(4,4-OC,H,O0CH,0)], (n=3, 4)
have been made as mixtures of isomers. The trimer displays three unresolved one-
electron reductions, but the tetramer has two two-electron processes separated by
about 120 mV [257]. From the reaction of [( HBpz¥)Mo(NO)I,] with hydroquinone,
the cyclic trimer [{(HBpz%)Mo(NO)(OC-H,0)};] (17) could be isolated as the
symmetrical syn,syn isomer (i.e. all the NO ligands are on the same side of the
plane). The analogous W complex was also prepared, and shown by X-ray structure
to have a syn,anti structure instead [258].

an

The reaction of [Mol,(CO);(NCMe),] with K[HBpz¥] proved to be unexpectedly
complex, with a range of products formed depending on the solvent and initial
concentration of reagents; most of them arise from degradation of the HBpz}
ligand to Hpz'. With CH,Cl, as solvent, [{ Mo (p-1)(CO),(Hpz"),} 111
2MeCN (18) was produced, whereas in MeCN, the Mo(V) cluster
[Mo,Og(OH ),(Hpz")e][1], - 4MeCN (19) was formed; X-ray structures of both were
determined [259].
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Modification of the pyrazolylborate ligand has also been explored. The
complexes [LMo(CO),(NO)] and [LMo(NO)Cl,] have been prepared for
L =HB(4-R-dimethylpyrazolyl );, where R =Me, Bu, the idea being to create a bowl
shaped structure [260].

6.3. Complexes with oxygen donor ligands

A number of complexes of the type [Mo,(O,CAr),] have been prepared for a
variety of monosubstituted aryl groups. In certain cases, the MLCT band is red
shifted (e.g. Ar=p-CcH,NO,) whereas in others (e.g. Ar=m-CH,NO,) only a slight
shift is observed. Cyclic voltammetry was used to study the influence of the substitu-
ents on the ease of oxidation [261]. The complex [Mo,(0,CC,,H,), - thf] and the
corresponding bis(pyridine) adduct have been prepared from biphenyl-4-carboxylic
acid; the first of these has a polymeric chain structure with a Mo-Mo distance of
2.0955(1)A and the second has Mo-Mo=2.112(7) A [262]. The complex
[Mo,{(R)-C,3H,;0,},{(5)-C,3H,,0,},] in which the ligand is the drug ibuprofen,
4-isobutyl-o-methylphenylacetic acid, has also been prepared; it is a centrosymmetric
dimer in the solid state with Mo—Mo =2.085(2) A [263]. Molybdenum acetate has
been used as a reagent for determining the absolute configurations of diols derived
from monosaccharides by the sign of the Cotton effect in the CD spectra [264].

The reaction of [Mo,(0O,CCF,),] with 2,5-dimethyl-N,N'-dicyanoquinone diimine
gave a one-dimensional polymeric species [Mo,(O,CCF3),(dm-denqi) - CeHg] which
forms a zigzag chain with Mo-Mo =2.127(2) A. There is a n-stacking motif between
the quinone imine and the benzene of crystallisation [265]. Treatment of the same
carboxylate complex with TCNQ gave [Mo,(O,CCF;),(TCNQ), s(m-xylene)],
[Mo,(O,CCF,), - (m-xylene)]. This consists of an unprecedented one-dimensional
polymer in which the four cyano groups of each TCNQ ligand bridge between four
different Mo, units to form a 24-membered ring, shown in (20); the Mo-Mo bond
length in this portion of the crystal is 2.1126(8) A, and in the Mo, units which do
not bear TCNQ units it is 2. 1131(11)A, both of these being longer than in
[Mo,(0,CCF,),]. There is a n-stacking interaction between the TCNQ units and m-
xXylenes [266].

The reaction of [Mo,(NCMe)g]** with RCO,H and (RCO),0 provides a route



M.J. Morris | Coordination Chemistry Reviews 172 (1998} 181-245 209

Mo- - -N==C C=N—Mo—+—Mo—N==C C=N---Mo
Mo---N==C C=N—Mo—*—Mo—N==C C=N---Mo
(20)

to the compounds [Mo,(u-O,CR),(NCMe)sl** (R =Me, CH,C, ‘Bu, CF;) [231].
The reaction of [Mo,(u-OAc),(NCMe)g)** with 9-ethylguanine in MeCN afforded
[Mo,(p-OAc),(1-9-EtG),(NCMe),][ BF,],, which was structurally characterised as
its 2MeCN solvate. The two ethylguanine ligands are attached through N7 and O6
in a head-to-head arrangement, with a Mo—Mo distance of 2.1371(6) A [267]. The
catalytic activity of [Mo,(NCMe)g]** and [Mo,(u-OAc),(NCMe)(]** for the poly-
merisation of neat cyclopentadiene or its dimer has been assessed; species supported
on silica showed much reduced activity [268].

Further details have appeared of complexes containing the anion of
6-diphenylphosphino-2-hydroxypyridine, pyphos™. Reaction of [PtX,(Hpyphos),]
(X=Cl, Br, I) with [Moy(OAc),] or [Moy(OAcC),(NCMe)J** gave
[CLPtMo,(p-pyphos), (u-OAc),], in which there appears to be some direct interaction
between the Pt and the Mo, unit; the molecules are dimers by virtue of a loose
interaction between the oxygen of one acetate group and the axial coordination site of
a second Mo, unit, as observed in the structure of the analogous Pd complex reported
previously [269]. A second approach involves the reaction of [Mo,(pyphos),} with
[MX,(PhCN),] (M=Pd, Pt; X=Cl, Br, I) to give linear tetranuclear complexes
[X;MMo,(pyphos),MX,] in which there is also a weak interaction between M and
the quadruply bonded Mo, core. Reduction of these compounds with Et,NBH, or
by heating or irradiation gave [ XMMo,(pyphos);MX] in which there is a direct
M-Mo bond and the Mo—Mo bond order has been reduced to three (7?8 bond)
[270]. A theoretical study of direct exchange coupling in dinuclear complexes of
Cr(II) and Mo(1II) has appeared from the same group [271].

The thiobenzoate compound cis-[Mo,(SOCPh),(O=PPh;),] has been structurally
characterised; the Mo—Mo distance is 2.152(1) A and the triphenylphosphine oxide
ligands are only loosely bound [272].

6.4. Complexes with sulfur donor ligands

Protonation of [Mo(S4)(NO)(X)] (S4=~SC¢H,SCH,CH¢H,S 7) occurred at one
sulfur of the S4 ligand when X =SPh or NO, but where X=PMe,, decomposition
occurred to give [{ Mo(S4)(NO)},] and [HPMe;,}*. Alkylation of [Mo(S4)(NO)CI]
with R;0% occurs on one of the terminal sulfur atoms of the S4 ligand in
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all cases [273). This starting material reacts with LiSC¢H,SMe to give
[Mo(S4)(NO)(SC¢H,SMe)] in which the SMe group is not coordinated. This paper
also reports the decarbonylation of [Mo(CO),5(S4)] to [{ Mo(CO)(S4)},] [274].

The coordination chemistry of 2,2'-dipyridyl diselenide has been explored.
Its reaction with [Mo(CO),(nbd)] resulted in Se-Se bond cleavage to give seven-
coordinate [Mo(CO)y(SeC;H,N),] [275]. The reaction of [Mo(dtc),(CO),]
(dtc =S,CNMe,) with the thiacycloalkyne 1,4,7-trithiacycloundec-9-yne gave a com-
pound of the type [Mo(dtc),(alkyne),] [276].

7. Molybdenum(I)

The reaction of [Mo(CO);(NCMe);] with pyridine-2-thione (pySH) and PPh,
gave three complexes. The main products were [Mo,(U-pyS),(CO)4(PPhy),]
and [Mo,(pu-pyS),(CO)s(PPhy)], but traces of the trinuclear complex
[Mos(p-pyS)a(1s-pyS)(CO)s] were also found; the first and third of these were
subjected to X-ray analysis [277]. The complex [(OC);Fe(u-PPh,),Mo(CO),] was
produced from the reaction of trans-[Fe(CQO);(PPh,H),] with [Mo(CO)] in benzene;
although some degree of metal-metal bonding is implied, the Fe-Mo distance is
quite long, 2.854(1)A [278]. The compound [{LMo(CO),},], where
L =[CpCo{P(OMe),0},]", has been crystallographically characterised; it contains
a Mo=Mo triple bond [2.467(1)A] and is an analogue of the well-known
[Mo,(CO),Cp,] [279].

8. Molybdenum(0)
8.1. Complexes with carbonyl ligands

A review of the use of ab initio calculations in studies of M-L interactions in
metal carbonyls has appeared [280]. The geometries of complexes of the type
[M(CO)sL] (M=Cr, Mo, W; L=CO, SiO, CS, N,, NO*, CN~, HCCH; C=CH,,
CH,, CF,, H,) have been optimised by ab initio calculations at the MP2 and
CCSD(T) level; good agreement with experimental values was achieved. A charge
decomposition method was used to determine the amount of backbonding between
M and L, which was correlated with the bond length of the CO ligand frans to L
[281]. A paper modelling the geometries and H, dissociation energies of
[M(CO)s(H,)] (same M) by the same method was inadvertently omitted from last
year’s review [282]. As part of a study of the coordination of CO to cationic species
such as [Au(CO),]", calculations were also carried out on other species, including
[Mo(CO)g] in order to show that the amount of o-donation does not correlate with
the force constant of the CO bond [283].

The use of organometallic complexes for the synthesis of other species in zeolite
matrices; e.g. preparing MoO; from molybdenum carbonyl, has been reviewed
[284]. A combined DRIFTS and molecular simulation study of the coadsorption
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of [Mo(CO)4] and benzene into faujasitic zeolites has appeared. In Nas,FAU the
reagents undergo rapid reaction on warming to give [Mo(CO);(n-C4Hg)] trapped
inside the zeolite supercage; in a more sodium-rich zeolite the two molecules are not
in close proximity and warming results in decarbonylation to Mo(CO); groups
coordinated to the zeolite oxygen atoms [285]. The reversible photodissociation of
[Mo(CO)] adsorbed onto NaY zeolite under vacuum, giving Mo(CO), groups, has
also been reported [286]. Thin layers of zeolite Y loaded with [Mo(CO)¢] have
been prepared [287]. When adsorbed into faujasitic zeolites, [Mo(CO)4] reacted
with H,S to give MoS, [288].

A study of the adsorption of [Mo(CO).] onto the (110) surface of TiO, has been
undertaken using temperature programmed desorption, FT-RAIRS and XPS tech-
niques. It revealed some dissociation to Mo{CO)s units and the formation of small
Mo particles above 220 K [289]. The decomposition of [Mo(CO)¢] on a Ni(100)
surface has also been examined [290]. A comparison of the EXAFS spectra of MgO-
supported PtMo catalysts prepared either from [PtCl,(PhCN),] and [Mo(CQO),] or
from [Pt{Mo(CO),Cp},(PhCN),] showed no evidence for Pt—-Mo interactions in
the first case but some in the second [291]. Sonochemical treatment of [Mo(CO),]
gave molybdenum carbide, Mo,C [292].

A time resolved IR spectroscopic study of the laser flash photolysis of
[M(CO)¢] (M =Cr, Mo, W) in supercritical Ar, Kr, Xe or CO, allowed the detection
of the transient [M(CO);L] species (for Cr and Mo, L=Kr, Xe, CO,; for W, L=
Ar too). The second order rate constants for the back-reaction of these species with
CO were evaluated, with the result that Kr>Xe and CO,, and Cr and Mo>W
[293]. The influence of the size of R on the rates of epoxidation of 1-octene and
cyclohexene by ROOH catalysed by [Mo(CO)¢] has been explored; large variations
were observed, implying that the reaction is performed by an intact alkylperoxo
species [294]. Molybdenum carbonyl has found application as a catalyst in organic
chemistry for the ring opening of isoxazoles [295,296] and the cyclisation of alkynols
to dihydrofuran derivatives [297].

The carborane complex [LMo(CO);]?~ (L=n°-C,BsH;,) reacted with S,Ph, to
afford cis-[LMo(CO),(SPh),]*~, which in turn reacted with iodosylbenzene to
give either [(n'-L)Mo0O;]*>~ or [LMoO,(p-O)MoO,LJ*~ depending on the counter-
ion present [298].

The reaction of [Mo(CO)¢] with RNH(CH,),N=PPh, (R=H, Et, Ph; n=2-4)
gave initially the isonitrile complexes [M(CO);{CN(CH,),HNR}] which then
underwent cyclisation to the carbene complexes [Mo(COs5){=CNR(CH,),NH}];
the NH bond in the product could be deprotonated and then alkylated [299]. The
synthesis of the chelating isonitrile ligand CH,(OC¢H,-0-NC), and its coordination
to [Mo(CO),(nbd)] to give cis-[Mo(CO),(L)], which contains a 12-membered chelate
ring, have been described [300]. The reaction of [Mo(CO)s(thf)] with the stable
stannylene SnArR, where Ar=24,6-C¢H,'Bu; and R =CH,CMe,-3,5-C¢H;'Bu,,
gave the base-free complex [Mo(CO)s;(=SnArR)]; the X-ray structure showed a
Mo-Sn bond of length 2.765(1) A [301].

Complexation of a 1,2,3,4-A>-triazaphosphinine to [Mo(CO),(pip),] occurs to
give [Mo(CO),(pip)(L)]; however, this slowly converts into (21) in which a piperidyl
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group has migrated onto the ring and a CO insertion reaction has occurred. The
same product could be obtained by ring contraction of the heterocycle followed by
complexation (Scheme 4) [302].

A laser flash photolysis study has been conducted of the ring closing substitution
reaction of [Mo(CO)s(L-L)] to give chelated {Mo(CO),(L-L)], where L-L =phen
or a number of substituted derivatives. The activation parameters are sensitive to
the nature of the solvent and the steric and electronic properties of the ligand; this
is consistent with an I, mechanism which gradually changes to I, with increasing
steric bulk of L-L [303]. The nature of the low-lying unoccupied molecular orbitals
in phen, 3,4,78-tetramethyl phen and four symmetrical diaza-1,10-phenanthroline
(dap) derivatives has been investigated by ab initio calculations. The radical anion
produced by reduction of one of these derivatives, 4,7-dap, or its M(CO), complexes
(M =Cr, Mo, W) was shown by EPR spectroscopy to have the extra electron in an
orbital whose nature is predicted only by high-level calculations [304].

Complexes of the type [Mo(CO),L] have been prepared from 2-phenyl-
azopyridine, NC;H,N=NPh, and derivatives with a variety of substituents on the
py ring. The **Mo NMR spectroscopic shifts of the compounds were correlated
with the lowest energy electronic transition, with the sum of the v(CO) frequencies,
with the oxidation potential, and with the Hammett parameter for the substituents.
The effect of the substituents operates through an inductive mechanism [305]. Several
new complexes of pyridine 2-carbaldehyde azine, NCsH,CH=NN=CHC;H,N,
have been prepared, including [Mo(CO)s(PPhy)L], [M0,(CO)s . (PPh,),(n-L)]
(n=1, 2) and [Mo,(CO)s(p-dppe)(p-L)]; they all show strong solvato-
chromism [306]. The complexes [Mo(CO),(NC;H,CR=NCHR'Ph)] and
[Mo(CO)5;(L)(NCsH,CH=NCHMePh)] [R, R'=H, Me; L=PEt;, PPh;, P(OEt),
or P(OCH,CCH,),CEt] have been obtained from Schiff bases derived from pyridine-
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2-carbaldehyde. For the phosphine complexes, separate >Mo NMR spectroscopic
signals could be observed for the mer isomer and two diastereomers of the fac
isomer [307].

The reaction of [Mo(CO)g] with tris(3,5-dimethyltriazolyl )borate, KHBtz¥, gave
the crystallographically characterised [NEt][LMo(CO);]; the iodide derivative
[LMo(CO),1] was also made [308]. Complexation of mono-N-alkyl cyclen or cyclam
to an M(CO), fragment (M = Cr, Mo) occurs to give a single isomer in which the
tertiary nitrogen is not coordinated. However, an equilibrium between two forms of
the complex is suggested by the formation of 1,7-dialkylated cyclen derivatives on
reaction with alkyl iodides [309].

A re-examination of the use of v(CO) and other parameters such as phosphone
basicity in the evaluation of o- and n-bonding components in M-P bonding has
appeared [310]. A method for calculating the force field of compounds of the
type [M(CO)sL] has been devised [311]. The **Mo NMR spectra of a wide range
of complexes [Mo{(CO),_,(PR3),] (R =aryl, alkyl, OR, NR,, Cl, H; n=1-3) have
been recorded. There is a reasonable correlation between the steric bulk of the ligand
and the chemical shift [312]. A solid state *'P NMR spectroscopic study of
5-phenyldibenzophosphole, its chalcogenides, and their [M(CO);L] and
[M(CO),L,] complexes (M =Cr, Mo, W) has been undertaken in order to determine
the *'P chemical shift tensors. The most shielded part of the tensor lies along the
M--P axis and is virtually independent of M [313]. A study of the rates of intramolec-
ular ligand exchange in [M(CO)s_,{ P(OMe),},] has shown that they increase in the
order n=3<1<2, and Mo <W <Cr. The rates of fac—mer isomerisation of the tris-
phosphite complexes were also examined; computational simulations suggested a
trigonal twist mechanism [314].

The effect of the trans ligand in [ML(CO)(H,)] and its dihydride isomer has been
modelled by ab initio calculations at the MP2 level for a range of L (CO, SiO, CS,
N,, NO*,CN~, H™, Cl~, F~, PH,); the optimised geometries and H, dissociation
energies were calculated, and the donor—acceptor properties of L were assessed using
charge decomposition analysis. Strong o-donors were found to enhance M-H,
bonding [315]. A density functional theory study has been carried out on the
dihydrogen and dihydride isomers of [Mo(CO),(PH,)s_,H,] (n=1, 3, 5); for the
n=3 case, a comparison between Cr, Mo and W was also performed. The optimised
geometries are in close agreement with experimental data, and existing dihydrogen
complexes were found to be more stable than their dihydride isomers. For n=3 the
H, bond dissociation energy exhibits a minimum at molybdenum, with relativistic
effects becoming important for tungsten [316].

Complexation of the unsymmetrical diphosphene ArP=POAr" (Ar=
2,4,6-CsH,'Bu;, Ar'=CgH,-2,6-Me,-4-'Bu) with [Mo(CO(s(thf)] gave mainly
the isomer with the POAr’ terminus bound to the metal, but also some of the isomer
with ArP coordinated [317]. The reaction of [Mo(CO)¢] with LiPPh, followed by
alkylation with RX gave [Mo(CO)s(PPh,R)]. If propargyl chloride was used as RX,
three isomers were formed containing PPh,CH,C=CH, PPh,CH=C=CH, and
PPh,C=CMe ligands [318]. Photolysis of [M(CO)s] (M=Mo, W) with
the diphosphaferrocene [(n-CsH;-1,3-'Bu,)Fe{n-P,C;-3,4-(0SiMe;),-5-SiMe,}]
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produced a M(CO)s adduct [319]. Triphosphaferrocene complexes
[Cp*Fe(n-C,'Bu,P;)M(CO);] (M=Mo, W) have also been prepared [320]. The
crystal structure of [Mo(CO)s{P(0-CcH,OMe);}] has been determined [321].

The equilibrium constants for the bonding of Li* and Na* to the metallomacro-
cycles cis-[Mo(CO),{Ph,P(CH,CH,0),CH,CH,PPh,}] (n=4, 5) have been deter-
mined by NMR spectroscopic titration. For n=4 the values are roughly the same
for both cations, but for n=35 the affinity for Na™ is much larger than for Li*. The
X-ray structure of the n=4 complex revealed it to be a solvate in which H,O and
MeOH molecules were held inside the ring by hydrogen bonds to the ether groups
[322]. Complexes of Z-Ph,PCH,C(‘Bu)=NNHPh have been made by reaction with
[Mo(CO),(nbd)]; with a 1:1 ratio [Mo(CO),(1.)] was formed in which the ligand is
a P,N-chelate, but with a 2:1 ratio the P-bonded [Mo(CO),L;] was formed [323].
The pendant phosphine arm of [Mo(CO),{(Ph,PCH,),CMe(CH,PPh;)}] has been
coordinated to gold(I) and gold(IIl) fragments such as AuL (L =Cl, C¢Fs, acac)
and Au(C¢Fs); [324].

The hydridotriphosphazane CgH,{N(NP(S)(NEt,),},PH-BH; reacts with
[Mo(CO)¢] by displacement of the BH; to afford [Mo(CO),L], in which it acts as
a P,S donor; heating gave [Mo{CO),(L)] in which it is a P,S,S-tridentate ligand.
Complexation of the original borane adduct with [Mo(CO)(nbd)] gave
[Mo(CO),(L - BH,)] (Scheme 5) [325]. The coordination chemistry of the hemilabile
ether ligand PhCH,P(CH,CH,0FEt), has been explored; from its reaction with

(CO)4
S BH S S H
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Scheme 5.
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[Mo(CO);(mesitylene)], the complex fac{Mo(CO);(L),] was obtained which con-
tains one didentate ligand and one monodentate; the two ligands interchange coordi-
nation modes, a process which was studied by VT-NMR spectroscopy [326].

The reaction of [Mo(CQ),(nbd )] with the four-membered 1,2,3,4-diphosphadibor-
etane ring heterocycle P(‘Bu)P(‘Bu)B(NMe,)B(NiPr,) afforded a complex of the
rearranged 1,3,2,4-diphosphadiboretane bound through the two P atoms [327]. The
synthesis and X-ray structure of the complex cis-[Mo(CO),(L),] has been reported,
where L =1,3,5-triphenyl-1,3,5-diazaphosphorinane [328]. The crystal struc-
tures of trans-[Mo(CO),(1),] have been determined for L =PCy; [329], P(OMe),
[330], and P(O'Bu); [331]. The cone angle of the last ligand is 156°, and that of
PCy; is 155° in the trans isomer compared to 146° in the corresponding cis species.

Several papers describe the linking of two molybdenum centres through bridging
phosphine ligands. The reaction of [Mo(CO),(pip),] with Ph,PC=CPPh, gave
[(OC) Mo (u-L);Mo(CO),] which reacted with further L to give fac,fac-
{(OC);Mo(u-L);Mo(CO);]. Cyclisation of the three adjacent triple bonds into an
arene did not however prove possible [332]. Treating [Mo(CO),(pip),] with
Ph,PCH,C=CCH,PPh, similarly afforded [(OC),Mo(pu-L),Mo(CO),]; however, an
unexpected co-product, [Mo(CO){n>*-LMo(CO),},], was obtained in which three
Mo(CO),L chelates are joined to a fourth Mo through their alkyne moieties, as in
the well-known [Mo(CO)(RC=CR);] species [333]. The ligand 1,4-CcH,F,-2,5-
(PPh,), was made from 1,24,5-CcH,F; and LiPPh,; its reaction with
[Mo(CO)(pip);] gave [(OC)Mo(p-L);Mo(CO),], and a mixed species
[(OC) Mo (p-L)(u-Ph,PC=CPPh,)Mo(CO),] was also made [334]. The related
ligand 1,2,4,5-C¢H,(PPh,), has been wused to link two metal centres
in [(OCY),M(p-LYM(CO),] (M=Cr, Mo, W), fac, fac-
[(LYHY(OC);Mo(u-L)YMo(CO)4(LY] (L' =MeCN, PPh;, monodentate dppm) and
[(dppe),(OC),M (n-LYM(CO),(dppe),] (M =Mo, W). However, attempts to make
oligomeric or polymeric species were unsuccessful [335]. The highly unusual photo-
chemical reaction between the niobium alkyne complex
[Nb(I)(CO),(PMe,Ph),(n*-Ph,PC=CPPh,)] and {Mo(CO)4] gave the unexpected
product (22), in which two Mo(CO), fragments are bridged by a
1,1,4,4-tetrakis(diphenylphosphino)-1,3-butadiene ligand [336].

Ph, CO
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(22

Full details have appeared of a modified synthesis of [Mo(CO),(dppe)] and
its reaction with NO*. The product, mer-[Mo(CO):(dppe)(NO)J[BF,], reacted
with MeCN to give [Mo(CO),(NCMe)(dppe)(NO)]* and [Mo(CO)(NCMe),
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(dppe)(NO)]* from which the acetonitrile ligands can be displaced by phosphines.
Treatment of the monoacetonitrile complex with NaSR (R =o-tolyl) gave
[Mo(SR)(CO),(dppe)(NO)]. The reaction of mer-[Mo(CO);(dppe)(NO)]|[BF,]
with LiC=CR (R=H, ‘Bu, ‘Pr, Ph, SiMe,, etc) gave the acetylide
complexes [Mo(C=CR)(CO),(dppe)(NO)] [337]. The complex trans,mer
-[M(CO)5(L),(pyz-R)]* (M=Mo, W; L=PPr;, PCy;) where pyz-R is an
N-alkylpyrazinium cation, NC,H,NR* (R=Me, C,gH;;) have been prepared.
Oxidation leads to a 17-electron Mo(I) species, but reduction occurs on the pyz-R
ligand and is accompanied by dissociation of one phosphine ligand to leave a
five-coordinate radical [338]. The complexes [{Mo(CO);(L)},Ceo]l and
[Mo(CO),(PPh;),(L)], - Ceo (L =diacetyldihydrazone) have been reported; in the
first the fullerene is bound to the metal, but the second is a co-crystallisation
species [339].

A full account of the abstraction of methoxide from fac-
[Mo(CO);(bpy){PXY(OMe)}] [XY =(NEt,),, NEt,/JOMe, NMeCH,CH,NMe,
NMeCH,CH,0, OCMe,CMe,0] with BF;- OFEt, to give the cationic phosphenium
species fac-[Mo(CO).(bpy){P(XY)}]* has appeared. A competing reaction
in some cases was substitution of F for OMe. Complexes containing cyclic
phosphine ligands were found to be more stable [340]. The changes in the **Mo
NMR spectra that accompany abstraction from cyclic aminophosphine complexes
such as fac-[Mo(CO),;(bpy){P(NMeCH,CH,NMe)OMe}] and the subsequent iso-
merisation to the mer isomer of [Mo(CO),(bpy){P(NMeCH,CH,NMe)}]* have
been followed; a deshielding of the doublet resonance is observed, together with
an increase in !J(MoP) [341]. The carbonyl substitution reaction of
mer-[Mo(CO);(bpy){P(NMeCH,CH,0)}]*  with  further = aminophosphine
YP(NMeCH,CH,NMe) [Y =OMe, OEt, SEt, N(CH,),] is accompanied by the
irreversible migration of Y from the incoming ligand to the phosphenium centre
and formation of [Mo(CO),(bpy){PY(NMeCH,CH,0)}{P(NMeCH,CH,N)}]"
[342]. A short review of this area has been presented at a recent conference [343].

The three- and four-membered ring phosphines PhP(CH,CH,) and
PhP(CH,CH,CH,) have been prepared from Li,PPh and C1(CH,),Cl (n=2, 3). The
X-ray structures of fac-[Mo(CO);L;] were determined for both ligands [344]. The
tripodal ligand N(CH,PPh,); has been prepared, together with fac-[Mo(CO),L];
the complex can be protonated on the nitrogen atom [345]. Oxidation of
[Mo(CO);{(PRCH,CH,CH,);}] (R="Pr, CH,SiMe;, Et, CH,'Pr) with halogens
gave [MoX,(CO),{(PRCH,CH,CH,);}] (X=Cl, Br, I) which can be digested in
strong base to release the free macrocycle; unfortunately, this reaction fails when
R=H, but this macrocycle can be liberated from the analogous Cr complex.
Treatment of the Mo(0) complexes with H,O, or ozone gave the macrocycles trioxides
[346,347]. The synthesis and X-ray structure of [Mo(CO);(PH,CMe=CH,);] have
been described [348].

Elaboration of the CO,Me groups in the Mo(CO); complex of
1,3,5-tris(diphenylphosphino)-1,3,5-tris(methoxycarbonyl )cyclohexane has been
carried out by conversion firstly into CO,H, then reduction to CH,OH and esterifi-
cation. The resulting ligands can be released from the metal either with pyridine
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N-oxide or N,0, or with H,0,, in which case the tris(phosphine oxide) is formed
[349]. The reaction of RSiHCI, with LiPHCy and base gave (CyPSiHR); (R =Ph,
mes), which complexed to {Mo(CO)i(NCMe),] through the three P atoms to give
(23) [350]. Solutions of [M(CO)5(P,)F~ (M=Mo, W) in en react with 1 atm of
CO to give [M(CO)P,)]*~ in which the cage is n>-bound. The products lose CO
again readily, but can be protonated or alkylated to give [M(CO)(P,R)]*~ (24);
these can also be made by carbonylating [M(CO);(P,R)]*~ [351].
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The structure of [Mo(CO)(PH;),(H...SiH;)] has been optimised by ab initio
calculations at the MP2 level on cis and trans isomers. The optimised Si...H bond
length of 1.813A is similar to the 1.769 A observed experimentally for
[Mo(CO)(H...SiHPh,)(depe),] [352]. The homolytic M—H bond dissociation enthal-
pies have been calculated for a number of cationic hydrides, including
[Mo(H)(CO)(L,),] (L,=dppm, dppe, arphos), by a thermochemical cycle
involving the heat of protonation and the redox potential for the metal frag-
ment; the results fall in the range 234-314kJmol ™! [353]. The reaction of
trans-[ Mo(CO)(dmf ) (dppe),] with alkynes RC=CH gave the alkynyl hydride
[Mo(H)(C=CR)(CO)(dppe),] when R=CO,Me and the vinylidene
[Mo(=C=CHR)(CO)(dppe),] if R =Ph. Both products can be protonated to form
alkylidyne complexes [354].

The tripodal stibine ligand MeC(CH,SbPh,); has been prepared; its reaction
with [M(CO)¢] (M =Cr, Mo, W) in the presence of NaBH, gave fac-[ M(CO),(L)]
[355]. The reaction of [M(CO)s(thf)] with two equivalents of
[NEt,],{OCcH,-3,5-'Bu,0O] gave the coordinatively unsaturated catecholate com-
plexes [NEt,],[M(CO)y(OC¢H,'Bu,0)] (M =Cr, Mo, W) which are stabilised by
short M—O bonds. The Mo complex exists in equilibrium with a tetracarbonyl
species when placed under 1 atm of CO [356].

The M(CO)s complexes (M=Cr, Mo, W) of 2-chalcogenoimidazolines
RNCMe=CMeNRC=E (E=S, Se, Te; R=Me, 'Pr) have been prepared [357].
A theoretical analysis of the fluxionality of [M(S,CPMe,)(CO),(PMe;),} (M =Mo,
W) involving rotation of the S,CPMe, fragment has appeared [358]. The reaction
of [Mo(CO),] with NaSR (R =o-tolyl) gave [NEt],[Mo,(u-SR),(CO)g]; the X-ray
structure of the MeCN solvate showed a folded butterfly core with a long Mo-Mo
distance of 3.942(3) A, whereas the analogous complex with R =0-C,H,OH had a
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planar core. The compound exhibited two irreversible electrochemical oxidation
waves and two irreversible reductions [359]. The reaction of [CpMo(CO);H] with
Me,S, in the presence of allyl chloride gave [Mo,(CO),(n-SMe),Cp,]* as the major
product, but a second species, [CpMo(CO)(p-SMe);Mo(CO),(u-SMe)Mo(CO),Cp], in
which the Cp ligand has been lost from the central Mo, was also formed in 15-20%
yield [360]. The attempted coordination of B(thienyl), to [Mo(CO)(cht)] was
unsuccessful, unlike the related [B(CH,SMe),] ™ ligand [361].

The reaction of [Fe(CO);(PPh,-2-C;H,N),] with [Mo(CQO)¢] gave the complex
[(CO);Fe(u-Ph,P-2-C;H,N),Mo(CO)4] [362]; an analogous compound containing
the PhMeP-2-NCsH, ligand was also made [363]. The metalloligand
[(n-CsH,4PPh,),Ti(SR),] (R=Et, Ph) reacted with [Mo(CO),(nbd)] to give
[Ti{(n-SR)(p,n-CsH,PPh,)Mo(CO),},] in which it acts as a P,S donor, and
[(OC)sMo(u,n-CsH,PPh,)Ti(SR),] in which it acts as a P,P donor; the latter com-
pound can form further adducts with M(CgF5), (M=Pd, Pt) fragments
through the thiolate groups [364]. The reaction of [Mo(CO)s(PHPh)]™ with
[PtCl,(L,)] (L,=dppe, Ph,AsCH,CH,AsPh, or cis-Ph,PCH=CHPPhL,) gave
[(Ly)Pt{(n-PHPh)Mo(CO)s} ] as a pair of diastereomers due to the chiral phosphido
groups; the Mo-P-Pt angles are wide and the Mo—Pt distances long, indicating the
absence of bonding between them. The related [(OC),Mo(u-PHPh),Pt(dppe)] was also
made [365]. Chloride abstraction from [(OC);Mo(u-dppm),Pt(H)Cl] with
TI[PF¢] afforded [(OC);Mo(p-dppm),Pt(H)]* in which one of the CO ligands is
semibridging [366].

The reaction of [RuH;(PPh;);]” with [Mo(CO),(diglyme)] gave
[(Ph;P);Ru(u-H);Mo(CO),]~; the analogous Cr complex was structurally character-
ised [367]. A similar reaction employing [ReHo]*~ as the polyhydride led to the
tetrahedral cluster [H,ReMos(CO),,*~. NMR spectroscopic studies revealed that
the CO ligands are fluxional but the hydrides, which are proposed to be located on
the faces, are not [368]. Refluxing a mixture of [Ru,(CO),,], [Mo(CO),] and either
Sg or Seg in xylene gave a solid which was used to prepare novel catalysts for the
electrochemical reduction of O,. Monitoring the reaction by IR spectroscopy did
not reveal the formation of mixed metal clusters however [369]. Capping the carbido
cluster [PPN],[RecC(CO);6] with [Mo(CO)s] under UV irradiation gave
[PPN1,[(OC),MoRe C(CO),4] in 85% yield [370].

The complex [NMe,];[M3(CO)q(u-OEt)(n-OEt),] (M=Mo, W) reacted with
three equivalents of (PPh;)AuCl in the presence of TIPFs to give
[M3(CO)o{ Au(PPh,)};(p-OEt) (ns-OEt),] (25) in 80% yield [371].

Molybdenum carbonyl units have been incorporated into several iron chalcogenide
clusters. The X-ray structure and "’Se NMR spectrum of the previously prepared
[Mo(CO),(us-Se),Fe,(CO)¢] have been reported [372]. Reaction of equimolar quan-
tities of [Fey(u-SeTe)(CO)s] and [Mo(CO)s(thf)] gave the analogous
[Mo(CO),(u5-Te)Fe,(CO)s] [373]. However, if two equivalents of the iron
reagent were used the double cluster [Mo(CO),{(pns-Se)(ps-Te)Fe,(CO)e} ,} was pro-
duced instead [374].

The reaction of [Co,(p-C0O),Cp¥] with [Cp'Fe(n-Es)] (E=P, As) gave a
mixture of compounds including the trinuclear species [Fe,Co(u-P,);Cp%] or
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[Fe,Co(p-As;),Cp¥]. These react further with [Mo(CO)s(thf)] to afford tetranuclear
clusters [Fe,CoMo(p3-E)(13-E,)(CO),Cp¥] (26) [375].

8.2. Complexes with nitrogen and phosphorus donor ligands

Apart from one cited earlier [195), there have been no papers published in this
area this year.

9. Molybdenum clusters
9.1. Polyoxomolybdates

The following brief discussion is arranged in order of increasing nuclearity, dealing
in each case first with homonuclear species and then with heteropolymolybdates. A
special issue of J. Mol. Catal. has appeared covering the use of polyoxometalates in
catalysis {376] and a review on the photoreactivity of polyoxomolybdates as studied
by laser flash photolysis techniques has been published [377].

Aqueous or methanolic solutions of Mo(V) or Mo( V1) oxo species and fluoride
react with squaric acid to give oligonuclear species such as [NEt sl M0,0,Cl(C40,),l.
[NEt, 5[ Mo;0x(FY(C,0,),], and [NEt,}, Mo 0;oFs(C,0,4)], all of which were
structurally  characterised [378]. The X-ray structure of [NBuy],
[Mo,0,,L;(OMe),], where L=phenanthrene quinone, has been determined
[379]. Clusters such as [Mo;04(OMe);(RhCp™),] and [Mo,O,s(RhCp*),] have
been impregnated onto silica and then photoreduced under CO to give active species
for propene metathesis {380,381].

The reaction of [MoO,(acac),] or MoCl, with REO;H, (E=P, As; R =various)
has given rise to a large number of Mo, to Mo, species, 11 of which were structur-
ally characterised, including [Mo,0s(O,PPh,),J*~, four clusters of the type
[Mo,0,4(0;ER),]*", two of the type MosO,;5(O;PR),]*", and two of the type
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[MogO,5(0;ER),]*~ [382]. The complex Na,[MosO,s;(Hamp),]-6H,0 has been
prepared by reaction of sodium molybdate with H,amp, adenosine
“monophosphate [383].

The reaction of 2-thienylamidoxime or 2-thienylmethylamidoxime (H,L) with
[MoO,(acac);] or o-[MogO,¢*” gave a number of compounds ranging in
nuclearity from 1 to 5; addition of NH,OH to the mixture allowed the introduction
of nitrosyl groups. Compounds characterised included [MoO/(acac)(HL)(L)],
[Mo(NO)(acac),(HL)], [Mo0,0,0(OMe),(L),)*~, and salts of [MosO;;
(OEt),(NO)P~ [384]. New nitrosyl polyoxomolybdates have been synthesized
from [Mos0,3(OMe),(NO)P?~. Reaction with MeC(CH,0H); gave hexanuclear
[NBu,],[M0sO,o(NO),{(OCH,);CMe},] (27), whereas with acetylacetone, octa-
nuclear [NBu,;Na,[Mo0gO,,(NO),(acac),]-2H,O (28) was obtained [385].
The  pentanuclear  species [NBu,,[Mo,0,,{ Mo(NO),}(H,L),L,] (H,L=
methylthioamidoxime) has been prepared; the Mo,W and W ,Mo analogues were
also made; they consist of two dinuclear M,05(H,L)(L) units bonded to a central
M(NO), core [386].

The 2,4,6-triphenylpyrylium salt of [MogO,5]*~ has been prepared and structurally
characterised. The cation is a photosensitizer and irradiation causes an immediate
reversible photochromism [387]. A solid state reaction between [NH,],[MO,S,], Agl
and NBu,Br gave the mixed salts [NBu,][M¢O,][Ag,Li] (M=Mo, W) instead of
mixed metal species; both compounds were structurally characterised [388]. The
crystal structures of the [Na(DB18C6)] salt of [MogO,0)*", formed from
Na,MoO, and dibenzo-18-crown-6 [389], and of the mixed species
[Na(DB24C8)],[ WMo050,4] and [Na(DB18C6)(MeOH)],[Mo0o,W,0,]-
DB18C6-MeOH have also been determined [390]. The synthesis of a range of
mixed metal species [MW;0,,]" ", where M can be Ti, Zr, V, Nb or Ta as well as
Mo or W, has been achieved by hydrolysis of metal alkoxides in the presence of
molybdate or tungstate; the reaction can be monitored by "0 NMR spectra and in
favourable cases is very specific, for example the reaction of [MoO,J*~ with an
appropriate molar ratio of [ WO(OMe),] to give [MoW P ]*~ [391].

The salt [tmedaH,]s[Mo,0,,] has been structurally characterised; it is photosensi-
tive and hydrogen bonds from the cation to Mo=0 groups are thought to play a
role in photoreduction and H transfer to give MoOs(OH) centres [392]. A new
MgO-supported catalyst for alkane dehydrogenation has been prepared from
[PtMo0¢O,,]®~ and characterised by EXAFS, which shows that the cluster structure
is disrupted during adsorption and calcination [393]. The oxidation of Co(II) by
[HSOs]~ in the presence of molybdate in weak acid gave primarily
[H,Co,M0,0035]® . The kinetics of the formation of this species revealed three
stages, and the formation of an intermediate, [H¢CoMo0¢0,4]*~, which was isolated
as its [NH,]* salt and crystallographically characterised [394].

The ROMP polymerisation of norbornene by chiral salts such as
[R;NH],[MogO,¢], where R;N is a natural product such as (+)-cinchonine,
(+)-hydroquinidine or (—)-quinine, leads to insoluble polymers; addition of 1-hexene
as a chain transfer agent gives a better yield [395]. The crystal structure of
[NHEt;],[B-M0gO,¢] has been determined [396], as have those of the piperazinium
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salt [H,NC,HgNH,];[Mo0gO,;] which has infinite chains of anions [397] and
[NHJs[M0y,O50] - SH,O which has Mog units linked in a zigzag chain structure
through additional MoO, tetrahedra [398]. Salts of the anion [AIWMo40;,]’ ~ have
been isolated [399].

The reaction of a-[PMo,,0,]>~ with RNCO (R =p-tolyl) gave several known
products, including reduced derivatives of the anion and RN=NR, but also the
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highly functionalised imido complex [Mo,o(NR);,0,5(py),] (29), which consists of
two Mo3(NR)sO- units held together by four additional molybdenum atoms [400].
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A Mo K-edge EXAFS study has been carried out on solid [NBu,];[PMo,,0,,] at
80 K; as expected it showed the systematic asymmetry of the Mo-O bonds with
distances of 1.81 and 1.97 A. The structures of [Mo4O]i; and [TeMog0,,]®~ were
also studied; the solid state structure appears to be maintained in solution [401].
A spectrophotometric method for determining the coordination ratio of
[PMo,,04]° " has been reported [402].

From a reaction involving the hydrolysis of phenylphosphate, the benzene solvate
[HsPMo,,0,0] - 3CcH, was isolated and crystallographically characterised [403].
Salts of [PMo,,0,,°  have been made with counter-ions Ag* and T1* [404]
and Cs* [405]. The  thermal  dehydration of  crystals  of
[VO(H,0)s]JH[PMo0,,0,4,]-23H,0 was studied by thermogravimetry and EPR
spectroscopy; above 75 °C the vanadyl group becomes bound to the surface of the
anion and above 320 °C, decomposition of the Keggin structure starts [406]. The
effect of using vanadyl or copper counter-ions on the selectivity of the oxidative
dehydrogenation of isobutyric acid by [PMo;,04]>~ or [PVMo,,0,]*” has been
explored [407]. Charge transfer salts have been prepared by reaction of
p-Me,NC,H,NH, with [H;PMo,,0,] or [H,PMo0,,0,]; their third order
non-linear optical response was measured [408]. The reaction of [LCu(OAc),]
with [H3PMo0,,0,40] gave [LCu(HPMo,,0,0)] [L=N,N,N',N"
tetrakis (2-benzimidazolylmethyl )-1,2-ethylenediamine] [409].

The catalytic properties of [HsPMo,,0,,] for the gas phase partial oxidation of
organics have been compared to those of transition metal phosphates [410]. A
number of other organic reactions are catalysed by [H;PMo,,0,,], including C--C
cleavage in diols by H,0, to give carboxylic acids [411], the pinacol rearrangement
of diols to carbonyl compounds [412], and the oxidation of alkanes to carboxylic
acids [413,414].

The thermal behaviour of [H;PMo,,0,,] has been explored by two groups; in
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one of these studies, *'P NMR spectroscopic monitoring showed decomposition to
species such as [(MoO,),(P,0;)] [415,416]. Studies of the adsorption of
[H3;PMo,,0,4] onto alumina from water, water/ethanol or HCl have shown that in
water alone depolymerisation to [PMo,;0;,]’ ™ occurs, whereas the anion remains
intact in the other two solvent systems; after adsorption the Mo,; species is also
formed from the HCI solution [417]. The thermal behaviour of silica-supported
molybdophosphoric acids has been studied by IR, Raman and XRD techniques,
and by catalytic activity in methanol oxidation [418]. Temperature programmed
decomposition of 12-molybdophosphoric acid in NH; or CH,/H, has given rise to
Mo,N or Mo,C containing some phosphorus [419].

The polymer derived from p-phenylenediamine and terephthaldehyde can be pro-
tonated by [H;PMo,,0,.]; the cluster remains intact in the polymer matrix [420].
Carbon fibre microelectrodes modified with 12-molybdophosphoric or
12-molybdosilicic acid have been studied [421]. The electrochemistry of a variety of
polyanions has been explored by adsorbing them onto the surface of solid gold,
graphite or glassy carbon electrodes [422].

The X-ray structure of [NBu,},[SMo,,0,40] has been determined and its geometry
compared with the analogous clusters containing P, Si or Ge [423]. The compounds
[NH,Js[PMo,,SbO,.] - 11H,0 and [NH,]¢[PMo,SbO,,] - 14H,0 have been prepared
and characterised; the first contains Sb(IIl), the second Sb(V) [424]. The
Ce(1IV) species Ks[PMo,;CeO,;] - 20H,0O has been characterised [425].

A combinatorial approach has been applied to the synthesis and evaluation of
polyoxometalates for the oxidation of tht, this acting as a model reaction for the
oxidation of mustard gas. A range of Mo/W compositions between [PMo,,0,0)°
and [PW;,0,]°" with varying amounts of vanadium was assayed, in particular
[HsPMo,,V,0,,] supported on carbon {426,427]. The practical production of PMoV
derivatives for oxidation reactions has been discussed [428]. A mixture of molybdo-
vanadophosphate, hydroquinone and O, has been used as the reoxidation component
for a Pd-catalysed alkene oxidation reaction [429] and [HsPMo,,V,0,,] was found
to be effective for the same purpose in Pd-catalysed allylic acetoxylation of cyclohex-
ene [430].

Compounds of the type [H; , ,PMo,; _,V,O4] have been used to catalyse a number
of organic reactions, including the oxidation of 2-methyl-1-naphthol to
2-methyl-1,4-naphthoquinone (vitamin K) [431,432], the aerobic oxidation of phe-
nols including 2,3,6-trimethylphenol [433-435], and the oxidative dehydrogenation
of oa-terpinene to p-cymene with ‘BuOOH [436]. Palladium salts of
[H; . ,PMo,, ,V,04] supported on silica have been used in the gas phase oxidation
of 2-butene. Under the reaction conditions, the cluster becomes reduced by five
electrons, but DRIFTS spectra show that the Keggin structure remains intact;
however, under steady state conditions, catalyst reoxidation is a problem [437]. The
deposition of molybdovanadophosphoric acids on glassy carbon electrodes has been
reported [438].

The reaction of Na,MoQ,, Na,WO, and KH,PO, in water gave the mixed polya-
nion Nag[PMogW;0,,4]- 10H,0 [439], which on treatment with appropriate metal
salts afforded [NBu,l,H,[PMo,WM,0;4(H,0),] (n=3, M=Zn, Co, Ni, Cy; n=1,



224 M.J. Morris [ Coordination Chemistry Reviews 172 (1998) 181-245

M=Cr, Fe) or [NBu,J,H,[PW;Mo,V;0,,]; X-ray structures determined for the Zn
and Cu clusters showed that the metal sites were all disordered [439,440]. Starting
from the related anion NagJPMoWy0,,]- 11H,0, reaction with metal nitrates gave
[NBu,;H,[PMoWM,0,,(H,0),] (n=4, M=Mn, Co, Cu, Zn; n=2, M=Fe)
[441].

The electrochemical characterisation of the Keggin ions a-[ XMo;_ V. W,0,]" "~
has been reported where X=P (n=3+x) or Si (n=4+x). In each case a one-
electron reduction could be observed. The EPR g values for the V(IV) centre depend
on the identity of the surrounding atoms; in the V, and V; cases, electron hopping
and delocalisation was evident [442]. Addition of the M,S,03* fragment (M = Mo,
W) to y-[PW,4036]" ™ afforded the species y-[PW,,M,0;5]° ; they have Keggin type
structures capped by the M, fragment [443]. A similar approach starting from
v-[SiW 10,0368~ produced y-[SiW ,M,S,0,4]° ~; the X-ray structure of the Mo deriva-
tive was determined [444].

Two  papers have described the electrochemical behaviour of
K H3[Nd(SiMo,W,03,),] in aqueous solution [445,446]. The synthesis
and structure of the species KgH[La(SiW,Mo0,0,,),(H,0);]-4H,0 and
K-Hg[Ln(Mo,Vs0;6)] have also been reported [447,448].

The reaction of MoQ; and NH,[VO;] gave the cluster Kg[MogVs0,4] - #H,0 (30)
in two different crystalline modifications depending on whether n=9 or 10. It
contains one V(IV) centre as shown by the EPR spectrum. The X-ray structure
reveals a central VO, tetrahedron surrounded by a puckered ring of eight edge-
sharing MoOg octahedra and four VO, tetrahedra [449]. The bivanadyl capped
highly reduced Keggin ion [NHEt,]s[PMo,,(VO),04] has been produced by a
hydrothermal synthesis; it contains six Mo(VI), six Mo(V), and two V(IV) [450].

The assembly of two highly negatively charged clusters into a dimeric structure
has been achieved. Crystal structures of K-[(AsOH );(Mo0O;);AsMo0,0;,] - 15H,0
and K, ( AsOH)¢(M00O,),(0,M0oOM00,),(AsM04033),] - 12H,0O have revealed
that the first consists of a Keggin-type fragment capped with a six-membered ring
of three MoO, and three As(OH)*>" units, and the second is a dimeric assembly of
the first through oxo bridges involving four molybdenums of these capping units
[451].

The hydrothermal reactions of polyalcohols with molybdate, MoO;, Mo metal,
NHMe,Cl and NEt,Cl gave a number of products. Two polyoxometalate clusters,
[NH,],[NaH,,Mo0,,05,] - 4H,0 and K,[NHMe;],[H;,;Mo0,,0s,] - 8H,0, were charac-
terised; each contains four Mo(VI) centres and 12 Mo(V). In addition to these,
the bowl shaped giant clusters [XH,Mo04,0,00{(OCH,;);CR};]"™ [R=Me,
CH,OH; X=Na(H,0);, m=9, n=13 or m=7, n=15; X=Mo0O,, m=9, n=14 or
m =10, n=13] were produced; they contain six Mo(VI) and 36 Mo (V) centres and
can be readily synthesized from the Mo, species [452]. The preparations of
[P,WsM0,NbOg,]~ and [Hg,,P,Moy5_,V,06,] (n=1-3), both of which are
Dawson-type polyanions, have been described [453,454].

The magnetic properties of the giant clusters [NH,],[{VO(H,0)}6
{Mo,(p-H,0),(p-OH )} 3{ Mo;7(NO),Os5(H,0),} 3] - 65H,0, [NH;Me,];s[NH,]¢
[{VO(H,0)}6{Mo,(p-H,0)5(1-0)}3{M07(NO),054(H;0),} 5] - 14H,0, and
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Na;[NH,],[{ Fe(H;0),} 6{ Moa(p-H,0),(p-OH)} 3 { Mo ,(NO),055( H,0),} 5] - 76H,0
have been studied. Each cluster consists of three of the common Mo, structural

motifs bridged by paramagnetic V(IV) or Fe(IlII) centres and arranged in a trigonal

prismatic way. There is an efficient exchange pathway between centres located in

the triangular faces of the prism and a strong antiferromagnetic coupling even

though the distance between V(IV) centres is over 6.5 A. An analogy was suggested

between the metal ions located in these giant clusters and those in metalloproteins

[455].

Miller and coworkers claim to have unravelled a 200-year-old mystery, namely
the nature of “molybdenum blue”. It is proposed to be a form of molecular
MoQ,, probably with the formula [(MoO,);s,(H,0);;H,]’)~ based on
the fact that it bears a strong similarity to the giant cluster
[NHalzs 4+ 5[M0;54(NO);40.420(OH ),5(H;0)o] - ”H,0O [456].

9.2. Halide clusters

A molecular orbital treatment of octahedral clusters including [MogCl )~ and
[MogSg(PEt;)s] has been derived [457]). The resonance Raman spectra of
[MogXsYe?~ (X, Y=CI, Br, 1) have been recorded. All three totally symmetric
modes were identified, whereas only two had been found previously. It was found
that the metal-halide vibrations are largely insensitive to M and to the other ligands
present. The spectra of compounds with Y=0Me and SPh were also investigated,
and the crystal structure of [NBu,],{ Mo4Clg(SPh),] was determined [458]. The IR
and Raman spectra of [MogXsYe?~ (X=Cl, Br; Y=F, Cl, Br, I) have been
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recorded at 10 K on samples isotopicaliy labelled with **Mo, ®Mo, **Cl or ¥'C};
significant frequency shifts were observed on labelling the Mo atoms or the halides.
The force constants of the Mo—Mo bonds were calculated [459]. Two groups have
shown that molybdenum halide clusters can be coordinated intact to
poly(4-vinylpyridine) polymers; the degree of crosslinking involved could be con-
trolled by varying the number of labile ligands from six in [MogClg(OTf)eJ*~ to
two in [MogCl,,(EtOH),]; the latter cluster retains its strongly luminescent proper-
ties on incorporation into the polymer [460]. The supported clusters can oxidize
alkenes under photoexcitation through generation of singlet oxygen [461]. The
reaction of CuX with [MogX;,] gave [Cu,Mo¢X 4 (X=Cl, Br, I) in which the
Moy halide octahedra are linked by trigonal planar Cu(I) centres [462].

9.3. Other clusters, including cubanes

Treatment of [M,(OCH,'Bu)s] (M=Mo, W) with 0.5 equiv. NaP(SiMe,), in
benzene containing 18-crown-6 gave initially [M(u;-PSiMe;)(OR)y4]”, which are
reactive intermediates on the way to [My(u;-P)(OR);0]” (31), isolated as
[Na(18C6)]* salts; two different crystal forms of the Mo complex were X-rayed at
two different temperatures. The cluster can also be prepared from
[Mo,(OR)¢], PH; and KOR, and this route was used to make the analogous arsenic
compound [Mo,(i3-As)(OR),o]~ [463]. The reaction of “La(O'Pr);”, which is more
accurately formulated as [LasO(O'Pr),5(PrOH),], with [MoO(O'Pr),] in a 1:2 ratio
gave [La,Moy(p4-0)4(p-O'Pr)g(O'Pr)q] (32) [464].

A
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Further clusters of the general type [{ MMo3O04(O,CR)g},}*~, which contain two
Mo;0, incomplete cubane units bridged by the M>* ions, have been synthesized;
for example, the reaction of sodium molybdate, [Mo(CO)s] and AICl; in
(RCO),0 (R=Me, Et) gave Na,[{AIM0;0,(0,CR)s},] [465]. The same general
synthetic method has been employed to make M,[{CrMo;0,(O,CEt)s},] (M=Li,
K) from molybdate and [Cr(CO)e] [466], Na,[{ VMo0;04(0Ac)s},] from sodium
vanadate and [Mo(CO)¢] [467], and Na,[{Cr, sFe, sM0;0,(0,CEt)g},] from
sodium molybdate and a mixture of [Cr(CO)4] and [Fe(CO)s] [468]. Heating molyb-
date with [W(CO)¢] and CrCl; in propionic anhydride gave the mixed species
Na,[{CrMo, sW, ;04(0,CEt)s},], whereas from a mixture of tungstate,
[Mo(CO)s] and AICl;, the complex Na,[{AIMo,WO,(O,CEt)s},] was obtained
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(32

{467]. From a reaction of tungstate with [Mo(CO)¢] in propionic anhydride, the
compound Na[MoW,0,(0,CEt),] was formed, which reacts with [Cr(CO)] to give
Na,[{CrMoW,0,(0,CEt)s},]; it can also be hydrolysed in 2 M HCI and ZnCl, to
give [MoW,0,(0,CEt)s(H,0);][ZnCL,]- 2H,O [469]. The synthesis and electro-
chemistry of a series of clusters [Mo;(i;-O)Clg(O,CR);]™ have been studied
[470,471]. New tetranuclear clusters [Mo,0¢X,(0,CEt)s] (X=Cl, Br) have been
isolated from the reaction of [M0o0Q,X,] with propionic anhydride [472].

The use of [Mo,S,_,]°~ in the construction of heteronuclear complexes
and larger cubane-type clusters has continued to be exploited. The reaction
of [Ru,Cl,Cp¥] with [MS,)*~ (M=Mo, W) gave the trinuclear clusters
[Ru,M(=S)(u-S),(113-S) (1-S,)Cp%*] (33), both of which were structurally character-
ised [473]. Microwave irradiation of a well-ground mixture of [NH,],[MS,], TIBr
and NBu,Br (M=Mo, W) gave a 25% yield of [NBu,][TIMoS,] which has a
polymeric chain structure and displays some self-focusing non-linear optical proper-
ties [474]. The linear clusters [NBu,],[M,M’'S,0,] (M=Mo, W; M'=Co, Ni, Fe)
have been prepared from [MO,S,)*~ [475]. The complex
[L(PPh;)Cu(p-S),Mo(u-S),Cu(PPh;)L], where L =S-bound pyridine-2-thione, has
been prepared and structurally characterised [476].

Treatment of [Cp*Mo(S'Bu);] with sodium amalgam gave an 88% yield of the
new trinuclear cluster [Cp3Mo,S,] (34), which was structurally characterised.
Molecular orbital calculations on this seven-electron cluster suggest that the
odd electron resides in an orbital of e symmetry, and some evidence for a
subtle Jahn-Teller distortion was found in the structure [477]. The com-
pounds [Mo;E,L;JTCNQ] [E=S, L=8,CNEt, S,CNCH;, S,P(OEt),;
E=Se, L=S,CNEt,] have been prepared; the mixed chalcogen species
[Mo,;S,Se;L;][TCNQ] have also been made for L=S,CNEt, and S,P(OEt),
[478]. The reaction of [Mos(ps-E)(p-S)s(p-OAc)(dtp)s(py)] [dtp=S,P(OEt),]
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with Bil, (for E=0) or SbBr; (for E=S) unexpectedly gave the novel hexanuclear
cluster [{Mo;(ps-S)(k-S,)2(dtp)s}(13-S) (4-S2){ Mos(5-S ) (1-S )3(u-OAc)(dtp)s}] in
which two triangular units are linked through S and S, bridges [479].

The synthesis of chalcogenide clusters of Mo, Cr, W and Re has been the subject
of two short reviews [15h,17], and a new method for the synthesis of chalcogenide
clusters from MoOj involving electrochemical reduction to MoCl; and then reaction
with H,S followed by aerial oxidation has been described [480]. Treatment
of [Mo,;S,Cl,] with PEt, in thf followed by reaction with Mg gave crystals
of the raft-like cluster [MogSgCls(PEts)s] (35); the [Mo;S,Cly(PEt;), (thf)s_,]
cluster is thought to be an intermediate in this transformation. The selenium
analogue was also prepared [481]. Treatment of [Mos(i3-S)(S;)¢]>~ with PMe,
afforded [Mo(us-S)4(p-S),(SH),(PMe,;)s], which could be converted into
[Mo0,SeX,(PMe,)s] (X=Cl, Br, I, SCN) or [Mo,S¢X,(PMe,),] for X=S8,CNEt,
[482]. The crystal structure of [Mo;S,(Hox),(0x)(H,0),] has been determined;
each Mo atom bears a water molecule and a mono- or dianionic oxalate [483]. The
electrochemistry of [Mo,S,(u-OAc),(dtp),], where dtp=S,P(OEt),, has been investi-
gated [484].
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Much attention has again been given to the synthesis and study of molybdenum
chalcogenide clusters containing coinage metals, particularly Cu and Ag, and such
compounds have recently been reviewed [15j, 18]. The possible mechanisms for cluster
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construction during the solid state synthesis of such species have also been discussed
[485]. The solid state reaction between [MoOS,]*~, CuCl, PPh; and sodium
acetate gave [MoCu,08,(PPh,),] with a butterfly shaped core [486].

The reaction of [NEt,],[MoS,] with Ag(dtp) [dtp=S,P(O'Bu),] followed by PPh
5 gave [MoAg,S,(PPh,)(dtp)] (36). A similar species, [ MoCu;08;(PPh;);(dtp)], was
made from [MoOS;F~ and Cu(dtp) [dtp=S,P(OBu), in this case]. Both clusters
have open cubane structures with the dtp ligand acting as a bridge between three
metals [487]. The FAB mass spectra of [MoCu;OS;(PPh,)s(S,COEt)] and
[Mo,Cug0,S4(S'Bu),(PPh,),] have been analysed in attempts to follow the course
of cluster interconversion during reactions [488). The relationship between
cluster structure and non-linear optical properties has been explored for the three
series [MM3S,(PPh;),X ], [NBu,,[MM;0S,X;] and [NBu,;[MM;S,XX ] where
M=Mo, W; M’'=Cu, Ag; X=Cl, Br; and X'=C], Br, I, NCS [489]. The cluster
[NBu,];[MoCu,;08,(Br)I,] exhibits strong non-linear optical absorption and a large
self-defocusing refractive index change [490]. The optical properties of
[NBu,],[MoCu,;08,(NCS),] have also been examined [491].

4
PPhs o / Cu _]
S M \ ?u \C'
E§Moé ____S/ S Cu—"l"—'CI// /S\
s Cl
.../

PhaR _P(OR), cn\/vm Cu//Cu o
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Reaction of [NH,;[MoS,], NEt,Cl and CuCl in a 1:4:10 ratio gave
[NEt,),JMoS,Cu,,Cl,,] (37) in which CuCl units have been added to all six edges
and four faces of the MoS, tetrahedron; the reaction can be monitored by **Mo
NMR spectroscopy [492]. The reaction of [NEt,],lM00,S,}], Cul and NEt,Cl gave
[NEt,],{M0,0,S¢Cuglg], which contains two nest-shaped clusters linked through a
Cu(p-1),Cu bridge; reaction with py cleaves it into [MoOS;Cu;I(py)s]. The double
cluster exhibits strong non-linear optical properties [493].

The compounds [NEt,][M,Cu0,S;;] (38) and [M,Cu,0,S,;{Cu(tmeda)},]
(M=Mo, W) were formed from [MS,J*~, [MO,S,]>~ and Cu(NO3), and KBH,.
The structure of the first consists of two Cu,MOS, butterfly units joined through
MOS;, groups; the second contains the same basic unit, but is capped alternately up
and down on each corner of the ring by additional Cu(tmeda) moieties [494]. From
the reaction of [NH,],[MS,], [NH,),[MO,S,] and Cu(l) in dmf, the eicosanuclear
supercubane clusters [NEt,],{MgCu,;,0,S;5] (M=Mo, W) were isolated. A M(=0)
unit resides at each corner of the cube, and a Cu atom in the middle of each
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edge [495]. The non-linear optical properties of the related compound
[NBu,], [ MogCu,,0.S,,] have been investigated [496].

Two types of spectra were obtained in a Mo K-edge EXAFS study of black shales
and sediments with a high Mo content. The less common one was consistent with
MoS,, but the other showed a Mo=0 contact at around 1.7 A, Mo-S distances of
2.3-2.38 A, and in some cases a second shell Mo—Fe interaction. Similar spectra
were obtained from molybdate solutions containing humic acid, SH™, Fe(II) and
iron hydroxide, and a cubane-type MoFeS cluster was proposed to be present. A
scheme for Mo scavenging was put forward, emphasising its propensity to form
complexes with other metals via sulfide bridges [497].

PhS\F s %/le \_| >
eV
PhS\/\ /\35,\,,048A // \/
S/Fe\\ \o \
F —S Me cl” S

(39)

The reaction of [NH,,[MoS,], FeCl,, Fe powder, S powder, NaSPh and
NEt,Br in a 1:4:2:2:8:1 ratio in MeOH/dmf afforded a route to the new double
cubane cluster [NEt,];[Mo,FegSg(u-OMe);(SPh),Cl;] (39). The X-ray structure
revealed that ligand positions on Fe are disordered, each one being occupied by Cl
and SPh each with half occupancy. Two distinct Fe sites are observed in the
Madgssbauer spectrum, and it is proposed that one cube of each molecule contains
Fe(SPh) groups and the other FeCl groups [498]. Further details have appeared on
the reduction of hydrazine to ammonia by the cubane clusters {LMoFe;S,CL;]"~
(n=2, 3) in the presence of [CoCp,] and lutidinium hydrochloride. Clusters with
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L =0C,Cl,0, methyliminodiacetate, nta and thiodiglycolate all worked, but that
with L=citrate was most effective. The related [Fe,S,CL,}]*~ cluster was completely
inactive, and the reaction was inhibited by CO or PMe,, all of which suggests that
the Mo atom acts as the binding and reduction site. A mechanism was proposed in
which the carboxylate function of L acted as a proton delivery system. The same
clusters will also catalyse reduction of acetylene to ethylene [17,499,500]. The tem-
perature dependent magnetism of [MoFe,S,(dtc);] (dtc=S,CNMe,, S,CNC,H;) has
been studied and fitted to a spin coupling model [501].

The reactions of 1,3,5-triamino-1,3,5-trideoxy cis-inositol (taci) and its
1,3,5(dimethylamino) derivative (tdci) with the incomplete cubane [Mo4S,(H,0)]**
have been explored. The crystal structures of [Mo,S,(tdci);][Br],, in which the ligand
is N,0,0-bonded, and [Mo,S,L,]- 20H,0 were determined. In the latter compound,
the ligand L consists of a taci bonded as an anion through O™, N and N, in which
the uncoordinated amine groups have formed a Schiff base with acetone. The
reaction of the mixed cubane [CuMo;S,(H,0)0]** with tdci gave crystals of
[Mo;CuBrS,(tdci);][Br]; - 11H,O - EtOH. The preference of the Mo;S, core to coor-
dinate a nitrogen donor trans to the p;-S group was noted {502].

Spectroscopic, magnetic and structural investigations have been carried out on
the mixed valence clusters [Mo,Se,(edta),]*~ and [Mo,S,(H,0),,)°*. The 7’Se NMR
spectrum suggests a trapped Mo(IV)Mo(I1I); state, but this is not consistent with
the Mo NMR spectra or the NMR spectra of the analogous 2~ and 4~ clusters;
the multiple signals may instead arise from different coordination modes of the edta.
A model was proposed to explain the biphasic kinetics of substitution in
[Mo,S4(H,0)1,]°* [503].

The incorporation of additional metals into the incomplete cubane cluster
[Mo3S,(H,0),]* " continues to be a subject of interest [15f,15g]. Addition of Sn*
gave [SnMo,S,(H,0),]°" which in the presence of chloride yielded
[Mo;SnCl,(H,O)s? *, which was structurally characterised as its NH,Me; salt after
treatment with thiocyanate. Reduction of the single cubane gave the corner-sharing
double cube [MogSnSg(H,0),5]®", which could also be obtained by treating
[Mo;S,(H,0),]** with Sn metal; oxidation of the double cube with Fe** or
[Co(dipic),]” reformed the single cubane [504]. Combination of
[SnMo;S,(H,0),,]®* with [W;S,(H,0)]** and NaBH, gave the novel mixed double
cube [Mo;W;SnSg(H,0)51® " [505].

Treatment of [Mo;S,(H,0)s]** with Bi metal or with Bi(IIl) and NaBH, gave
[BiMogSg(H,0):5]®* which reverted to Bi*" and the incomplete cubane on oxidation
[506]. Attempted incorporation of thallium by reaction of [Mo3S,(H,0).]** with
TI metal or TICl and NaBH, gave a species thought to contain a TIMoS§™ core,
but it was thermally unstable and decomposed to TI(I) and a gas, presumably
hydrogen [507]. A similar synthetic procedure with Pb(II) and NaBH, or Pb metal
gave [PbMo¢Sg(H,0),5]%" [508]. A second group also claimed the successful incor-
poration of lead into the incomplete cubane by reaction with Pb powder or with
Pb(OAc), in the presence of NaBH, to give turquoise solutions, proposed to be
[PbMo,S,(H,0),.,,J**, which were rather unstable as attempts to grow crystals
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simply resulted in loss of Pb; the UV spectra of both compounds were identical,
and a later correction acknowledged that the product was in fact the double
cubane [509].

A one-pot synthesis of [NiM;S,(H,0),0]** (M=Mo, W) from [MS,]*~ has been
described. It involves reduction of the tetrathiometalate with Ni at 70 °C followed
by air oxidation to Mo;S}* and refluxing to achieve nickel incorporation [510]. The
compounds [NiM;S,(H,0),0]*" (M;=Mo,W, MoW,, W,} have been prepared
from [M;S,(H,0),]** and Ni metal. X-ray structures of the tosylate salts showed
that the Mo, W complex crystallised as a single cubane, but the others were double
cubanes [{M;NiS,(H,0)},]®*. These clusters react with ethylene to give
n-complexes in which the alkene is bound to Ni, as shown by the X-ray structures
of [M3NiS(n-C,H,) (H,0)]* ™ [511].

The kinetics of the substitution of the nickel-bound water molecule in
[NiMo,S,(H,0),0]** with a variety of incoming ligands (NCS~, Br—, I -, CO and
two water-soluble phosphines) have been investigated. The narrow spread of rate
constants observed suggests an I; mechanism. For [NiMo,(tacn)(H,0),]** no substi-
tution occurs at Ni, and a much slower reaction is observed at Mo. No substitution
at all by CO was detected on [Mo;S,(H,0))*, [M0,S,(H,0);,]°" or
[FeMo,S,(H,0),0]** [512]. The Kkinetics of the conversion of the double cubane
[Pd,Mo¢Ss(H,0)5)® " to [MosPd(X)(H,0)]**, where X=CO or a water-soluble
phosphine, have been monitored successfully by stopped-flow methods. With Cl~,
Br~ or NCS~, slower stages corresponding to substitution at Mo were also
observed [513].

The incomplete cubane [Mo;S,(H,0)]** and [NiMo;S,(H,0),C1]** have been
incorporated into zeolites NaY, HUSY and KL by ion exchange; UV-visible spectra
and EXAFS data indicate that the clusters remained intact. The resulting zeolites
showed good activity in the hydrodesulfurisation of benzothiophene, particularly
the Ni complex [514]. The cubane [PdMo;S,(tacn);Cl][PF,]; has been used as a
catalyst for the cyclisation of alkynoic acids to enol lactones [515].
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