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1. Introduction

This review surveys the coordination chemistry of molybdenum reported in 1995,
and follows the same format as those which covered 1992, 1993 and 1994 [1-3].
D evdwivanes have been located by a search of volumes 122, 123 and 124 of
Chemical Abstracts, together with use of the Current Contents and BIDS databases;
in addition, all the major inorganic chemistry journals have been examined individu-
ally. Where appropriate, late references from 1994 have also been included. The
review is restricted to coordination complexes, including carbonyls but excluding
organometallic 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. However one particularly notable achievement in this context
was the first crystal structure determination of an oxomolybdenum enzyme, specifi-
cally the aldehyde oxidoreductase from Desulfovibrio gigas, which confirmed the
presence of a pterin ligand coordinated through a dithiolene unit [4].

A large review on confacial bioctahedral complexes of molybdenum and tungsten
has been published [5]. Review articles have also appeared dealing with recent
advances in the chemistry of dinitrogen complexes, in particular the [Mo(N,),L,]
type [6], and the synthesis and reactivity of diazoalkane complexes [7]. Some
relevant material can also be found in reviews dealing with the mechanistic and
kinetic aspects of metal-dioxygen chemistry [8], with recent developments in early
transition metal porphyrin chemistry [9], and with complexes of selenolate and
tellurolate ligands [10], of pyridonate ligands [11], of phosphorus hydrazides [12].
and of CO,, CS; and COS [13]. An article proposing a new classification system
for covalent transition metal compounds is illustrated with examples largely drawn
from its author's own extensive work on molybdenum chemistry [ 14]. The coordina-
tion chemistry of V and Mo, especially with ligands of biological relevance such as
imidazoles, has been reviewed [15].

The book entitled “Early Transition Metal Clusters with z-Donor Ligands®,
edited by M.H. Chisholm [16], contains chapters on Mo oxide systems [16a].
chalcogenide clusters [16b], alkoxide clusters of Mo and W [16¢], and oxo clusters
incorporating either phosphate or phosphonate units [16d,16e]. A related review
has covered V and Mo oxo clusters incorporating oxygen donor ligands [17], and
the catalytic activity of anionic metal oxo clusters has also been surveyed [18).
Chisholm has also reviewed the chemistry of polynuclear metal alkoxides with
hydride ligands [19] and co-edited a Polvhedron *Symposium in Print’ on alkoxide
chemistry which contained a small amount of molybdenum chemistry [20].

The abstracts of the 7th International Conference on Bioinorganic Chemistry,
held in Lubeck in September 1995, were published in a special issue of J. fnorg.
Biochem.; this contained one lecture [21] and a number of abstracts [22] on molyb-
denum chemistry. A symposium on bioinorganic chemistry contained contributions
on molybdenum-sulfur chemistry {23] and molybdenum-copper antagonism [24].
Reviews of the synthesis of the FeMo cofuactor of nitrogenase [25] and the organo-
metallic chemistry of nitrogenase [26] have also appearcd, as well as one dealing
with molybdenum-sulfu: chemistry from the perspective of dinitrogen reduction
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[27]. A review of the deoxygenation of sulfoxides such as dmso also contained some
Mo chemistry [28].

An annual review of the coordination chemistry of Cr, Mo and W during 1994
has been published [29], as has a volume of the Gmelin handbook covering com-
pounds of Mo with Se, Te and Po [30].

2. Molybdenum(VI)
2.1. Complexes with nitrogen donor ligands

Alkylation of the nitrido complex [Mo(N)(O'Bu),] with mesityl Grignard,
MesMgBr, produced [Mo(N)Mes;]; in contrast to the previously reported
[Mo(N)(CH4Bu),] which was presumed to be polymeric, the mesityl analogue is
monomeric, displaying a pyramidal geometry with a Mo=N bond length of
1.649(4) A. The related [Mo(N)(CcH,CH,NMe,),(O'Bu)] (1), which is distorted
octahedral, was obtained in a similar fashion [31]. The cyclic complex (2) resulted
from the reaction of PhS(=0)N(SiMe;), with [Mo(=NCIl)Cl,] in MeCN [32].
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The readily available complexes |Mo(NR),Cly(dme)] continue to provide a
convenient entry into  Mo(Vl) imido chemistry. The reaction of
[Mo(NR),Cly(dme)] (R = 2,6-CoHyPry, 'Bu, or adamantyl) with two equivalents
of EtMgBr or PrMgBr in  the presence of PMe;  gave
[MOo(NR)y(PMe;),(n-CH,=CHR)): the alkene ligand can be exchanged for an
alkyne [33]. When R =2,6-C,H}Pr,, the propene complex loses the alkene ligand
spontaneously at room temperature to afford four-coordinate [Mo(NR),(PMe;),].
which is also accessible by reduction of the starting material with Mg. In the case
of R ="'Bu, however, such a reduction produced [{ Mo(N'Bu)(PMe;)(1-N'Bu)},)
[34].

Attempts to prepare a complex of the [Mo(NR),Cly(dme)] type from the
new amine (F;C),MeCNH, met with failure, though [MoO(NR)Cly(py),] could
be made and  converted into  the mixed imido complex
[Mo(NR)(NAr)Cly(py),] (Ar=2,6-CoHiPr,) by treatment with ArNH, [35] The
hcts.rodmuclcdr Lomplc,xw [L'L*Rh(y-CsH,CH,CsH )Mo(NR),Cl ] (L‘ =12 =CO
or =PPry, L2=y-C,Phy; R='"Bu or Mes) result from the reaction of
[Mo(NR)ZClz(dme)] with the Li or Tl salt of the rhedium-containing cyclopentadi-
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ene [36]. The complex [Mo(N'Bu),Cl,] and its Cr analogue have been used as Lewis
acid catalysts in the ring-opening of epoxides such as styrene oxide by Me;SiN; [37].

A careful study of the reaction of [Mo(NR),Cly(thf),] (R =2,6-C¢H3Pr,) with
two equivalents of LiNHR in thf has revealed that the primary kinetic product is
the tris-imido anion [Li(thf)J[MoCI(NR);], which, under most conditions, reacts
further with the RNH, by-product to give the isolated thermodynamic product,
[Mo(NR),(NHR),]. The anion was also found to react with MeLi to give
[MoMe(NR);]~, with cyclopentadiene to give [CpMo(NR),(NHR)], and with
PMe, to give neutral [Mo(NR);(PMe;)] which in turn produced the trigonal bipyra-
midal cycloaddition product (3) on treatment with PANCO [38,39].

PMe,

3

The reaction of [Mo(NR),(O'Bu),] (R =2,6-C,H}Pr,) with calix-4-arene (HyL")
in MeCN gave the novel complex [Mo(NR)(NCMe)(L')] (4) with loss of 2
‘BuOH and RNH,;; the imido ligand and a coordinated acetonitrile occupy trans
positions in an octahedral structure, with the four calixarene oxygen atoms in the
equatorial plane. In a similar way, reaction with calix-8-arene (HgyL?) gave
[{ Mo(NR)(NCMe)} (L) [40].

The complex [{{HBpzy)Mo(O)(NR)} »(1-0)] (R = 2,6-C H'Pr,) has been struc-
turally characterized. 1ts mode of formation involves reaction of the alkylidene
complex [Mo(==CHCMe,Ph){ NR )(OTY).{dme)] with KHBpz,, followed by hydrol-
ysis on wet alumina to give [{( HBpz,)Mo(O)(NR){CH,CMe,Ph)]; crystallization
of this complex for structure determination also gave a single crystal of the oxo
dimer [41]). The synthesis of a range of compounds of the general
type [(HBpz{)MoO,X] where X=Cl, Br, NCS, OMe, OEi, OPh, S'Pr,
SCH,Ph, and SPh, has been described; similar compounds were prepared
with  the  tris(3-isopropylpyrazolyl)borate  ligand and  with  the
tris(3,5-dimethyl-1,2.4-triazolyl ) borate ligand, and one example with each tridentate
ligand was structurally characterized. By tuning the properties of the complex,
reduction to a Mo(V) anion, [(HBpz$)Mo0,X] . can be facilitated, protonation
of which occurs at one of the oxo ligands to yield [( HBpz})Mo(O)(OH )X [42].

2.2, Complexes with oxyvgen donor ligands

T‘he influence of scalar relativistic eflects on 'O NMR chemical shifts in a range
of metal tetraoxides, [MO,)" ", including [MoO,}*". has been probed by ab initio
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calculations [43]. Molecular mechanics calculations have been employed to predict
the geometries of a range of dioxo and di-imido complexes of Cr, Mo, Re and Os
with d° d! and d? electron counts [44]. The X-ray structure of molybdate as its
protonated tren salt, [N(CH,CH,NH;),],{M00,];.6H,0, has been determined and
shows a strong hydrogen bonded network linking anions and cations [45]. The effect
of resorcinol and pyrogallol on the electrochemical reduction of suluric acid solu-
tions of Mo(VI), ultimately to Mo(1II), has been investigated [46].

Complex formation between molybdate and mandelate, P\CH(OH )COO~, has
been studied in aqueous solution over the pH range 1.5-7.5 by potentiometric,
spectrophotometric and enthalpimetric titration; the results indicate the presence of
one major species, identified as [MoO,(man),]*~, and several minor ones [47]. A
similar study of the interaction of molybdate and benzilic acid, Ph,C(OH)CO,H,
over the pH range 2-7 showed the formation of two complexes, one of which was
proposed to be a dinuclear 2:2 species; the other was isolated and identified crystallo-
graphically as [NH,],[M0O,(0,CCPh,0),] - 2H,0 [48]. Complex formation between
molybdate and citrate has been studied over the pH range 1.0-9.0, and revealed a
more complicated system involving a series of complexes [49]. A 1:1 species was
postulated in a spectrophotometric study of complex formation between molybdate
and aspartate [50]. The reducing ability of a range of sugars and glycols towards
Mo (V1) in aqueous acid has been investigated [51].

Complexes of the type [MoO,L,}*~ where H,L=2,3- or 3,4-dihydroxybenzoic
acid have been prepared from molybdate and the free acid; the ligand is coordinated
as a catecholate, as shown in (§) [52]. Complexes containing the protected sugar
diacetone glucose (1,2,5,6-diisopropylidene glucose, HL) of the type [MoOL,] and
[MoO,L,] can be made from LiL. and [MoOC1,] or [M0oQ,Cl,]. The X-ray structure
of [MoO;,L.;] shows that the ligands are didentate and utilize one of the ketal groups
for coordination; addition of Lewis bases to these complexes gave [MoOL(py)l
and [MoQO;L,(phen)] respectively [53]. The incompletely condensed silsesquioxanes
R,Si;04(08iMe3)(OH ), (R = Cy, ¢-CsHy), after deprotonation with thallium ethox-
ide, react with [MoO,Cl,] to afford the complexes [( R,Si-Oy(O8iMe;)MoO,), which
form monoadducts (6) with Lewis bases such as py or Ph,PO [54]. Anodic oxidation
of rhenium metal in a methanolic solution of [MoO(OMe),] in the presence of LiCl
electrolyte, followed by hexane extraction, gave the mixed-metal alkoxide
[ReMo0O,(0OMe),], which consists of two M(0)(OMe)s octahedra sharing a face;
the metal sites are disordersd in the crystal structure [55]. The hindered rotation of
the oximate ligand in the complexes [MoOF (ON=CMeR)] *, where R =Me or Et,
has been studied by multinuclear NMR spectroscopic methods [56].

The chemistry and application of molybdenum peroxo complexes continue to
atiract attention. The rcaction of Na,Mo00,.2H,0 with H,0, has been studied by
Mo NMR spectroscopy in D,O solution, allowing the identification of mono-, di-,
tri- and tetra-peroxo complexes: for comparison the spectrum of tetraperoxomolyb-
date, Na,{Mo(0O,),], was also recorded. The triperoxo species [MoO(O,),}* = was
suggested as the source of the singlet oxygen which is generated quantitatively during
the reaction [57].

The kinetics of the oxidation of S-phenylmercaptoacetic acid by perborate,
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catalysed by Mo(VI), suggest a dimeric peroxo complex to be the active species
[58]. The Mo(VI)-catalysed perborate oxidation of iodide has also been studied
[59], and the effects of temperature and pressure on the Mo(VI)-catalysed clock
reaction of iodide, bromate and ascorbic acid have been examined [60]. The bromina-
tion of phenols and other arenes with a system of KBr in H,0, is catalysed by
Mo( V1) species; [M0,03(0,),]*> ", which was synthesized independently, was pro-
posed to be the most likely active ingredient [61]. A related study compared the
performance of sodium tungstate, ammonium molybdate and ammonium vanadate
in a similar reaction [62]. The oxidation of NO in aqueous solution by complexes
of the type K,[Mo0O(0,),(L)] where L is a dicarboxylate such as glycerate, malate
or citrate, has been investigated [63].

The reaction of [MoO,(Mes),] with [P1(O,)( PPh,),] causes transfer of the peroxo
ligand to Mo and formation of a species formulated as [PPh,];{ M0,04(05)]. which
epoxidizes TCNE at a rate approximately 10* times greater than conventional
[MoO(0,),(hmpa)] [64]. The rteaction of [MoO,(Mes),] with isonitriles RNC
(R="'Bu, Cy, PhCH,) produced three compounds: two of these were organic,
Mes,C=NR and MesCONHR, but the third was the unusual Mo(V) dimer
[{ MoO(Mes) (n2-CMes=NR)} ,( 4-0)]. the first oxo-iminoacyl complex [65]. The
new Mo( V1) alkyls [MoO,R,(bpy)] where R =CH,CH,Ph or CH,CH -4-Me have
also been reported [66].

Molybdenum peroxo complexes with substituted 3-pyrazolylpyridine ligands such
as (7) have been prepared. In some cases, alkene functionalities were incorporated
(R=CH,CH=CH, or CH,CH,CH=CH,): an X-ray structure determination of
the first of these showed that the pyridine ligand was in the equatorial plane and
the pyrazole axial, though a second isomer (presumably with the coordination
interchanged) was present in solution [67]. In another study. the complex with
R =CgH;; was prepared for increased solubility and used to epoxidize alkenes in
hydrocarbon solution [68]. Oxidation of 2-diphenylphosphinoyl-N, N-dimethylani-
line with H,0, in the presence of [M00O(0,),(H,0),] occurred with coordination of
the resulting N-oxide ligand to give (8) [69]. The complex [MoO(0,),(L)(H,0)]
where L=urea has also been prepared, whereas N-acetyl-N-methy! urea acted
as a didentate ligand in [MoO(O,),(L)] [70]. The monoperoxo species
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[MoO(O,)L (L")} where HL = phthalimide or succinimide and L’= bpy or phen have
also been reported [71].

O—|l—=0
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The catalytic oxidation of amines to amine oxides using H,0, and a catalyst of
either [X04{MO(0,),} P~ (X=P, As; M =Mo, W) or [M,0;(0,),]*~ has been
explored [72]. The same group have reported the synthesis of
[NMe,LI[(RPO;){ M00O(05),} :{ MoO(0,),(H,0)}] (R =Ph, Me, Et, Bu, 'Bu) from
Mo0O;: H,0, H,0,, RPO(OH), and NMe,Cl in a water-ethanol solvent mixture.
The structure of the complex with R =Ph, determined crystallographically and
depicted as (9), reveals the presence of two %, n!-bridging peroxy groups [73].

o]
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Three different types of calculation have been employed in a theoretical study
of model oxygen atom transfer reactions from hypothetical species such
as Hy;Mo=0, H,Mo=0 and MoO,(NH;),(SH), to phosphines [74]. The
reaction of [PPh,[MoO,(NCS),] with 4.4-'Bu,bpy afforded neutral
[MoO,(NCS),('Bu,bpy)], which proved to have exceptional O-atom transfer proper-
ties: not only will it oxidize phosphines efficiently, but will also oxidize arylalkanes,
for example tetralin to tetralone, either thermally or photochemically. The related
complex [MoO,Br,(‘Bu,bpy)] also proved effective [75].

The catalytic reduction of nitrobenzene to aniline by PhSH in the presence of
Amberlite resin as a proton source has been achieved with a system consisting of
the thiobenzilate complex [ MoO,(O,CCPh,S),}*~ intercalated into a Zn(11)-Al(1IT)
layered double hydroxide in order to stop conproportionation of the
Mo(VI)-Mo(1V) catalyst system to inactive Mo(V) species. The reaction is pre-
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sumed to proceed by reduction to the Mo(1V) species [MoO,(O,CCPh,S),]*~ with
concomitant formation of PhSSPh, followed by oxygen atom transfer from
PhNO, to the Mo(IV) centre to give PANO, which is then reduced to aniline via
PhNHOH [76]. In a similar way, intercalation allows catalytic oxidation of thiols
to disulfides by O,, whereas this reaction only occurs stoichiometrically in free
solution [77]. The electrochemical reduction of nitrite to ammonium ions in the
presence of [MoO,(0,CCPh,S),]*~ has been observed both when the complex is
immobilized on a membrane and in solution [78]. A theoretical study of the complex
[M00,(0,CCH,S),}>~ and the related Mo(V) species [MoO(O,CCH,S),]~ has led
to geometry optimization and comparison with the published crystal structure of
the thiobenzilate [79]. The crystal structure of [NHEt;],{MoOy(O,CCH,S),l.
formed from [MoOs,(acac),] and 2-mercaptobenzoic acid, has been determined
[80], as has that of  the analogous hydrazide species
[NHE1;];]MoO(NNPh,)(0,CC¢H,S),] made from [MoO(NNPh,)(acac),] [81].

Two groups have synthesized complexes of dihydropterin ligands by reacting
precursors such as [MoO,Cl;] and [MoO,(acac),] with tetrahydropterin hydro-
chloride. A typical example of a [MoOC]ly(pterin)] complex is shown as (10), and
it provides a functional as well as structural model for the dmso reductase enzyme
in that it can reduce dmso to dimethyl sulfide. The dinuclear species
[M0,0,Cly(pterin),] - 4dmf was also prepared and structurally characterized; in
methanol it dissociates into mononuclear units. Because of the quinonoid nature of
the ligand, the exact oxidation state of the Mo atom is hard to define; however
Hiickel molecular orbital calculations suggest an oxidation state of between § and
6 for the metal, indicating that a Mo(VI)-H,L description is perhaps more valid
than the Mo(1V)-H,L picture previously favoured. This in turn implics that the
synthetic reaction does not involve a redox process [82,83].

NH

(10

The electrochemistry of [MoO,Cl,] at a Pt electrode has been studied, and displays
a one-clectron reduction to a radical anion which reacts with further Mo( V1)
complex to give a mixed Mo( V1) -Mo( V) species. which itself can be either oxidized
or reduced. Some evidence of partial dissociation to [MoQ,)**, [MoO,CL)} and
[MoGyChy]  ions was observed oo [84]. The synthesis of [MoQ,Cli(dmso),)
and its oxygen atom transfer reaction with PPh; has been developed as a
small-scale teaching experiment [85). The complex [MoQ,Cl,L,] where
L = bis{ I-phenyltetrazolin-3-yl) disulfide has been reported [86)].
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Complexes of the type [MoO,Cli,(L)] where L is a f-kctophosphonate derived
from camphor have been prepared and tested as catalysts for alkene epoxidation
with '‘BuOOH. Although very fast initial rates are observed (400 turnovers per
minute), these slow as the ligand is replaced by diols from the reaction mixture. The
fast phase can be extended by the presence of molecular sieves, and this allowed the
epoxidation of styrene with 98% conversion and 94% selectivity [87]. Molybdate
units have also been anchored to polymer supports through Schiff’s base linkages
and used as alkene epoxidation catalysts [88,89]. Attachment of Mo (V1) species to
polystyrene resins functionalized with imidazole or pyridine units l=d to catalysts
which were particularly active for cyclohexene epoxidation with ‘BuOOH and did
not require pre-treatment with the oxidant [90]. The same species immobilized on
polybenzimidazole resins also gave good activity, and the catalysts could be recycled
with no loss of metal content, though with some loss of activity [91].

The preparation of the useful starting material [MoO,(acac),] has been adapted
as a microscale laboratory experiment [92]. Numerous complexes of the MoO3*
unit containing Schiff’s base ligands have been prepared, mostly from
[MoO,(acac),]. For uninegative ligands (from HL), they usually take the form
[MoO,L,] or [Mo0,0sL,], and for dianionic ones (from H,L) they tend to be
[MoQ,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.

Full details have appeared of the complex [MoO,(L)(MeOH )], where H,L is the
Schifl's base derived from S-substituted salicylaldchydes and the amines
H,NCR(CH,0H), (R=Me, Et). One of these reacted with cupric acetate in
MeOH/MeCN to give a complex formulated as [Cu,Mo,0,4(L),(OMe),}, which on
heating in MeCN with bpy produced [CuMo,04(L)y(bpy),] containing a Mo,Of
unit bound to a Cu(bpy):' fragment [104]. The Schifl’s base complexes
[MoO,(OC H,N=CRCH 0)(hmpa)] (R=H. Me. Ph) have been treated with
substituted hydrazines. When R = Me, reaction with Me,NNH, unexpectedly pro-
duced [Mo(NNMe,)(OC H N - CMeC HONOCH NH)] (11) which presumably
arose through degradation of the ligand: by using a mixture of the hydrazine and
2-aminophenol. analogous complexes could be prepared for a range of hydrazines
[ 105].

ffMGg

0,
%«. l

(1)

Complexes of the type [MoO,(L)] have also been made from
H,L = 1-(2-hydroxyphenylazo)-2-hydroxynapthalene: they coordinate Lewis bases
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Table 1

Dioxomolybdenum ( VI) complexes with Schiff’s base ligands

Carbony! compous Amine Complex type Reference

Salicylaldehyde 2-aminothiophenol {MoQO,(L){(dmso)] [93]

Salicylaldehyde p-anisidine [MoO,L,][MoO,(H,L)] or [94]
p-toluidine [Mo,0,4(L)(OMe),]

m-phenetidine
o, m, p-phenylene diamine

Salicylaldehyde Benzoylhydrazide {MoO,(L)(MecOH)] [95]
Benzoylacctone Thiobenzoylthydrazide [{MoO;(L)(O=PPh;)]

2-aminophenol

Benzoylhydrazide
Salicylaldehyde Isonicotinic hydrazide [MoOy(L)Y(McOH )] [90]
Benzoylacetone Naphthoylhydrazide {MoO,{ L)Y(McOH)] [97]

[MoOy(L){(dmso)]
[MoO.(L)(py)] etc.

2-acetylthiophene Semicarbazide [MoO,(L)] [98-100]
2-acetylpyridine Thiosemicarbazide
2-formylthiophene 2-aminothiophenol
2-formylpyridine
4-COR-3-Me-1-Ph-5- 4-aminoantipyrine [MoO,L.} [101]
pyrazolin-5-one
(R = Me, Et, Ph)
Methylenebis(salicyl- Benzoylhydrazide [1Mo0Q,},L], {102}
aldehyde) p-nitrobenzoylhydrazide [{ MoOs{ py)} L]
Dithiobis(salicylaldehyde) {1 MoO,(Him)!,L)
Methylenebis(salicyl- Semethyldithiocarbazate [1 MoO,),L), {103]
aldehyd=) S-benzyldithiocarbazate

Dithiobis(salicylaldehyde)

such as dmso, dmf, hmpa or 4-picoline [106]. The complex [MoO,L,} where HL =
benzoyl mi-nitroacetanilide has also been reported {107). Whereas the macrocycle
tmtag  (Hytmtaa =35,7,12,14-tetramethyldibenzo-1.4,8, 1 I -tetraazacyclotetradecine)
reacted with [Mo(CO),(pip),] to give the known [Mo(CO),(H,L)]. which contains
a rearranged didentate ligand, the related 6,13-di-p-tolyltetraazaannulene reacted to
give [MoO,(L)] after oxidation during crystallization [108].

2.3. Complexes with sulfur donor ligandy

The use of [PhCH,NE,},[MoS,] as a reagent in organic chemistry is a growing
area. The reductive dimerization of RSCN in the presence of [MoS,}* ~ affords
RSSR in around 90% yield [109]. Deoxygenation of nitrones and N-oxides to the
corresponding imines or amines also occurred in good yield, whereas sulfoxides and
azoxybenzenes were unaffected [1101. The conversion of chloroiminium salts,
obtained from the reaction of amides or lactams with oxaloy! chloride or POCI,,
into the corresponding thioamides and thiolactams has also been described [111).

The preparation of nickel salts with tetrathiomolybdate anions has been reported,
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including [Ni(en);][MoS,], [Ni(dien),][MoS,], and [Ni(phen),][MoS,] [112]. The
thermal decomposition of [NH,,[MoS,]. as well as [NH,,[MoxS,)] and
[NH_},[Mo;S,;]. has been studied by thermogravimetry; in the first two cases, the
ultimate product is MoS; [113]. A method for the determination of Mo in aqueous
solutions of [MoS,j*~ by atomic absorption spectroscopy has been developed [114].
The deposition of [MoS,}]*~ onto the Cu,O layer present on a copper surface has
been shown to lead to the formation of films which contain Mo-S—Cu bonds, as
demonstrated by a variety of techniques including FTIR, XPS and AES [115], [116].

Degradation of unsymmetrical 1,3-dithiol-2-ones with NaOE! {oilowed by coordi-
nation to Mo with Na,Mo00O,2H,0 afforded the tris-dithiolene species
[Mo(SCR'=CR?2S),;] (R'=H, R?=Ph, p-tol, p-C;H,OMe; R!=Ph, R2=Ph,
p-CsH OMe); the products undergo two quasi-reversible electrochemical reductions
[117]). New dithiolene ligands have also been made from the Diels-Alder adduct of
2.3-bis(benzylthio)-1.4-dichloro-5,5-dimethoxycyclopentadiene with norbornadiene,
and complexed to Mo(VI) as (12) [118]. The new tripodal ligand
1,3.5-CH;3-{ NHCOCH;3(SH ), } ; has been prepared; it reacts with [MoQOs(acac),]
to afford the encapsulated tris-dithiolene complex [MoL] [119].

4

(12)

The resonance Raman spectra of |PPhyll MoOs(SCgHy),). its SCoH3MeS ana-
logue, and [PPh,],] MoO,(mnt),]- 2MeOH [mnt = S$,C,(CN) | have been recorded;
two bands are observed for symmetric and asymmetric stretching of the MoO, unit,
at 885-858 cm ! and 851-835cm ! respectively; some vibronic coupling with an
excited state was observed in the symmetric portion. The corresponding Mo(1V)
complexes [MoO(SCeH,S),)*~ and [MoO(mnt),}*~ were also studied [120].
Sellmann has reported the preparation of substituted S4 ligands by the template
alkylation of [Ni(SCyH,S),)>" with BrCHRCH,Br: the ligand with R =Me was
complexed to [MoQO,(acac),] to yield [MoO,(MeS4)] (13) [121]. o

The Mo NMR chemical shifts of [MoO,(S,CNR3),] (R =Me, Et. 'Pr, 'Bu, Ph,
CH,Ph) vary between 151 and 216 ppm, and show a good correlation with
the rate of oxygen atom transfer to PPh, [122]. The convenient prepar-
ation  of  [MoO,(dtc),] (dic=S,CNEt,), and from it [MoOf{dic),,
[Mo,05(dtc),]. [MoOCl,(dic),] and [MoO(S,)(dtc),), has been adapted as an under-
graduate teaching experiment [ 123]. The reactions of chlorosilanes with a variety of
dioxo molybdenum complexes have been explored. With  Me,SiCl,
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[Mo0O,(dtc),] (dtc=S,CNEt,) afforded [MoOCl,(dtc),] and O(SiMe;),, but with
‘BuSiMe,Cl the reaction was slower, enabling the isolation of a new species,
[(dtc);MoO(Cl)(u-O)MoO(Cl)(dtc),] [124].

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

A procedure for the solid state synthesis of MoS, from MoCl; and Na,S has been
published [125] and the metathesis reaction between MoClg and hydrazine in MeCN
or thf solution has been explored as a possible route to the nitride Mo,N. The same
paper also contained details of the interaction of MoCls with these solvents [126].
The formation of complexes on dissolution of MoCls or [MoOCl,] in dmf has been
studied by ESR and IR spectroscopic methods [127]. The polymerization of thioal-
kynes PhSC=CR (R =alkyl) by a catalyst system of MoCl; and Ph,;SiH has been
reported [128], and the reductive cyclization of 2-nitrobenzaldehyde or 2-nitrophenyl
ketones with formamide to give quinazaline derivatives has been achieved with
MoCl; and [PdCl,(PPh,),] under an atmosphere of CO [129].

The compound [Cl,(0O)Mo(u-OEt),( u-EtOH )Mo(0)Cl,), formed from MoCls
and EtOH in chloroform, reacted with SbF; to give a low yield of
[M0yOgCl( 13-0)4(OH )3 11-OH ) i 1i-OEL) ( EtOH ),}. which contains two layers of
Mo, units in a structure reminiscent of that of rutile-like MoO, [130]. The reaction
of MoCl; with two equivalents of phenols ArOH (Ar=C H,-4-R where R ='Bu or
OMe, and C H,:-2,6-'Buy-4-OMe) in  CCl, affords dimeric  complexes
[{MoCl3(OAr),} ] [131]).

The salts [Mg(thf )] MoOCI;] and [Mg,( j=Cl)(thf )] MoOC1L(th')] have been
studied electrochemically [132]. Salts of [MoOCLJ? = have also been prepared with
diprotonated 15-crown-5 and Kryptofix-22 as counterions [133). The reaction of
MoO, with 2-(2-pyridyl )benzothiazole and HBr afforded initially [H,L][MoOBr],
which was then converted into [Mo7:ir (L), [Mo,0,Bry(L),, and
[Mo,0,Br,(L),] [134).

The reaction of elemental selenium with [MoOC,] in a sealed tube at 190°C gave
crystals of [Se,t MoOCl,},] which consists of planar Sei* cations and dimeric
[{Mo,0Cly(u-C1)},]*~ anions {135). The crystal structure of [PPN])[MoOCI,]
has been determined at low temperature [136] and the salt [BEDT-
TTF][MoOCI(H,0)] has also been structurally characterized, showing chains
of hydrogen-bonded anions between ribbons of cdge-linked TTF molecules [137].

Attempts to prepae [MoBr(CO)(PCy,),] led instead to the isolation of
[HPCy,;)[MoOBr,(L)] where i.=0=PCy, or H,0; the phosphine oxide complex
was absorbed into sodium montmorillonite with elimination of NaBr, leading to a
new material with expanded layers. The Mo(V1) complex [MoO,Bry,(0=PCy,),]
was also obtained and crystallographically characterized [138]. Air oxidation of
{PPh,}s[Mo,l,,] afforded [PPh,)[MoOIL], the first time that a base-free version of
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this complex had been obtained and structurally characterized, thus completing
the series of [MoOX,]~ compounds [139]. Oxidation of the alkylidyne
complex [LMo(=Ctol)(CO),], where L is the tridentate Kidui ligand
[CpCo{P(O)(O'Pr),};]". with elemental dibromine produced the Mo(V) species
[LMoBr,] [140].

The kinetics of the oxidation of [RuO,]*~ by [Mo(CN)g]*~ were examined as
part of a study to find the self-exchange rate for the [RuO,J*~ /[RuQ,]~ couple
[141]. A stopped-flow kinetic study of the oxidation of the Re(IV) dimer
[(ox),Re (u-O),Re (0x),]*~ to Re (VII) species by a variety of reagents, including
[Mo(CN)® ™, has also been reported [142].

3.2. Complexes with nitrogen donor ligands

The nitrido porphyrin complex [Mo(N)(TPP)] underwent alkylation with Mel
to afford the imido derivative [Mo(=NMe)(TPP)(H,0)](1;] [143]. It also forms
adducts with BF; and with M(CO); fragments (M = Mo, W), and reacts with sulfur
to give the thionitrosyl complex [( TPP)Mo(NS)]. Under more forcing conditions it
will also form an adduct with Lewis bases such as PBu; [144]. Efficient, irreversible
oxygen atom transfer occurred between [(TPP)MoO(u-O)MoO(TPP)] and
[Cr(TPP)] to afford [MoO(TPP)] and [CrO(TPP)}, or if excess chromium porphyrin
is present, [(TPP)Cr(u-O)Cr(TPP)] [145]. The electron spin lattice relaxation
rates of [MoO(X)(TTP)] (X=Cl, OH, OEt) have been measured at variable
temperatures in a study of the temperature and orientation dependence of the ESR
spectrum  [146].  The complex [MoO(Cl)(por)] where Hypor s
tetrakis(4-dodecylphenyl ) porphyrin, has been prepared and its liquid crystal proper-
ties investigated [147]. The Kinetics of the reduction of [MoO(CLH(TPP)] to
[MoO(TPP)] by superoxide have been investigated in dmso and a CH,Cly/dmso
mixture, with a series of intermediates being postulated [148], [149]. and the
kinetics of the reduction and demetalation of [MoO(OH )(por)], where
H,por = tetrakis p-sulfonatophenyl )porphyrin, by ascorbic acid have also been
studied [150].

A number of papers deal with complexes of the HBpz§ (i.c. Tp*) ligand, denoted
for this paragraph by L. The preparation of [LMoOX,] (X =F, Cl, Br) by treatment
of [LMoO(OMe),] with HX has been described, together with their electrochemical
and redox properties [ 151]. Refluxing the complex [LMoO(OCH,CH,0)] in toluene
with various catechols led to complexes [LMoO(cat)], which were characterized by
their ESR spectra and electrochemical properties (all show a quasi-reversible one-
electron reduction). The HOMO in these complexes is the metal d,, orbital which
does not interact to any great extent with the catecholate ligand: consequently the
ESR spectra are hardly affected by substituents on the catecholate ligand, whereas
the redox potential is affected [152]. Further details have appeared of the complexes
[LMoO{cat-PFe(B),}]Cl (B=HIm, N-Melm, dmap) in which the catecholate ligand
is one substituent of a tetratolyl porphyrin bound to an iron centre. The interaction
between the two paramagnetic centres was studied, as was the hindered rotation of
one of the axial ligands on iron caused by the presence of the Mo substituent [153].
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The interaction between the Mo(V) centre and a phosphorus nucleus has been
studied by ESR spectroscopy in the diphenylphosphate-substituted complex
[LMoO{0,C¢H;-3-OPO(OPh),}] and its 4-isomer, and is detectable up to distances
of 7-8 A [154).

A range of related complexes have been prepared for the analogous
uncharged ligand CHpz§. Treatment of MoCl; with the ligand in
thf gave [(CHpz¥)MoOCLJ[Cl], which on standing converted into
[(CHpz¥)MoO(1t-0),M00Cl,]). Compounds of the type [(CHpz})Mo(cat)]* and
[(CHpz$)Mo(SCH,CH,S)]" were also produced [153].

3.3. Complexes with oxygen or sulfur donor ligands

A review of the synthesis, structure and stereochemistry of dinuclear Mo(V) and
W(V) complexes of the type [M,Cs(u-E)(u-E')(L)J" where E, E'=0 or S, and L=
edta or pdta (n=2-) or N,N, N',N'-tetrakis(2-pyridylmethyl) ethylene diamine (n=
2 +) has been published [156]. The latter, and its propylene diamine analogue, have
been made by treating [MoOCI)>~ with L and were crystallized either as
[MoOCl,]~ or perchlorate salts respectively [157]). The crystal structure of
Na,[Mo0,0,(edta)] - 4H,0 has been determined [158], and this compound has been
identified as the product of photolysis of solutions of molybdate and Hedta 1159].

The species [NH:]:[M0,0(OH ), (H,0),], made by reducing molybdate with
hydrazine hydrate, has been used as the starting material for the preparation of
dinuclear complexes with carboxylate ligands such as oxalate [160]. Similarly, com-
plexes of the type [M0,0,(H,0),(L)] were produced by the reaction of dicarboxylate
ligands H,L=RCH(SCH,CO,H), where R=Pr, Ph, CiH,, elc. with
[Mo,0,(H,0),)** 1161]. This same aqua complex catalyses the oxidation of bromide
by chlorate; a kinetic study proposed a rate-determining step involving an intermedi-
ate such as [Mo,0,(H,0)(Br)(OH)] [162]. Extraction of [M0,0,)** with 2-methyl-
S-octyloxymethyl-t-quinolinol ( HL) occurs as a complex [Mo,0,L,) [163].

Tridentate Schiff’s base ligand derived from salicylaldehyde and 2-aminophenol
(H,L, and various substituted analogues) have been incorporated into Mo(V)
complexes both as mononuclear systems of the type [MoOCIy(L)]™ [164] and
dinuclear ones of the type [Mo,0L,] and [M0,0;L,(H,0),): similar compounds
were  prepared from the condensation product of salicylaldehyde with
2-aminopyridine [165]). Complexes {MoO(NCS),(L)]~ (from H,L) and [MoOCI,L}
(from HL) were also prepared from the related Schiff’s base ligands S-alkyl-3-
(2-hydroxyphenyl )methyleniedithiocarbazate and S-alkyl-3-(2-pyridy! ymethylenedithio-
carbazaterespectively {166,167]. Air oxidation of [MoCl,(CO)y(PPh,C oHsNH))
afforded the Mo(V) complex [{ MoOCHL{O=PPh,C,oH,;sNH)},(2-0)] which was
structurally characterized; the ligand is derived from camphor [168).

Heating [MoO,(dtc),] (dic=85,CNEt,) or [M0,0;(p-E)dtc),] (E=0, S) with
isocyanates RNCO gave a range of complexes depending on the identity of R and
the reagent ratio; a summary of the transformations is shown in Scheme 1 [169]. In
the case of R =o-tol, the tetraimido complex [Mo,(NR),{(dtc),] was formed, which
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in solution exists as a mixture of rotamers due to hindered rotation around the
N-aryl bond [170].
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Scheme 1.

The dinuclear imido complex [Mo,y(NAr),{S,P(OEL),}(4-S),(1-0,CMe)]~
(R =2,6-C H;Me;,) reacts with halogens to give complexes with bridging halosulfide
ligands, either u-SX or u-SX;, which are polymeric in the solid state (through charge
transfer interactions with neighbouring u-S) but which depolymerize in solution.
Photolysis of the x-Sl complex results in the formation of disulfide bridges between
the dinuclear units [171). The same starting complex reacts with NO* (or NOCI,
NO; or organic nitrites) at the bridging sulfido ligand to give products with a u-
SNO group. These in turn are very reactive and undergo nitrosyl migration processes,
leading to oxo-for-imido exchange and ultimately decomposition [172].

The mononuclear Mo(V) species [NEt,][MoO{SCyH3(SiPh;)S},] has been pre-
pared from the bulky dithiolate ligand 3-triphenylsilylbenzenedithiol; it can be
oxidized to the dinuclear Mo(VI) compound [{ MoO,(SCeH;(SiPh,)S)}»(u-0))2~
{173]. The complex [Mo(SCH,0);]", derived from o-hydroxythiophenol, has been
prepared, as well as adducts with molybdenum carbonyl fragments such as
[M05(CO)5(SCeH,0)3)°~ and [Mo3(CO)+(SCeH,0),)2 [174]. The dinuclear species
[Mo,0;(u-S)L,}*~ where H,L = 2-mercaptobenzoic acid has also been synthesized
[175].

The reaction of { Mo(dtc),} (dtc =S,CNMe; or S,CNEL,) with TCNQ gave charge
transfer complexes, firstlty [Mo(dtc),JJTCNQ] and then [Mo(dtc),JITCNQ],. A
similar complex was obtained from TCNE in an inert atmosphere, but in air
[Mo(dtc),[(NC),C-C(CN)-C(CN),] was produced [176]. The IR and Raman
spectra of the TCNQ adducts have been recorded in order to probe the charge state
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of the TCNQ [177]. The UV-visible spectra of [Mo,S,(dtp},; and the cluster
[Mo3S4(dtp),]- py [dtp=S,P(OEt),] have been recorded [178]. 4b initio calculations
have also been carried out on the dinuclear species [179].

The kinetics of the oxygen atom transfer reaction between
[Mo0,0;1,(dt ),(thf),] with pyridine-N-oxide, giving [MoO,(I)(dtc)], have been
studied. Evidence of a dinuclear complex with the pyridine oxide which breaks down
into mononuclear units was found, and results with substituted pyridines suggested
that the strength of the N-O bond may determine the rate [180].

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

The thioether complexes [MCl,(SEt;),] (M = Mo, W) have been synthesized; their
X-ray structures both confirmed zrans geometries [181].

A 'O NMR spectroscopic study has compared the rate of oxygen exchange
reactions in [MO(CN),J*~ (M=Mo, W) and [MO5CN),]*~ (M=Tc, Re). The
molybdenum complex is two orders of magnitude more reactive than the tungsten
one. The rate law is a two-term expression involving both mono- and diprotonated
species [182]. The reaction of [MoO(H,0)(CN)J*" (or its W analogue) with
2-acetylpyridine in the presence of MeNH, or BuNH, afforded [MoO(CN)y(L,)}™
where L, is the Schiff base condensation product of the acetylpyridine with the
amine [183]. A similar reaction in the presence of en gave [MoO(CN)(L,)}* H,0
containing a tetradentate Schifl base ligand; the X-ray structure showed a pentagonal
bipyramidal coordination in which the two cyanide ligands occupy the axial sites
[184,185]). Further investigations of the photochemistry of [Mo(CN)J* ™ in acid
media  containingbpy or phen (L) have ruled out the formation of
[MO(CN)(L)P : instead [MoO(CN)y(L)]™ is formed, and a new product,
[MoO(CN),(L),], has been detected [186]. The photoproducts of [Mo(CN)y*”
with 1,2,3-benzotriazole have been isolated as 8-hydroxyquinoline adducts [187].
Coordination polymers [M{CN )g(SnMe;),] (M = Mo, W) have been obtained from
[M(CN)s]*~ and M¢,SnCl. Both were structurally characterized, revealing that the
coordination geometry around the metal has changed from dodecahedral to square
antiprismatic [183].

4.2. Complexes with nitrogen and phosphorus donor ligands

The complex [{TTP)Mo(=S)] has been prepared by reaction of [(TTP)Mo-
(1-C,Phy)] with elemental sulfur or [Cp,TiS;), or by treatment of [(TTP)MoCl,}
with Li,S. The selenium analogue could also be obtained by using [( TTP)Sn(=Se)]
as a selenium transfer reagent. Both the sulfide and selenide are reduced to
[(TTP)(Mo(PPh,),] by PPh, [189]

The reaction of [MoCly(thf');] with the lithiated triamide N(CH.CH,NRLi);
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(R =SiMej;, SiMeiBu) afforded [MoCl{N(CH,CH,NR),}] instead of the expected
Mo(Ill) species [19C]. The same compound (R =SiMe;) has been prepared
by Schrock, who also studied its alkylation with cyclopentyl lithium; the initial
alkyl complex decomposed by p-elimination on heating to give
[MoH{N(CH,CH,NR);}] [191]. The reaction of [MoCI{N(CH,CH,NR);}]
(R =SiMe;) with one equivalent of LiPHPh results in a simple substitution reaction
to give [Mo(PHPh){N(CH,CH,NR );}]; however if two equivalents were used, the
terminal phosphide complex [Mo(=P){N(CH,CH,NR),}] (14) was obtained [192].
As noted in an accompanying commentary, this complex and the related one pre-
pared by Cummins are the first examples of such compounds [193].

The thermal reaction of [MoCl,(thf);] with phenylformamidine (HL) and
PPhCl in dichlorobenzene led to the isolation of crystals of
[PPh,)[Mo,(L),(u-NPh)Cls] - 2CH,Cl, in which the bridging imido ligand presuma-
bly arises through cleavage of a formamidine unit [194].

[N 1
N

AN Ph, ’l‘l‘ Ph,
Pun,.., Mo P j
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Ph, £ 2
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Protonation of the nitrido complex rrens-| Mo (=N )(N,;)(dppe),] with HOTT pro-
duced [Mo(NH,)(OH )(dppe),)]OTT ), representing the first example of the conver-
sion of a nitride to an amide in such complexes. The X-ray structure shows the
triflate anions hydrogen bonded to the amide and hydroxy groups. Stirring the
product in MeOH released ammonia and formed [MoO(OMe)(dppe),l[OTT],
also structurally characterized [195]). Treatment of [MoF(NNH,)(dppe),]*
with 2,5-dimethoxy-thf afforded the pyrrollylimido complex
trans-{MoF(NNCH=CHCH=CH)(dppe),]* (15), which on reduction with
LiAlH, produced free pyrrole and aminopyrrole, together with [MoH,(dppe),] [196].
Alkylation of trans-{MoCI(N)(dppe),] to afford trans-{MoCl(=NR)(dppe),]* has
been extended to a range of functionalized R groups (R=Me, Et, Pr,
CH,CH=CH,, CH,CO,Me, etc.). The cationic products undergo deprotonation at
the carbon attached to nitrogen, and can then be further alkylated to complete
homologation of the chain (e.g. Me to Et to iPr). The crystal structure of
[MoCl(N=CHCO,Me)(dppe),] was determined. Electroreduction in the presence
of H* releases amines such as methyl glycinate [197].

The crystal structure of [MoH,(dppe),] thf has been determined, confirming the
dodecahedral coordination geometry [198]. A low temperature IR and UV spectro-
scopic study of the interaction of this compound with acids such as PhOH,
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(CF;),CHOH and CF;CO,H has implicated a hydrogen-bonded adduct as the first
stage in the protonation reaction [199].

4.3. Complexes with oxygen or sulfur donor ligands

The reaction of [MoCl(MeCN),] with R,C(CH,SCH,CMe,CH,OLi), (Li,L;
R=H, Me) gave dithioether-alkoxide complexes [MoCl,(L)]. Recrystallization of
the compound with R=H from thf yielded crystals of [MoCl,(L)MoOCI,(thf)] in
which a second Mo(IV) unit has coordinated to the two alkoxide oxygei atoms
[200].

Treatment of [MoH,L,J(L=PPhMe or PPh,Et) with HSAr
(Ar=C4H,-2,4,6-R; where R=Me, Pr) gave [MoH(SAr)y(L)] (16), which form
adducts with various pyridines of the type [MoH(SAr);(L)(py)], and react
with  pyridine-2-thiol to give seven-coordinate pentagonal bipyramidal
[MoH(SAr)(NCsH,S),(L)]. The square pyramidal {MoO(SAr),]~ was accessible
by reaction of [MoH(SAr);(L)] with LiBHEt; in MeOH [201]. The reaction
of [MoH(SAr)y(L)] with ROH (R =Me, Et) in thf caused elimination of ArH (or
ArD in the case of [MoD(SAr);(L)]) and formation of [{ Mo(SAr)(OR)(L)},-
(1-S),] (17) [202]. Carbonylation of [MoH(SAr);(PPh,Me¢)] gave mer-{Mo(CO);-
(SAr),(PPhsMe)] and [Mo(CO)s(SAr),(PPh,Me),]; the first of these has a distorted
octahedral structure whereas the latter is presumed to be trigonal prismatic.
The distortions in complexes of this type were analysed in terms of 0, the angle
between the two sets of fuc-ligands, ranging from 0° for trigonal prism to 60° for
octahedral [203]. The reaction of [MoH(SAr);(PMe,Ph),] with PhC=CH in thf,
followed by addition of methanol gave the zwitterionic alkylidene complex
[MoO(SAr)y(= CPhCH = CPhCH,PMe,Ph)] (18) [204].
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5. Molybdenum(Iil)
3.1. Complexes with halide and phosphine or carbonyl ligands

A solid state metathesis reaction between MoCl; and NaN; which proceeds with
a thermal flash to give a mixture of Mo metal and the nitride Mo,N has been
described [205]. The chemistry of [MoCl;(L)], where L =PhP(CH,CH,PPh,),, has
been explored; it serves as a useful starting point for the synthesis of compounds
such as [Mo(y-arene)(L)], [CpMoH(L)], and fac-{Mo(N,)(PMe;),(L)] [206].
Similar  chemistry has been developed from [MoBry(L)] where
L=N(CH,CH,PPh,); [207]. The complexes [MoCl;(PPh;),(MeCN)] and
[MoCly(L,)(MeCN )] where L, =0-CcH (NH,), have been prepared from MoCl; in
MeCN; addition of AgClO, leads to halide abstraction and the formation of cationic
species [208]. The complexes [LMoX;] where L =CHpz} were made by oxidizing
[LMo(CO),] with SOCl,, Br, or I, [155}.

The synthesis of the Mo(Ill) complexes [MoCly(L),]~ where L=PPh,Me,
PPhEt,, and PEt;, has been reported. This paper also contained the crystal structures
of [HPMe,Ph),{MoCls(PMe,Ph)], [MoCly(MeCN )(PPh;Et),], and the Mo(1V)
complex [PMe,PhCl},[ MoClg] [209]. Addition of PEt; to [MoCl(thf),]™ aiso pro-
duced [PPh ][ Mo,Clg(PEt;)] - 2CH,Cl,, which has a face-sharing bioctahedral struc-
ture with an Mo-Mo bond of 2.767(2) A [210].

The reaction of [pyH ;] MoClg] with py afforded [MoCls(py)}*~ which was struc-
turally characterized as its NMe,Hs and NMey salts. Further reaction gave cis- or
trans-{MoCly(py),]~ and mer-{MoCly(py);] [211}. The crystal structure of
[PPh,)| MoBr(py),] has been determined and shows a slightly distorted octahedron
with the two py ligands in a ¢is arrangement [212].

The reaction of rrans-|Mol,(thl'),) with dppe aflforded the c¢is isomer of
[Mol(dppe)] . which could also be prepared in one step from [Moly(thf )], iodide
and dppe. The Xeray structure of the product was determined as its [ Na(thf )]
salt and contained an octahedrally coordinated sodium v with three iodides bridg-
ing between Na and Mo [213]. Spontaneous loss of thi’ from [Mox,,,(thl )a) (X=
Br, 1) in non-coordinating solvents led to the Iormatwn of [Mo;X,,]? 7 the structure
of [PPh,];[Mo,l,,] (19) showed a linear arrangement with three face- qharmg octahe-

dra [214].
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The reversible dissociation of a phosphine ligand

from [M()z( ,U"S )( = -Cl )ng( PML;);] pr oduced [M()p_( [l"s M p- -Cl )C];;( PMC:;)‘;] (20)
which has an unprecedented edge-sharing structure rather than the face-sharing
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bioctahedral arrangement usually found for Mo,L, compounds. Coordination of
other ligands to the product is possible, giving [Mo,(u-S)(u-Cl)Cly(PMe;) (L)
(L=CO, MeCN) while addition of Cl1~ afforded [NMe,][Mo,( u-S)(u-Cl)Cl(PMe;),);
alkyne complexes [Mo,( u-S)(u-alkyne)Cly(PMes),] were also prepared [215].

PMej; cl
‘,..\\\\C ',”""M /
3
MeP?” l e\
PMe; Ci

Cl I”'lm

(20

5.2. Complexes with oxygen and nitrogen donor ligands

The Mo-D,O0 bonding in the [Mo(D,0))** ion has been examined by a polarized
neutron diffraction study of [CsMo0(S0O,),]- 12D,0, which enables the electron distri-
bution to be probed accurately. Approximately 90% of the spin density is contained
in the Mo t,, orbital set, but there is also evidcnce for some n-interaction between
metal and ligand [216].

The reaction of [Moy(H)Clg]*~ with carboxylic acids in aqueous solution gave
a purple intermediate which decomposed to [Mo,(O,CR)y). In the case of
glycine  (glyH), this intermediate was isolated and characterized as
[Mo,(H)(OH )(gly),Cl,], in which the two Mo(lII) centres are joined by a rather
short bond of 2.353(5) A and bridged by the hydride, the OH group, and the two
carboxylic acids [217]. Interaction of [Mo,Cl(thf')y] with sodium benzoate and
PEty in thf gave three compounds: [ Moy (O,CPh)(PEL,),), [Mo,y(O,CPh),), and
[M0,404(0,CPh)(PEt;),]. The first of these contains bridging didentate, bridging
monodentate and terminal benzoate ligand [218).

Treatment of [M,(OR )] (M =Mo, W) with KOR in the presence of 18-crown-6
(18C6) led to the formation of [K(18C6)][My(OR),}: the structure of
[Mo,(OCH}Bu);]~ showed one bridging alkoxide and a Mo-Mo bond of
2.218(1) A. For this R group, the compounds K,[M,(OR )] could also be isolated;
in this case the alkoxides are all terminal and the Mo, unit sits in a cube of oxygens,
with a K" ion coordinated to the four alkoxides at each end of the structure.
Oxidation with PPh,Br, gave insoluble [M,(OR )s] which would dissolve on addition
of pyridine [219].

Reaction of [Moy(NMe;),] with the protected sugar diacetone glucose
(1,2:5,6-diisopropylidene glucose, HL) gave [Mo,L,] which has a Mo-Mo bond
length of 2.218(2) A [220]. A thermogravimetric study of the decomposition of
[Moy(OR),] showed that in the main the compounds sublimed, but Mo,C was
formed when R =Cy and also from the related [Mo,(CH,Ph),(O'Pr),] [221].

Some of the most exciting developments this year (Scheme 2) have occurred
in the area of Mo(lil) amide chemistry exploited by Cummins, and concern
the reactivity of complexes [Mo(NRAr),] where R=C(CD;,Me and
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Ar=35-C¢H;Me,, prepared by the reaction of [MoCly(thf);] with
LiNRAr(OEt,). The complex reacts with N,O by cleavage of the N-N bond and
formation of [Mo(NO)(NRAr);] and [Mo(N)(NRAr);]; the latter product could
also be made from MesN; or NO [222]. Most impressively, the complex reacts
with dinitrogen itself with cleavage of the N=N bond to afford again
[Mo(N)(NRATr);], presumably via an intermediate dinuclear complex with a bridg-
ing N, ligand [223]. According to 2 quantum chemical calculation study, this reaction
should be even more effective for the W(III) analogue [224]. The tris(amide) complex
also reacts with P, to give the terminal phosphide complex [Mo(P)(NRAr);]; the
X-ray structure showed that the product is monomeric with an Mo=P bond length
of 2.119(4) A [225]. Together with the closely related accompanying compound
described by Schrock it represents the first example of such species [192,193].

TO
yd Mo""luNRAf
ArRN \
NRAr
Ny' N
AI’RNII”,,_M NHA N2 ﬂlo
0===NHAr - UINRAF
ATRNY® AN \
P NRAr
N
Mo..
"HINRAF
AN \
NRAr

Scheme 2.

Salts formulated as K[Mo(py)JlFe(NCS)] and K[Mo(L,)][Fe(NCS)]
(L, ==bpy, phen) have been described [226].

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

Quadruply-bonded complexes of the type [Mo,X,L,] have remained an active
area of research. A systematic molecular modelling study of quadruply-bonded
dimolybdenum complexes has been carried out in order to probe the relationship
between bond lengths, force constants and bond orders. All the structural details
independent of the Mo-Mo bond were modelled with a transferable force field,
allowing a simulation of the inherent properties of the bond in terms of a characteris-
tic length, 2.02 A, and a characteristic force constant of 4.07 mdyne A ™' [227].
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In an attempt to resolve the crystallographic disorder in [Mo,Clg]*~, its structure
was determined as the [H;N(CH,);NH,)]** and [H;N(CH,),NH;)** salts, and the
previously studied [H;NCH,CH,NH;P** and K" salts were redetermined. The
K * salt has a 9:1 disorder of the metal units in two perpendicular directions, whereas
for the diaminopropane salt this was nearly 1:1 [228]. The complex
[Mo,Cl(dppm),] undergoes photochemical reactions with disulfides such as S,Ph,
to afford Mo(III) products, [Mo,Cl(u-Cl)(u-SPh)(dppm),]. The wavelength
dependence of the reaction indicates that an excited state higher in energy than the
58* is involved [229]. The electronic and circular dichroism spectra of
[Mo,Cl(R, R-dach),] where the iigand is (—)-trans-1,2-diaminocyclohexane, have
been recorded and correlated with those of the corresponding phosphine complex:
the signs of the bands at 546 and 461 nm are consistent with the helicity rules for
this type of compound [230].

An improved preparation of [MoBr,(CO);(PPh;),] and its decarbonylation to
[MoBr,(CO),(PPh;),] have been developed: bromination of [Mo(CO),] at —70°C
is followed by warming to —40°C, addition of the phosphine, isolation of the
tricarbonyl, and then decarbonylation in refluxing xylene under partial vacuum
[138]. Air oxidation of the dicarbonyl yielded [MoO,Br,(O=PPh;),] in a process
which probably involves dissociation of the PPh;, oxidation and recoordination
[231]. Reaction of the dicarbonyl with AgOTf affords [Mo(CO),(PPh;),(OTf),)],
which can be used as a synthon for the [Mo(CO),(PPh;),]** unit. Thus,
reaction with MeCN gave [Mo(CO),(PPhy),(MeCN),J**, with H,O gave
[Moy( -OH )5,(CO),(PPhy),} ", and with alkynes (Cy;Me,, PhC,Me) gave [Mo(CO)-
(alkyne)(PPh,),(OTT),). A different product, [Mo(CO)(n-CyMe,)s( PPhy)(0OT1)) ",
was obtained from a direct reaction of [MoBry(CO)y(PPh,),] with AgOTT and
alkyne [232].

Nitrile  exchange in [Moly(CO)(MeCN),]  with  PhCN  gave
[Moly(CO)(PhCN),] which reacted with one equivalent of L (L == PPh,, AsPh,,
SbPhy) to give [Moly(CO)(PhCN)(L)) [233]. The reaction of
[Mol(CO)(MeCN)(PPhy)] with  potassium  pyridine-2-thiolate  afforded
[Mol(CO),(PPhy)(pyS)] in which the ligand is didentate [234] whereas reaction
of [Moly(CO);(MeCN),] with pySH (or pyrimidine-2-thiol) gave
[Moly,(CO)3(pySH),] [235]. Oxidation of [Mo(CO),nbd)] with iodine gave
polymeric  [Moly(CD),(nbd)},, whih in acctonitrile formed mono-
meric [Mol,(CO),(nbd)(MeCN)] and on reaction with bpy or 4,4'-di'Bu-bpy
produced [Mol,(CO)(nbd)(bpy)]. The analogous bromide complexes were also
made [236].

The cationic phosphenium complexes [Mo(CO)y(Ly){ P(INMeCH,CH,NMe)}]*
(L,=bpy, phen) react with ligands L’ [L'=PPh;. P(NMeCH,CH,NMe)OMej
to afford an cquilibrium mixture of cis- and  wans{Mo(CO),(L,)-
(L){P(NMeCH,CH,NMe)}]*: the X-ray structures of two examples which each
contain one phosphite and one phosphenium ligand were determined [237).

The complex [MoCl,(PMe,),] was isolated from the reaction of
[(-CsMe,Et)MoCL,PMe;),]  with Li,PMes:  the  dinuclear  complex



M.J. Morris { Coordination Chemistry Reviews 164 ( 1997) 289-344 3t

[Mo,(-PPh;),(PPh,),(PMe;),] was made by treatment of [MoCl,(PMe;),] with
KPPh, [238].

6.2. Complexes with nitrogen donor ligands

The oxidation potentials of the diarylformamidinate complexes
[Mo.(ArNCHNAr),], which are a direct measure of the HOMO J-orbital energy,
correlate with the Hammett constants of Ar for a range of aryl groups, showing
that one can tune the redox properties by altering the ancillary ligands. However
the UV-VIS spectra of all the compounds are virtually identical, showing that the
HOMO-LUMO energy gap remains the same [239]. Oxidation of
[Mo,(ArNCHNH),] with PhICl, gave [Mo,( ArNCHNH ),Cl;] in which two for-
mamidinate ligands are bridging didentate, one bridging monodentate and one
terminal chelating [194].

Further  developments in the  extensive  chemistry of  the
tris(3,5-dimethylpyrazolyl )borate complex [(HBpzi)Mo(NO)X,] (X=Cl, Br, 1)
have been reported [240], [241]. This redox-active 16-electron compound reacts
with alcohols and amines with elimination of HX and formation of
[( HBpz$)Mo(NO)( X)(OR)] or [(HBpz})Mo(NO)( X )(NHR)], or the correspond-
ing disubstituted species, but also reacts with neutral donors such as pyridines to
give 17-electron compounds [(HBpz¥)Mo(NO)(X)(L)]. Complexes of the type
[((HBpz$)Mo(NO)(1)(L)] where L=py, 4-phenylpyridine, isoquinoline) and
[((HBpz)Mo(NO)(L),][X] (X =1, 1; or BPh,) have been made. Some show invari-
ant magnetic behaviour consistent with one unpaired electron, but others only fall
to the spin only moment at low temperature. The cationic species can be reduced
to 18-electron species at potentials 400 mV more anodic than the neutral com-
plexes [242].

Several papers explore the interaction between two Mo centres linked by various
spacer groups. Electrochemical reduction of [{(HBpz{)Mo(NO)(X)} (p-1.n-
HNCH,NH)] (n=2,34: X=Cl, Br, ) gave the corresponding mixed-valence anion;
in the case of the 1.2- and 1.4- diamidobenzene bridge, this state is delocalized on
the ESR timescale whereas for the 1,3-isomer it is valence trapped [243]. New
polypyridine ligands with alkenyl (or cthynyl) spacer groups such as
1,3,5-C¢H3(CH=CH-4-pyridyl ) and 1,2,4,5-C¢H,(CH=CH-4-pyridyl), have been
synthesized, and then (HBpz$)Mo(NO)(X) units attached to each pyridyl group.
The electrochemical communication between the metal centres (measured by the
difference in reduction potentials between them) depends on the substitution pattern,
and ESR spectra show that all the systems are delocalized on the ESR timescale [244].

Functionalization of porphyrin ligands with the (HBpz$)Mo(NO)(X) group has
been achieved, for example from the o-, m- and p- isomers of 5-C;H,OH-10, 15,
20-Ph, porphyrin; the porphyrin ligand could then be complexed to Zn, Ni and Pt
centres. The tetrasubstituted species tetra-| Mo-OCgH,] porphyrin was also prepared
[245]. New ferrocenyl ligands such as NC;H,CH=CRFc (R=H, Me, Ph),
NCH,CH=CHCH Fc, NCsH,CH=NC,H,Fc etc. have been prepared and com-
plexed to the (HBpz$)Mo(NO)(X) unit. Coordination of the Mo causes a shift in
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the ferrocene redox potential by about 40 mV in a positive direction. The complex
of the ligand [Fe(y-CsH,CMe=CHC;H N),] shows some interaction between the
two Mo centres in its ESR spectrum [246]. Redox active metallomacrocycles of the
form [{(HBpzf)Mo(NO)(u-L)}.] have been prepared by the action of the diols
H,L (H,L =HOCH,CH,C{H ,OH, HOCH,C,H,CH,0OH or 2,7-HOC,,HsOH) on
[(HBpz)Mo(NO)(I),] [247].

Compounds of the type [(HBpzi)Mo(NO)(X)(EC:H,CH=CHC:H,-4-R)}
where E=0 or NH and R=Fc, OMe or NMe,) and some analogous ones with
dimethoxyphenyl groups have been investigated by the Kurtz powder test as possible
non-linear optical materials. Only the ferrocenyl complex was active, but this may
be a structural effect as the crystal structure of one example showed that even though
it crystallized in a non-centrosymmetric space group (a requirement for activity),
pairs of molecules were aligned in a pseudo-centrosymmetric way [248]. The com-
pounds [(HBpz})Mo(NO)(Cl)(NCsH,CH =CHC¢H,;-4-OR)} (R =C,H,,+, where
n=6, 8, or 12) have been tested for liquid crystal properties, but no mesophases
were observed [249].

The reaction of [(HBpzf)Mo(NO)(I),] with f-diketones such as acacH
gave complexes of the type [(HBpz$)Mo(NO)(acac)][I;]. These could be reduced
to neutral species with cobaltocene, and the crystal structure
of [(HBpz${)Mo(NO)(acac)] was carried out [250]. The complexes
[(HBpz$)Mo(NO)(L,)] where L,=S(CH,),S (n=35,6) or S(CH,),CONH(CH,),S
have been prepared in order to judge the effect of N-H:.-S hydrogen bonding on
the redox potentials of thiolate complexes; that of the amide ligand is markedly
different, attributed to this reason [251].

Complexes [(HBimpz;)Mo(NO)(1)(OR)] (R ='Pr, '‘Bu, CH,SiMe;, p-tol) and
[(HBimpz;)Mo(NO)(1){(NHR)] (R = Ph, p-tol) have been prepared containing the
3-Pr-5-Me-pz group. Some exist as a mixture of isomers which rearrange on heating
in a boratropic shift to a single isomer; this appears to be sterically driven as it
depends on the size of R, Structure determinations suggest that the bulky ‘Pr group
prefers the 3-position [252].

Proton transfer from [(HBpz})Mo(COj,H] or [CpMo(CO),H] has been used to
quench the excited state of trans-[ReOy(py)s]* [253). The reaction of
[(HBpz;)Mo(CO),]~ with RN afforded [( HBpz;)Mo(CO),(N,R)] when R =sub-
stituted aryl, but if the HBpz} analogue was used the acyl species
[(HBpz})Mo(CO),(COR)] was isolated. By increasing the steric bulk of the R group
or the HBpz; ligand still further, simple substitution was re-established, allowing
the crystal structure of [(HBpz3})Mo(CO),(N,C H;-2.6-Me,)] to be determined
[254].

6.3. Complexes with oxygen donor ligands

The variable photon energy PES of [ Mo,(0,CCF;),] has been recorded and shows
a strong enhancement of the metal based ¢ and ¢ + # ionizations; their similar size
suggests a similar amount of d-orbital character for the associated MO's [255].

The synthesis of [Mo,(0,CCHF,),] has been described together with a study of
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its adduct formation in acetone and py solutions and with PBu;; with increasing
donor ability the presence of axial, mono-equatorial and di-equatorial adducts
becomes evident [256]. Adducts of [Mo,(0,CR),] (R =Me, '‘Bu, CF;) with TCNE
have been made in which the TCNE is o-bonded to the metal; the magnetic properties
were studied [257]. Linear chain complexes [Mo,(OAc),(L)], where L =pyrazine,

4'-di-'Bu-bpy and dabco (1.4-diazabicyclo[2,2,2]octane) have been prepared with
Mo—‘\do distances of 2.093(1), 2.103(1) and 2.095(1) A, respectively. The coordina-
tion of the nitrogen ligands is fairly weak [258]. An adduct of [Mo,(O,CCHF,),]
with 2,6-di-'Bu-p-benzoquinone has been described; the Mo-Mo distance is 2.117 A.
The ‘Bu groups are to stop the formation of a chain structure, which happened in
the case of the 2,6-dimethyl analogue; the chain consists of alternating dimers in
which the metals are bonded to the hindered or unhindered end of the quinone,
with Mo-Mo distances of 2.108(1) and 2.111(1) A, respectively [259].

The adducts [Mo,(OAc),X,l*~ and [Moy(OAc),X,J*~ (X=Br, 1) have been
isolated as their pyH*, pipH™ or morpholinium salts; the coordination of the axial
ligands is again weak. The tetrahalide adducts showed some of the shortest Mo-Mo
quadruple bonds yet observed, in the range 2.078-2.086 A [260,261].

An exchange reaction between [Mo,(0,CH),} and [Mo,(0,CCHF,),] in acetone
resulted in the formation of mixed ligand species in approximately statistical amounts
[262]. The thermolysis of [M0,{O0,CCCo3(CO)o}4] has been studied in order to
form solids which are catalytically active [263].

The reaction of [Mo,(0,CR),(NCMe)J[BF,], (R =Me, CF;) with calix-4-arenc
or p-'Bu-calix-4-arene (H,L) (previously deprotonated by two equivalents of KH
to K,H,L) gave [Mo,(1-0,CR)(p-H,L)) (21). The 'Bu-substituted complex with
R = Me was crystallographically characterized with an Mo-Mo bond of 2.1263(6) A.
two bridging acetates, and the bridging calixarene. The two protonated oxygens of
the macrocycle are attached to the same Mo, and take part in hydrogen-bonding
with the other two; one Mo atom also bears a thf ligand [264,265].
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The reaction of [Moy,(OAc)(MeCN)J[BF,], with RNC (R=Mes or
2,6-C H;Me,) gave [Moz( 1-0)(CNR),J[BF ], as well as the mononuclear Mo(1V)
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species [MoO(F)(CNR),][BF,]. The dinuclear complex has an unusual eclipsed
structure with an unsupported Mo-O-Mo bridge [266].

6.4. Complexes with sulfur donor ligands

The complex [Mo(CO),(PCy;)(S4)] (84 =-SC;H,SCH,CH,SC¢H,S-) and its ana-
logue with the 3,5-'Bu,-substituted S4 ligand have been prepared. Heating these
caused the dismantling of the S4 ligand to yield [Mo(CO)(PCy;)(SCeH,S),].
Optimization of the conditions allowed the synthesis of bulk quantities of
[Mo(CO)»(SCcH5BU,S),] [267]. The related ligands S5, NS4 and OS4,
-SC,H,SCH,CH,ECH,CH,SC,H,S- where E=S, NH or O, have been described.
Reaction with [Mo(CO),Cl,] gave [Mo(CO},(ES4)] (22), which has a seven-coordi-
nate capped trigonal prismatic geometry. Oxidation of this gave [MoO(ES4)] which
in turn reacted with PMe; to give initially [MoO(ES4)(PMe;)] and then, when
ES4 =S5, breakdown of the ligand to form [Mo(PMe;),(SC¢H,S),]. Reaction of
[Mo(CO),(S5)] with NO™ gave either [Mo(NO)(S83)]* or [Mo(NO),(S5)] [268].

P
OL7s10

(22)

7. Molybdenum(l)

Oxidation of |NEt]){Mo,(-SPh),(CO)y] with iodine under CO gave neutral
[ Mo,( #=SPh),(CO),] which has a Mo-Mo bond [269].

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

Density functional calculations have been carried out on a number of metal
carbonyls in order to compute the M-CO dissociation encrgy: values of 193.1, 165.9
and 182.7 kJ mol ! were obined for Cr. Mo and W hexacarbonyls. The carbonyl
association energy for the formation of the M(CO), fragment was also calculated,
with the results of 196.5, 168.9 and 149.6 ki mol " ! respectively implying that substi-
tution reactions can oceur by an associative as well as dissociative mechanism [270].
Double charge transfer spectroscopy has been used to determine the double ioniza-
tion energy of [Mo(CO)y] to a triplet-state dication; the values for Cr, Mo and W
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were similar [271]. The Mo, K and L edge EXAFS spectra of [Mo(CO)] and
MoF, have been recorded in the gas phase [272].

An IR and UV-spectroscopic study of the adsorption of [Mo(CO).] on partially
dehydroxylated alumina has shown adsorption at two types of Lewis acidic sites
followed by loss of CO, initially to Mo(CO)s groups and then to Mo(CO);. On
hydroxylated alumina adsorption occurs at surface OH sites [273]. A temperature
programmed decomposition study of [Mo(CO)s] on a variety of solid supports
showed that the activation energy for CO loss was less than in the gas phase, and
was less on very basic supports such as ZnO or MgO [274]. The location of
[Mo(CO),] adsorbed in faujasite zeolites has been probed by DRIFTS and Raman
scattering, backed up by Monte Carlo simulations; evidence for different sites of
adsorption in aluminium-containing zcolites was obtained [275]. The activity of
highly dispersed Pd-Mo catalysts prepared either from a mixed-metai cluster or
from [PdCl(PhCN ),] and [Mo(CO)¢] has been compared [276].

Carbonyl ligands in [Mo(CO)g] can be labilized by treatment with amines and
H,0,. which form hydroxylamines in situ; from a reaction with NH,OH itself, the
resulting [Mo(CO)s(NH;)] was isolated [277]. Treatment of [Mo(CO)s] with
Te(O)Ar, (Ar=p-C ,H,OMe) gave [Mo(CO)s(TeAr,)]: the tellurium reagent acts as
an oxygen transfer reagent as well as a ligand [278]. The photochemistry of
[Mo(CO)y] in alkane solution has been studied by actinometry and photoacoustic
calorimetry. The displacement of heptane from the solvent complex with pip enabled
the Mo-heptane and Mo-pip bond energies to be estimated as 71 and
142 kJ mol ! at the most [279]. Photolysis of [Mo(CO), in alkyne-doped CH,
matrices produced [ Mo(CO)s(alkyne)] and a species tentatively identified as a disub-
stituted complex [280].

The allylic substitution of allyl acetates with McQH is catalysed by a new Mo(ll)
species formed in situ by reaction of [Mo(CO)] with [PhCH,NE)[Cl] and then
three equivalents of AgOTTH: a possible formulation is [Mo(CO)((OTO[OTE] [281].
The retention of stereochemistry in Mo-catalysed allylic substitution reactions has
also been studied [282]. Generation of cyclic stannyl vinyl ethers from alkynols in
the presence of [Mo(CO)(NEt,)] probably involves carbene complex intermediates
[283]. Metathesis of hydroxyphenylalkynes such as HOC H,C=CMe occurs readily
with catalytic amounts of [Mo{CO),] [284]; cross-metathesis reactions can also be
achieved as long as a phenolic compound is present [285]. No interaction was
observed between trialkyl aluminium reagents and [Mo(CO),] [286].

The reaction of [My(CO)o]* (M =Cr, Mo, W) with Ph,BiCl produced the three
isostructural complexes [Ph,Bi{ M(CO)s},] " [287].

Desilylation of [M(CO)s{0-CNCqH 08iMe,)] (M=Cr, Mo, W) afforded
the corresponding [M(CO)s{o-CNCH,OH )] (23), which was found to be in equil-
ibrium with the carbene complex [M(CO)s(=CNHCH,0)] (24) [288]. A
spectroelectrochemical study of the redox chemistry of [Mo(CO),-(CNR),] (n=
1-6; R=2,6-C;H;Me,) has shown that as n increases, the oxidation potential
decreases. For n=35 and 6 stable monocations are formed, fuc-{Mo(CO)3(CNR);]
and cis-| Mo(CO),(CNR),] isomerize on oxidation, and when n=1 or 2 the cations
decompose with release of free RNC [289]. Carbene complexes [Mo(CO)4(L),] and
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fac{Mo(CO),(L),] have been prepared where L=the stable imidazole carbene
(=CNMeCH==CHNMe) [290]. The double bond of this carbene ligand in
[Mo(CO)s(L)] can be subjected to reaction with OsO, and forms a stable complex
[291]. Irradiation of [Mo(CO)¢] with PhSiH,(C4H,CH,NMe,) produced the intra-
molecularly-stabilized silylene complex {Mo(CO);{=SiPh(CsH,CH,NMe,)}] [292].

The reaction of [M(CO)s] (M =Cr, Mo, W) with [PPN][NO,] in the presence of
Me;NO gave [PPN])[M(CO)s(NO,)] in which the nitrite is bound through N [293].
The n-bonding in [Mo(CO)s(quinuclidine)] and its tungsten analogue has been
studied by measuring the !3C and O NMR spectroscopic spin lattice relaxation
times, and from these the values of the '’O quadrupolar coupling constants and CO
n* orbital populations. The CO strengthening induced by the presence of the amine
is strongly trans-directed [294]. The influence of solvent on the absorption spectra
of [Mo(CO),(bpy)] in which the bpy iigand bears a range of substituents has been
studied, but cannot be correlated with solvent polarity, presumably because of
structural distortions induced by the substituents [295].

Reaction of [Mo(CO)4(L,)] (Ly=CH,pz, or CH,pz§) with NO* in McOH
afforded [Mo(CO)y(NO)(MeOH )(L,)]*. The reactivity of the CH,pz$ complexes
was studied: the MeOH can be replaced by a range of nucleophiles (X, Ny,
SCN~, OAc™, CN~, py) while with phosphines, [Mo(CO)(NO)(PR,),(L,)]*
(R=Ph, Me, OMe) was formed and with didentate ligands (L3) such as bpy,
phen or dppm, [Mo(CO)(NO)(L,)(L3)]* resulted. Reaction with Nadtc
(die= §,CNMe,, S,CNEL;) gave [{ Mo(CO),(NO)(dtc)},] (25) with displacement
of L, [296]. The synthesis of [Mo(CO)(NO)(dtc)(PR,),] (same R) and
[Mo(CO),(NO)(dte)( X))~ (X=Cl, Br, NCS, N;) has also been reported
[297]. The reaction of [Mo(CO),(pip),) with BuLi and CS, affords
[grlo(CO).,(SzCNCSHm)]“ in high yield by insertion of CS, into the Mo-N bond
[298].

The reaction of [M(CO)e} (M =Cr, Mo, W) with bis(2-pyridy! Jamine afforded
[M(CO)(L)] in which the ligand is didentate [299]). The ligand
4,4’ 4"-tri-'Bu-terpy reacted with [Mo(CO),(nbd)] to give [Mo(CO)4(L)] which
shows a typical on-off terpy fluxionality. Oxidation with I, or SnBr, caused ligand
breakdown to complexes of 44-di'Bu-bpy [300]. The ligand 3,5,6-tris-
(2-pyridyl)-1,2,4-triazine forms a complex [Mo(CO),L] which can then use its
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remaining coordination sites to bond to [M(hfacac),] fragments (M =Mn, Fe, Co,
Ni, Cu, Zn) [301].

The functionalized imines R!'R2C=NCH,CH,N=CR!R? (R!=Me, R?=Ph)
have been made into complexes [Mo(CO)4(L)]. Because of the restricted rotation
about the double bonds, several isomers are possible; in some cases, heating caused
isomerization [302). The amine portion of the oxalamidine complexes
[Mo(CO){ArN=C(NHAr)C(NHAr)=NAr}] (Ar=Ph, p-tol) can coordinate to
other metal fragments as a didentate dianionic ligand by reaction with
CIL,ML, (ML, =TiCp,, SnMe,, SiMe,). Deprotonation enabled crystallization of
the sodium salt of the monoanion as [Na,(thf)g][Mo(CO),{ArN=
C(NAr)C(NHAr)=NAr}), [303]. A similar ligand prepared from
2-pyridylmethylamine and ArN=C(Cl)C(Cl)=NAr has also been complexed to
the Mo(CO), fragment and deprotonated with NaN(SiMe,), [304].

The complexes trans, mer<{Mo(CO)y(PR;),(p-L)Mo(PR,),(CO),] (R =Pr, Cy)
where L =4.4"-bpy, pyrazine, or 3.6-bis(4-pyridyl )tetrazine have been prepared and
their spectroscopic and electrochemical properties studied. They undergo oxidation
to mixed valence monocations which are completely delocalized, and also reduction
to radical anions which lose one phosphine ligand. Mononuclear analogues
[Mo(CO),(PR,),(L)] where L = thf or H, were studied for comparison [305]. Similar
dinuclear species [Mo(CO)4(PBu,),(u-L)YMo(PBu,),(CO),] where L= 2,2-bipyri-
midine or 2,5-bis(2-pyridyl)pyrazine have also been made; the combination of two
electron rich metal centres and a n-accepting ligand means that the HOMO-LUMO
energy gap is small, leading to a difference of around 1 V between their reversible
oxidation and reduction processes. In the case of the bipyrimidine complex these
processes occur at the metal, but reduction of the pyrazine complex leads to occupa-
tion of the ligand n* orbitals [306].

Substituted hexahydrotriazines, (RNCH,);, can be complexed to the Mo(CO),
fragment and oxidized under carefully controlled conditions to [LMoQO;] [307].
Complexation reactions of linear tri- and tetramines with [M(CO)] (M =Cr, Mo,
W) can give rise to a variety of species such as [M(CO),L], [{M(CO),},L]
and [M(CO),L] depending both on M and the chain length of the ligand.
Having a longer spacer group in the middle of the chain, such as in
H,N(CH,),NH(CH,);NH(CH,),NH, encouraged the formation of dinuclear species
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[308]. In a similar way, complexation reactions of various tetraazamacrocycles with
[M(CO),] gave [M(CO),L], [M(CO);L] or [M(CO),L] depending on ring size.
Increasing the length of the spacer groups between the nitrogen donors from
2 methylene groups to 3 or 4 encouraged the formation of the tetracarbonyl
species [309]. Selective functionalization of one nitrogen atom of cyclen
(1,4,7,10-tetraazacyclododecane) and cyclam (1,4,8,11-tetraazacyclotetradecane} can
be achieved via their M(CO), complexes in two ways: reaction with an enolizable
aldehyde to produce an enamine which is then reduced with NaBH,, or reaction
with an acyl chloride followed by reduction with BH; - SMe, [310].

To investigate the m-acceptor behaviour of halophosphine ligands, the X-ray
structures of [M(CO)s(PX3)] (M =Cr, Mo; X=Cl, Br) and [Mo{CO)s(PMe;)] were
analysed. Although the study supports the presence of a n-backbonding component,
no convincing evidence was obtained for the involvement in it of P-X ¢* orbitals
{311]. On the other hand, a Mo, *'P and *C NMR spectroscopic study of
compounds of the type [Mo(CO)g-n(L),] (n=1-3) where L =PPh;_,Cl,, (m=0-3)
concluded that PCl,, although previously considered a good m-acceptor, is actually
a poor one; it appears that a weak -donor can still form a short M-L bond without
a strong n-bonding component [312].

l‘iﬂo(CO)g ?iio(CO)s
(26)

The first metal complex of a trithiapentalene fragment, (26), has been prepared
by cyclization of [Mo(CO);{ PPh,C(=8)SCH,C=CH}] in the presence of
NEt;. If a primary amine such as EtNH, or PhCH,NH, was used,
[Mo(CO);{PPh,C(=8)NHR}] was formed instead [313]. The ligand
0-H;PC,HCH,EH (E=0, NPh) forms simple adducts [Mo(CO)s(L)] bound
through the phosphine, whereas 0-C,H,(PH,), forms both a bis-adduct and a chelate
[Mo(CO),(L)] [314]. Deprotonation of ‘Bu,Si(OH ), and reaction with PPh,Cl gave
the diphosphinite ligand ‘Bu,Si(OPPh,), which was made into a chelate complex
[Mo(CO)4(L)] [315]. The crystal structure of [ Mo(CO),(naphos)], where naphos =
the chiral phosphine 2,2"-bis(diphenylphosphinomethy!)-1,1"-binaphthyl, has been
determined; molecular mechanics calculations show a good agreement with the
observed structure [316].

The complexation reaction of HgCl, with the polyether macrocycle complexes
cis-[ Mo{ PPh,(CH,CH,0),CH,CH,PPh,}] depends on the ring size; if n=3 a com-
plex is formed, but if n=4 the ring is not large enough and instead the Hg*"
catalyses the isomerization of the complex from cis to frans [317]. The assembly
and X-ray structure of [Mo(CO),{Ph,P(CH,)sPPh,},Mo(CQO),]. which contains a
22-membered ring, has been described. The related phosphine Ph,P(CH,)PPh,
formed a simple mononuclear chelate [318].
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The reaction of [Mo(CO)y(nbd)] with (R,NPO); (R:=='Pr, Cy) gave initially
[Mo(CO),{(R,NPO);}] which transformed into the known tetraphosphoxane
cage species [(OC);Mo{P(NR,)O},Mo(CO),]. The heteronuclear species
[(OC);Mo{P(NR,)O} ,ML,] where ML,=NiBr, or Fe(CO),, were also described
[319].

The synthesis of a range of pyrrollyi phosphines and their complexes, including
[Mo(CO)4(L)] where L =(C,H,N),PCH,CH,P(NC H,),, has been described. The
ligands are poor g-donors but reasonable n-acceptors [320]. Coordination of the
phosphite hydrazide (RO),PNMeNMeP(OR), to the Mo(CO), fragment occurred
as a simple 5-membered ring chelate [321]. Treatment of the cyclic phosphorus
hydrazide [{PhPNHNMe},] with PPh,Cl and base led to [{ PhPN(PPh,)NMe}.],
which was complexed to two metal tetracarbonyl units to form the bis-
chelate complex [{PhPN(PPh;)NMe},{Mo(CO),},] (27) [322]. The complex
[Mo(CO),{P(OR)(NPh),P(OR)},] R=p-tol, CH,CF3) can use the two pendant
aminophosphites as ligands towards other metal-ligand fragments to give
[Mo(CO),{u-P(OR)(NPh),P(OR)},ML,] (ML, =Mo(CO),, PdCl,, PtCl;). In a
similar way, two equivalents of cis-{Mo(CO),(L){ P(OR)(NPh),P(OR)}] where L =
pip or P(OMe); reacted to give [Mo(CO),(L){P(OR)(NPh),P(OR)}],ML, [323].
The reaction of fac-{Mo(CO);(MeCN)(L,)] where L,=Ph,PNPrPPhpz* bonded
as a P, P-chelate, with didentate ligands such as HN(PPh,),, dppm or dppe gave
monodentate complexes which can be used to construct heterodinuclear complexes.
Oxidation of the »'-dppmn complex occurred at the pendant arm to give the monox-
ide, which was structurally characterized [324].

'.3“2 Me Eh\
/ \Nm-:r\r// Mo(CO)s

(OC)aMo / NN /
\E h// “Me \ghz

@)

The reaction of [Mo(CO),(nbd)] with PPh(CH,CH,PFPh,), followed by addition
of [Mo(CO),] and Me;NO gave [Mo(CO)4(pu-L)Mo(CO);] in which the phosphine
is didentate at one metal and monodentate at the other. The related isomeric species
[Mo(CO)s(#-L')Mo(CO)s] and [Mo(CO),(u-L')Mo(CO),], in which L' is
P(CH,CH,PPh,), and is either tridentate/monodentate or didentate at both metal
centres, has also been made, as have various heterometallic examples [325], [326].
A Mo(CO)s fragment has also been coordinated to the pendant phosphine of
[CpRu(Cl){(PPh,),CHCH,PPh,}] [327]. Deprotonation of [Mo(CO),(dppm)] and
reaction with RHgCl (R = Me, Et, Ph, Fc) gave [Mo(CO),{(PPh,),CHHgR }][328].

Free radical cyclization of the allylphosphine complex fac{Mo(CO);{PH,-
(CH,CH=CH,)};] gave [Mo(CO);(PHCH,CH,CH,);] (28). The P-H units of
the macrocycle can then be functionalized by deprotonation with BuLi and alky-
lation, or by addition to allyl amine [329]. Addition of halogens to
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[Mo(CO);{(PRCH,CH,CH,);}] (R=H, 'Pr, CH,SiMe;) affords initially [Mo-
(CO)(X){(PRCH,CH,CH,);}]* and then [Mo(CO).X,{(PRCH,CH,CH,):}]
330].

[ Al!n electrochemical study of the photolysis of fac-{Mo(CO);{PPh-
(CH,CH,PPh,),}], which results in isomerization to the mer isomer, was unable to
detect any intermediates involving loss of phosphine or CO [331]. The new tripodal
phosphine ligands 1,3,5-tris(cyano)- and 1,3,5-tris(methoxycarbonyl )-1,3,5-tris-
(diphenylphosphino)cyclohexane have been prepared and incorporated into com-
plexes  fac-{Mo(CO),;(L)] [332,333]. The crystal structure of
fac{Mo(CO);{P(OPh);};] has been determined [334].

The kinetics of the intramolecular  substitution reaction of
[Mo(CO),(n'-L) (PPh;),(SO,)] to afford [Mo(CO),(*-L)(PPh;)(SO,)] (L = dmpe or
dppe) have been studied in thf solution. The activation parameters indicate an
associative mechanism; it was proposed that SO, may be able to change its coordina-
tion mode from n? to n! to allow this to happen. The substitution of SO, in
[Mo(CO)4(1*-L)(SO,)] by phosphines can take place by dissociative or associative
pathways. The crystal structure of [Mo(CO),(dmpe)(PPh;)(SO,)] was determined

[335,336].
Me,
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The redox chemistry of [MH(CO),(L,),J[OTf ] (M =Cr, Mo, W, L, =dppm, dppe)
has been investigated. There is a relationship between the potentials of the protonated
species and the starting neutral carbonyl species. Oxidation gives a dication which
can lose H* to give trans-[M(CO),(L,),]*, which itself can then be oxidized to a
dication. Reduction of [MH(CO),(L,),]* gave cis-[M(CO)(L,),] [337]. The reac-
tion of [Mo(CO)(L,),] (L,=R,PCH,CH,PR,; R =Ph, 'Bu) with SiH, gave the first
transition metal complex of silane itself, [Mo(CO)(n*-H-SiH;)(L,),]. Where
R=Et, this compound is in equilibrium with the oxidative addition product
[MoH (SiH3)(CO)(L,),] [338].

The phosphinimine ligand PhyP=N(CH,);PPh, reacts with [Mo(CO)sBr]”
to afford [Mo(CO),(L)] in which it acts as a simple P ,N-chelate, but with
[Mo(CO)s] it wundergoes an unusual reaction to give the isocyanide
complex [Mo(CO);{CN(CH,);PPh,}] [339]. Coordination of the ligand
'‘BuN=:§==NP(Pr), to [M(CO)s(thf')} (M=Cr, Mo, W) occurs initially through
P to give [Mo(CO)s(L)}, which on standing in sunlight decarbonylates to the
five-membered P, N-chelate complex [Mo(CO)(L)] [340]. Lithiation of
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4-'Bu-cyclohexanone dimethylhydrazone at the 2-position and reaction with
PPh,Cl gave a ligand which formed [Mo(CO)4(L)] (29) [341]. A P,N-chelate com-
plex [Mo(CO),(L)] was also made from an oxazaphosphorinane ligand with a
pendant tmeda moiety [342]. The X-ray crystal structure of
[Mo(CO),{PPh(CH,CH,CH,NH),),}] has been determined, confirming that it is a
tetracarbonyl and not as previously thought a tricarbonyl [343]. Functionalization
of [Mo(CO);{Ph,PCH,C(*‘Bu)=NN=C(*Bu)CH,PPh,}] with BuLi and Mel
occurred by deprotonation and alkylation at the methylene group [344].
Complexation of the thioether azine phosphine Ph,PCH,C(‘Bu)=
NN=CMeCH,Stol to [Mo(CO),(nbd)] gave the P,N-chelate [Mo(CO),(L)],
whereas with [Mo(CO),(cht)] the P,N,S-bonded species [Mo(CO)s(L)] was
formed [345].

Comparison of the rates of free ligand release by solvolysis of [Mo(CO),L] in
dmso showed that the complex where L =[9]ane-S3 is approximately 4 x 10° slower
than for where L is the linear thioether 2,5.8-trithianonane [346]. The reaction of
[Mo(CO)s(thf)] with 2,6-NC;H3(CH,SR), (R =Me, p-tol) gave [Mo(CO),(L)] in
which three fluxional processes operate: inversion at the coordinated sulfur, coordi-
nation switching between the two sulfur atoms, and a combined switch and inversion;
activation energies for all three were determined [347].

The reaction of [M(CO)s(thf)] (M=Cr, Mo, W) with [Cp,M'(H)(PPh,)]
(M'=Mo, W) gave [Cp,M'(H)(u-PPh,)M(CO)s] and metal-metal bonded
[Cp.M'(u-H)(u-PPh,)M(CO),); the latter could also be made from
[M(CO)4nbd)] in the same way [348]. A number of similar heterodinuclear
complexes have been made by a similar approach, including
[Cp,Nb(CO)(pu-SEt)Mo(CO)s] [349], [Cp,Ta(CO)(u-PMe,)Mo(CO)s]  [350),
[(n-CsHiBu), Ta(H)(u-S)Mo(CO)s] [351] and [Cp,Zr{u-P(SiMe,),} :Mo(CO),]
[352]. The reaction of [Cp*Ti(NMe,);] with [M(CO)¢] (M =Cr, Mo, W) afforded
firstly the carbene complex [Cp*Ti(NMe,),{OC(NMe,)=M(CO)] and then
[Cp*Ti(u-NMe,)y( u-CONMe,)M(CQ),3]  on  heating  [353]. An  adduct  of
[Mo(CO)g] with [Nb,Cly(dppe),] has also been reported [354).

The reaction of [M(CO)y(L,)(n'-dppm)] (M=Mo, W; L,=bpy, phen)
with [{RhCl(diene)}s] gave [(OC)y(Ly)M(u-CO)(u-dppm)RhCl(diene)] [355].
The complexes [(dppe)Rh(u-CO),M(CO);] (M =Cr, Mo, W) have also been pre-
pared and tested for catalytic activity [356]. Reduction of
[(OC);Mn(u-Br)(pu-S,PR;)M0(CO);] (R=Cy, Pr), treatment with Ph;SnCl
and with a didentate phosphine such as dppm or tedip gave
[(OC),Mn(pu-L,)(u-S,CPR3)Mo(CO)(SnPh,)] in which the coordination mode of
the S,CPR, ligand has been reversed [357]. Deprotonation of [ReH(PPh,),] and
reaction with [Mo(CO),(diglyme)] afforded [(Ph,P),ReHs;M0(CO),] . The related
Cr and W complexes were also made, and three bridging hydrides are postulated
on the basis of structural and NMR spectroscopic evidence [358].

Heating a mixture of [ Fe;(CO),,], [Mo(CO).] and Na,Te, with PPh,Br in a sealed
tube gave [Fe,(CO)q(u-Te){u-TeTeMo(CO)s}J*~ which consists of a Mo(CO)s
fragment coordinated to the known [Fey,(CO)¢(u-Te)(u-Tey)l?~ ion [359].
Heating [Mo(CO)s] with NaAsO, in MeOH or EtOH gave
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[NEt,,[(OC)sMoAsMo3(CO)o( 13-OR);Mo(CO);] (30) which contains a Mo;As
tetrahedron. The cluster has 50 electrons against an expected value of 48; calculations
show that the extra lone pair is located in the Moj triangle [360].

Mo(CO)s

As

Mo(CO) E
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8.2. Complexes with nitrogen and phosphorus donor ligands

Reduction of MoCl; with Na/K alloy in neat PMe, solvent gave [Mo(PMe;)gl,
which is in equilibrium with [MoH(CH,PMe,)(PMe;),] and free phosphine.
Reaction of these complexes with H,S, H,Se or elemental Se, or Te and PMe, gave
trans-| Mo( E)y(PMa,),] (31: E =8, Se, Te) which were all structurally characterized.
The Mo=E bond length increases down the group from 2.253(1) to 2.381(1) to
2,597(1) A [361]. The reaction of [MH,(PMe,)] (M=Mo, W) with elemental
tellurium afforded [MH,(n-Te,)(PMey),): both compounds are isostructural.
Decomposition with loss of H, gave [Mo(Te),(PMe,)y) among other products,
showing oxidative cleavage of the ditelluride ligand [362)].

The reduction of [MoCly(PEt,),] with Na/Hg under 2-3 atm of N, gave the
u=N, complex [{ Mo(N,):(PEt;);},(#-N,)]. This reacts with 3 equiva':nts of PMe,
to give trans-[Mo(N,),(PMe,);(PEt;)], with 4 ecquivalents to give trans-
[Mo(N,)y(PMey),), and with a larger excess to give [Mo(N,)(PMe,)s] which was
structurally characterized. The complexes [Mo(N;)(PMe;){ N(CH,CH,PMe,), ]
and [Mo(N,)(PMe,),(L,)] where L,=dmpm, dmpe or depe were also prepared
[363]).

The reaction of rrans-[Mo(N,),(depe),] with ethyl acetate is now known to give
[t Mo(CO)(depe),}a(1=N,)]. as shown by an X-ray structure and not. as previously
thought, [Mo(CO)(depe),]. However heating in refluxing xylene expels N, and
produces the monocarbonyl. In contrast the analogous compound with the
'Bu,PCH,CH,P'Bu, ligand does form the monocarbonyl directly on treatment with
EtOAc [364]. The reaction of rrans{Mo(N,)(L,),] (Ly=dppe. depe) with
HC(=S8)NMe, gave [MoH {#?-C(=S5)NMe,}(L,),]. which in turn rearranges to the
hydrosulfide-carbyne complex [Mo(SH)(=CNMe,)(L,),], probably by way of a
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Fischer thiocarbene [365]. The photoelectron spectra of rrans-[Mo(N,),(dppe),] and
[MoBr(NNH,)(dppe),][Br] have been recorded [366].

The complex cis-{Mo(N,),(PMe,Ph),] has been labelled with '*N,. Subsequent
reaction with unlabelled NOBF, or NO,BF, gave 'N'¥NQ, *’NO and M¥N¥N,
probably via a protonated species, as the same products were obtained from
[Mo(N,H,)(Cl),(PMe,Ph),] [367].

Protonation of trans-{Mo(CNMe),(dppe),] with HBF,, HPF,, or HCl gave
trrans-{MoX (n*-MeNHC=CNHMe)(dppe),]* (X=F, Cl) through coupling of the
two isonitrile ligands to form an alkyne. The diprotonated specics,
trans-{Mo(CNHMe),(dppe),)**, was isolated. A detailed examination of the mecha-
nism showed that the monoprotonated species [Mo(CNHMe)(CNMe)(dppe),]*
underwent a rate-limiting migration to [ MoH(CNMe),(dppe),) " [368,369].

The reactivity of [Mo(NO),Cl,] towards ligands such as PPh,, O=PPh,
and Me;SiN=PPh; has been explored. Crystal structure determinations of the pro-
ducts [{ MoCl,(NO),(O=PEt;)},], [MoCl3(NO)(O="PPh;),].{MoCl,(O=PPh;)],
[MoCl,(NO)(PPh;),(MeCN)] and [MoCly(NPPh,;)(O=PPh;)] were carried out
[370]. The complexes [MoCly(NO),(L),] where L =py, NCsH ;-4-NMe, or isoquino-
line) have been prepared and treated with L and AgClO, to afford cationic species
[Mo(NO),L " [371].

9. Molybdenum clusters
9.1, Polvoxomolyvbdates

The following brief discussion is arranged in order of increasing nuclearity, dealing
first with homonuclear specics and then with heteropolymolybdates. As well as those
mentioned in the Introduction, two review articles have appeared on polyoxometalate
chemistry [372,373].

The reaction of ammonium molybdate with R- or S-malic acid (Hzmal)
gave [NH, i Mo40,;(mal),] which contains two Mo,0s units linked by a further
oxygen [374]. The complex [NBuy,[M040,o(0OC,(H,0),(OMe),]. containing
a 2,3-dihydroxynaphthalene ligand, has been characterized [375]. The synthesis
of [M0,0,,{ RC(NH,)NO},)*~ (R ="Pr, Pr, CH,SMe) by treatment of precursors
with substituted acetamidoximes has been reported, together with the crystal
structure  of the R="Pr derivative [376]). The related species
[Mo0s0,5(NO),{ RC(NH,)NHO} ,,{ RC(NH)NO} ;] have also been made, containing
two Mo,O2* units and a central Mo(NO), fragment [377].

Full details of the self-assembly of pentamolybdodiphosphonate cages in the
complexes [C(NH,),][Mog(PR),0,,] where R=CH,NH "(CH,CH,),E (E=0, S,
CH,), have appeared. There are short C-H-.--O contacts between the aminomethyl
moicty and the cage, presenting a possible model for the interaction of organic
substrates with polyoxometalate catalysts [378]. Monitoring the assembly reaction
between RPO,H and [MoO,J>~ by *'P NMR spectroscopy reveals the presence of
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several intermediates, some of which interconvert [379]. The synthesis and structure
of K;Na[Se,Mo0s0,,]- 2H,0 have been reported [380].

The [CpFe(n-CsH,CH,NMe,)]* salt of the [MogO,o]*~ ion has been crystallized.
The X-ray structure shows some interaction between the Cp ligand and the surface
of the polyoxoanion. Laser flash photolysis produced transient dications and triani-
ons by charge transfer from the Fe?* centre [381]. Salts with hemicyanine dyes such
as Me,NCsH ,CH=CHC;H,NMe"* as the counterion have also been prepared [382],
and the anion has also been crystallized as a sodium salt in the presence of
dibenzo-18-crown-6 [383]. A single crystal of [NBu,];[MosO,sl, in combination
with EtAICI,, catalysed the ring-opening polymerization of norbornene. Improved
yields of soluble polymers are obtained in the presence of a chain transfer reagent
such as 1-hexene [384]. Reduction of [Mo40,0)*~ to the trianion and its UV-VIS
spectrum have been reported [385].

Progress has continued to be made in the functionalization of [Mo40,,J*~ with
imido groups. Using FcNCO, a ferrocenylimido unit can be incorporated to give
[Mo4Os4(NFc)J?~; the electronic spectrum showed a new charge transfer band from
Fe** to the cluster [386]. Reaction of [M04O,,]* ~ with p-phenylene diamine gave
[M0gOy+(NCgH,NH,),J?~ in which the two imido groups occupy trans positions in
the cluster, raising the possibility that clusters could be linked together in a chain
this way [387]. On the same theme, reaction with 0.5 equivalents of difunctional
isocyanates such as 1,4-CsH(NCO), gave clusters linked by the spacer group, for
example [O,sMog(NCH N )Mo 0,4)* ™ [388].

32)

The synthesis and structure of the mixed-metal ions [MosWO,,]*~ and
(Mo, sW, sO0)*~ has been reported [389]. [390]. The mixed anions
[VaMo, W, Op]*~ (n=0-4) have been generated in solution and identified
through 'V NMR spectroscopy; the two V atoms are situated next to cach other
{391]. The complexes [NBu,L{M;O;sM(NQ)] (32) where M, M'=Mo, W have
been made in all combinations from [Mo(NO)(MeC(NH,)NO}(acac),] or
[W(NO)Cl(MeCN),] in combination with {Mo0,0,]*~ or [WO,?~. They contain
five M(VI) centres and one M'(II) [392]. Two salts which contain the cyclic
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[Mo0cO,,(OH );(O;PPh),J°~ anion have been prepared by hydrothermal synthesis
and structurally characterized; their relationship to [Mo,0,Cl;(H,0)5]” was
discussed  [393]. The synthesis of the diphosphate  complexes
[(O;PXPO;)Mo0g0;5(H,0),]*~ (X =0, CH,) and the crystal structure of the methy-
lene compound (33) have been reported [394].
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The crystal structure of Csg[ M0,0,,4]- 7TH,0 has been determined [395]. A catalyst
for alkane dehydrogenation has been prepared from the [PtMo40,,*~ anion
[396]. The reaction of [NHEt;],[MogO,] with MgCl, or CaCl, gave
[NHE[,[Mg(H,0)6[M0gO,6] and [NHE,)[(H,0)Mo0g0,6), which were both
structurally characterized [397]. A solution of the initial [NHEt,]* salt in water and
2-butanol remained colourless when irradiated with UV light, whereas the Mg**
salt and a related Na* salt went blue and released H, gas and 2-butanone quantita-
tively over a period of 24 h [398]. Acidification of sodium molybdate in the presence
of lysine (lysH) produced Na,|MogO,4(lysH,),] in which the amino acids are
coordinated through their carboxyl groups [399]). The crystal structure of
[Smy(H,0),,)[Mog0;4) - 6H,0 which consists of chains of [M0z0,7]°” clusters sup-
ported by hydrated Sm** cations, has been determined [400].

The electrochemistry of K, H;[Dy{SiMo,;0,,} ;] and its incorporation into polyp-
yrrole films have been investigated [401]. The basicity of the Co(Il) centre in
complexes such as [Co{ PMo,W,030}(H,0)* ~ and [Co{SiMo0,W,05,}(H,0)°~ has
been studied [402].

Kinetic studies on the oxygen atom transfer reaction between a-[PMo,;,04)*~ or
A-B-[PMo;W,0,0]* " and PPh, have shown that it is first order in both reagents.
The activation parameters are similar for both anions, but the homometallic system
has a higher rate constant [403]. The reaction of [K(18C6)][PPN],[PMo,,0,)
(18C6=18-crown-6) with PPhy in MeCN gave [K(18C6)],[PPN],-
[HPMo,,0,4] 8MeCN, containing a 2-electron reduced anion [404]. Salts of a-
Keggin anions have been prepared with BEDT-TTF as cation [405]. A compound
formulated as [NH,J5[ H,PMo;,0,40] has been described [406].
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The formation of [H,SiMo,,0,] on silica-supported Mo oxide catalysts has been
studied: Raman spectra show that during catalysis of methanol oxidation, it
decomposes to MoO, [407]. The thermal stability of P- and Si-containing Keggin
ions has been studied experimentally [408,409], while other articles dea! with their
stability from a theoretical viewpoint {410,411] or in terms of pH [412], and with
their isomerization [413]. Thin polypyrrole films have been grown from solutions
of phosphomolybdic acid {414].

The synthesis and catalytic properties of the [PVMo,;0,0]* ™ ion have been studied
[415]. New ways of making [H;.,PMo;,_,V,05] where n=1-6, from
H,PO,, MoO; and [H,V,,0,5] have been developed [416]. Three new compounds
containing the [PVMo,,0,0}° . [PV,;M0,00,40]" ™ and [PV;M0,04]* ™ anions have
been isolated [417]. A new mixed valence species, K{PMo3W,O4]. has been
made ([418], while clectrochemical reduction led io the isolation of the
[SiVMO0,W,0,41°~ ion, which has a slightly distorted Keggin structure [419]. The
electrochemical two step reduction of heteropolymolybdates has been studied in
different solvents [420].

The compound [Hmorph]e[( V'Y, VY, Mo,,)VO,] has been isolated from the reac-
tion of MoO,, NH,VO, and morpholine. It consists of an a-Keggin structure with
a VO, tetrahedron at the centre of twelve MO, octahedra, with the V**, V3* and
Mo sites randomly distributed. The ESR spectrum proves the existence of V**
sites [421].

The [Hy(P,0,)Mo0,s04]*" anion has been generated in  solution from
[(P;05)M0,305,])" * and isolated as the NPr; salt [422]. The crystal structure of the
M0, V14Osal'* anion, obtained by a hydrothermal synthesis, revealed that it
consists of two MogV50,, subunits linked through two VO bonds; each half of the
molecule is structurally similar 1o [V,30,,]" [423].

A flow channel electrochemical study of the photochemical properties of
[S;M0,,0,:)*  showed that it is a powerful oxidant, being reduced by electron
donors such as thf or toluene to the analogous 5 and 6— anions, but not further,
The cluster is potentiully a valuable photo-oxidant [424]. This same anion reacts
with PPhy in MeCN to give the d-electron-reduced species [NBugJs| HyS:M0,404,]
with the a-Dawson structure; the metal-metal distances become slightly elongated
on reduction [404]. A four electron reduction wave was observed in the electro-
chemistry of [(P,0.)M0,30:,)' [425]. Four new compounds of formula
2-{P;W;sM0,NbO,,]" " have been isolated [426). The fused Keggin anion
Ky[P,W 5sM0,C05(H;,0),0,5)[MoO ) - 15H,O has been studied electrochemically
[427].

The influence of the cation lattice in giant clusters has been explored by determin-
ing the crystal structure of [NH ], MogsFe NO),O, - OH ) H,0),4) - 73H,0 and
comparing it with the previously described Naz[NH ), , salt [428]. The synthesis and
crystal structure of NayHjyl HiMog-Fe 0155 NO)o( H,0),6( M00O),} - 81H,0 has been
reported; it consists of three Mo, units associated with six FeQ, octahedra and
two Mo,0y groups [429).

From a mixture of Na,MoO,. NH,VO;, NH,OH.HCl, HCl and H,0. the giant
anion [Mo,54{N0);140430(OH )5 H30)40]"** ¥~ was isolated. It is a cyclic structure
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consisting of 140 MoO, octahedra and 14 pentagonal bipyramidal Mo(NO)O, units.
The NH; counterions are disordered, thus making it impossible to ascertain the
overall charge on the cluster [430].

9.2. Halide clusters

The reaction of [Moy(MeCN )g]** with iodide gave the known butterfly cluster
[Mo,l,,]*~ which was crystallographically characterized as its PPh; salt [431 1-

Calculations on six compounds of the type [MogClgL¢]" have been carried out in
order to gauge the consequences of changing L from Cl ™ to PH; or bpy: a significant
effect on the electronic structure and optical properties is observed. The computations
also predict a closed shell ground state and dipole forbidden LUMO to HOMO
transition when L=halide, thought, to cause the long lived excited states of
these clusters [432]. The nature of the interaction of [MoCl,;J*~ and
[Mo(Clg(OTf)e}]>~ with silica gel in organic solvents has been studied; both are
adsorbed, but not from all solvents. In polar solvents such as MeOH the triflate
groups are replaced to give [MogClg(solvent)]** which interacts with the surface.
The absorption and emission spectra of the adsorbed clusters are identical to those
in solution [433].

The preparation of cis-{ Mo Clg(Cl)4(PEt;),] - 2thf from irans-{ Mo Clg(Cl)(PR;),]
(R =pentyl) has been developed. Unusually for such species, adjacent Mo atoms
bear the phosphine ligands [434]. The X-ray structure of [Mo,Cl(Te)ClJ* . in
which one of the inner cube of chloride ligands has been replaced by Te, has been
determined [435]. The synthesis of two isomers of the double substitution product
IMO,CL(Se)(Cl))" where n=3 and 4 ' s been described; the crystal structure of
one isomer was determined in each oxidation state [436].

Treatment of [NBu, )l Mo, Cly(OTr),] with KSH followed by SbCl; in MeCN
produced [ Mo Cly(MeCN ) JISbCl,), by replacement of the triflate ligands [437]. A
method for dispersing the Mo clusters in an organic polymer has been developed
involving free radical polymerization of [Mo Cly(L)JJOT( ], where L = N-vinylimi-
dazole [438].

Calculated electronic spectra and XPS data for [Mo Eg(PH,)el (X =8, Se) were
found to give good agreement with those obscrved cxperimentally for the PEt,
derivative [439]. The thermal degradation of [Mo4Sy(L),} where L = propylamine,
pyrrollidine or piperidine, has been investigated in an attempt to form Chevrel
phases [440].

9.3. Other clusters, including cubanes

Heating [M(CO),] (M=Mo, W) with Na,S, in MeOH afforded the di- and
trinuclear species [(OC);MS:-MS,}*~ and [(OC),MS,MS,M(CO),J)* ", which contain
M(VI) and M(0) centres adjacent to each other [441]. The self assembly of
[CLLFeS,MoS,FeCLJ*~ from [MoS,)* "~ and FeCl, in dmf has been studied in the
presence of dppm and dppe by UV-VIS spectroscopy; dppe inhibits the formation
of the trinuclear species [442]. Aerial oxidation of the product reforms [MoOS,[*"
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and [MoS, >~ in a 1.5:1 ratio [443]. An article about multicentre bonding and
quasi-aromaticity in various clusters including [NEt,][Cl,FeS,MoS,Cu(PPh,),)]
has appeared [444]). Treatment of [NH][MS,] (M=Mo, W)
with  [NBuL[{MR,(p-OH)};] (M'=Pd, Pt; R=CgF, CsCls) afforded
[NBu,,[R,M'S;MS,MR;,] (e.g. 34). The X-ray structure of the PdAW complex
showed tetrahedrai coordinaiion at M and square planar at M’, with a metal-metal
distance possibly indicative of some degree of bonding interaction [445]. A similar
trinuclear species, [Cp3Sm3,MoS,SmCp3]~, containing an Mo(V) centre, was
formed from the reaction of [PPh,],[ MoS,] with [Cp¥Sm(thf'),] [446]. The reaction
of [PPh,[MoSe,] with two equivalents of AuCN in MeCN produced
[PPh,],[(NC)AuSe,MoSe,Au(CN)], whereas in the presence of PMe,Ph the monoa-
nion [PPh,J{(PhMe,P)AuSe,MoSe,] was formed. Use of only one equivalent of gold
reagent led to [PPh,),[(NC)AuSe,MoSe,] [447].

F:C, 8
NN LY

Pl Mo Pd
. sc{ Ny s N,

D

(34)

The reaction of [Mo;S (dtp)(H,0)] where dtp=[S,P(OEt),]~ with
p-MeCH,SO;H in the presence of CdCl, and PPh; led to the new species
[Mo;S4(1-O3SCeH Me)(dtp)y( EtOH)); an X-ray structure determination showed
infinite chains of clusters linked by S-..S contacts [448]. The electrochemical reduc-
tion of [Mo;S(CN),J*~ in one electron steps, resulting ultimately in expansion to
[M0o,S4(CN)y;30% ", has been reported [449).

The X-ray structure of [Mo,Ss(dtc),Cl] (dtc = §,CNC,H,) has been determine:?
[450]). The reaction of [Mo,S,Cl,) with PEty gave a compound formulated as
[Mo38,CL(PEty),(thi), _,], which was reduced with Mg and treated with dppe to
give ultimately [Mo,S,Cly(dppe),( PEt,)] (35) which was structurally characterized;
two molybdenums bear dppe ligands and the third the PEt, [451]. A series of
lanthanide complexes [M(dmso),(H,0),]'* (M=Pr, m=6, n=2; M=Tm, m=6,
n=1; M=Eu, m=7, n=1) have been isolated using [M0,S,Br,}*~ as counterion
[452).

The first compound with a Mo,Te3* core, Csy{Moy(siy-Te)(p=Tep)s(CN)e(1],
has been prepared by the solid state reaction of Mo, Te and I at 380°C followed
by reaction with aqueous CN =, Three different crystalline forms were isolated
[453]. A similar reaction using a different ratio of clements gave
[Moy(uy-Te)(u=Tey)s(Tel)][1] in which each Mo bears a Tel, unit bound in an
unusual didentate fashion through the Te and one of the iodides. Treatment with
KCN gave [MoyTe,(CN)g ™ again [454].
~ The reaction of [NH,])[Mo,S,;] with a large excess of PMe, afforded
[Mo;( 13- )2(u-8)3(PMe,)e] (36) with an average Mo oxidation state of 3.33. The
X-ray structure showed an equilateral triangle of Mo atoms with a bond length of
2.714(1) A; calculations comparing this compound to [Mo( z5-8),Cle}* ~, which has
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an isosceles metal triangle, show this is caused by a reversal of HOMO and LUMO
[455]). The XPS spectra obtained during sulfidation of MoO;-silica catalysts have
been compared to those of clusters such as [Mo,S,3]*~, thus showing the presence
of S ligands [456]. The hydrothermal synthesis of [NH,),[M03S,; 7,5¢€, 2], Which
crystallizes in a layer structure with neutral Se,, molecules, from Na,S;Se; and
[MoS,J?~ has been reported [457]. Hydrothermal treatment of MoQs, Na,Se, and
NMe,Cl (1:3:2 ratio) at 135°C for 3 days gave [NMe,),[ Mo0;Se,,]. The compound
Ke[MogSe,q]: 6H,O was also prepared and contains two Mo;Se,; clusters with
Se?~ sandwiched between them [458].

A review of the synthesis of clusters starting from [Mo,S (dtp),(H,0)] has appeared
[459]. The incomplete cubanes [Mo030,S,- . (dtp)(L)] where dtp=S,P(OEt);
(n=0-3, L=H,0, MeCN, py) have been synthesized by addition of dtpH
10 [M0,0,S,-.(H20)]**. The crystal structures of [Mo,0S,(dtp)s(MeCN)] and
of its reaction product with acetic anhydride, EtOH and py,
[MoOS(OAc)(dtp),(py)(OEL)), were deiermined. The *'P NMR spectr- of these
clusters proved useful for assigning structures and studying interconversions
[460,461].

The complex [Mo,S4(dtp)s] reacted with NaO,CPh by replacement of the
two bridging dtp ligands, yielding [Mo,S4(u-O,CPh),(dtp),] [462]. The reaction
of [W,Si(dtp)s] with [Mo(CO)s] in AcOH/Ac,0 gave the mixed cubane
[Mo,W,S,(0Ac),(dtp);(dtpH )]; a statistical disorder of the four metals was observed
in the X-ray structure [463]. A straightforward route for the construction of tetra-
nuclear clusters from Mo(CO), involves firstly reaction with R,P(S)S-SP(S)R,
(R =Et, Pr) to give [Mo0,S,(dtp),]. Addition of [ W(CO)s(MeCN ),] and more disul-
fide gave the incomplete cubane [Mo,WS,(dtp),]; the remaining vertex can then be
inserted with Cul [464].

Starting from [Mo,;S,(dtp)(H,0)], the complexes [Mo;CuS,(I)(u-dtc)(dtc)s(py)]
(dtCmSZCNEtz) and [MQ3CUOQ 7580 2553(1)(0)2((11C)3(py)] (dtc 52CCC4H8) were
prepared by ligand substitution and reaction with Cul [465]. Clusters containing
Mo or W, Cu and dtc l:gands have been reviewed [466]. The reaction between
[M0Q,S,_,J*~ and CuCl in the presence of Nadtc has been monitored by **Mo
NMR spectroscopy [467].
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A number of papers have appeared on the use of [MoS >~ and [MoSe,J*” in
reactions with coinage metal compounds to form cubane clusters, especially in the
solid state: two review articles deal with synthetic methods [468] and reactivity, in
which the reactions undergone by these clusters were classified into five basic types
[469]. The solid phase synthesis of the butterfly cluster [MoOS;Cu,(PPh;);} and
a related tungsten species have been reported. These clusters show interesting
self-focusing non-linear optical properties [470,471]. The related complex
[MoOS;Cu,(py),(PPh;),] has also been prepared [472]. A solid state reaction
between [NH/];[M00,S;], CuBr and NEtBr led to [NEt;;[MoOS;Cu;Br,]
[473].  Similar  reactions led to  [NBuy,[MoOS;Cuy(SCN);] and
[NBu,],{ MoOS;Cuy(Br)Cl,]. In contrast to the butterfly clusters above, these three
compounds have a nest-shaped structure and display interesting self-defocusing non-
linear optical propertics [474-476]. Reaction of the last cluster with py led to
[MoOS;Cu,(py)sBr] [477]. The compounds [MS,Cuy(AsPh;)s(1)] (M=Mo, W)
have been made by low temperature solid state reactions [478]. The synthesis and
crystal structure of [MoS,Cu,Ag(PPh,);Br]- H,O has been reported; it is the first
example to contain both Cu and Ag [479]. The clusters [NBu,];{ MoS, Ag,(Br)X;]
(X =Cl, 1), which display optical limiting properties, have also been made [480].

The reaction of [NH[MS,) (M=Mo, W) with AgBr and CuBr in
4-methylpyridine gave [MS,Cuy(Mepy)sliM¢Oo); the X-ray structure of the W
complex showed that four edges of the WS, tetrahedron bear Cul; units [481]. A
solid state reaction between [NH,),[MoOS;]. Cu,S and NBu,Br gave the giant cube
[NBu,ls MogCu,,0,8,,]. which has Mo atoms at each corner and Cu atoms in the
middle of each edge. The compound displays a large third-order non-linear molecular
susceptibility [482]. The non-linear optical properties of the hexagonal prismatic
cluster [Mo,S;Ag,(PPhy),]) have also been studied: it displays a large optical limiting
response in MeCN or acetone solution [483).

A short account of some approaches to polynuclear assemblies of biological
interest, including the [MoFe,S4(PEL),Cl] cluster, has appeared [484]. The
improved synthesis of some iron sulfido clusters has led to an improved route to
the known cluster [MoOFesS4(CO),5)* " involving treatment of [Fe,S,(CO),] with
LiBHEt, to give a mixture of [Fe,S,(CO),)* " and [Fe,S4CO),,)° . then addition
of [MoOCI,(thf),); the overall yield is over 50% [485].

Coucouvanis and co-workers have continued to examine the chemistry
of MoFe,; cubanes and double cubanes, often with the cluster
[MoFe,S,Ci(0OCCLO)MeCN))? ~ serving as starting material. This compound
has been found to reduce acetylene to ethylene and a small amount of ethane.
Replacement of the labile MeCN with a more strongly bound ligand retards the
reaction, implying bonding of the alkyne at the Mo, though the iron sites will
catalyse the reaction but at a much slower rate. Monitoring the ESR spectra of the
solution confirms that the integrity of the cluster is maintained [486].

Reaction of [MoFe,S,Cl(OCCL,O)(MeCN)J*~ with oxalic acid gave the double
cubane [{ MoFe,S,Cl}(-0x)]*” whereas with oxalate [MoF2,S,Cl(ox)]*” was
formed. One of the chloride ligands in the latter can be replaced by CN -
[487]. Treatment of the starting cluster with HSCHRCO,H gave double
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cubanes [NEt,],{{ MoFe;S,Cl(u-SCHRCOO)},)}, which show no ESR signal and
catalyse hydrazine reduction. With thioglycollic acid, the single cubane
[MoFe;S,Cl;(0,CCH,SCH,CO,)]*~ was formed in which the ligand acts as a triden-
tate chelate [488]. The reaction of [MoFe;S,Cl3(OC,C1,0)(MeCN)}*>~ with PEt; in
the presence of NaBPh, or NaPFs gave edge-linked double cubanes
[{ MoFe;S4(PEt;)3(0C,CLO)} .1 (37) [489].

37)

The  functionalized  macrocycle  1,4,7-tris(4-mercaptobenzoyl )-1,4,7-tri-
azacyclononane (H;L) coordinates as a tridentate thiolate ligand to the iron centres
of [MoFe;Sy(SEt)(dmpe)]~ and [MoFe,;S,Cl3(0OC,ClL,0)(MeCN )J*~ to give respec-
tively [MoFe;S,(L)(SEt)(dmpe)] ™ and [MoFe;S,(L)(OCCLO)(MeCN)J*~ [490].
The iron centres in [Mo(CO);Fe S4(SE,]* can be spanned by another tridentate
thiolate, 1.3,5-tris{(4.6-dimethyl-3-mercaptophenyl ) thio}-2,4,6-tris( p-tolylthio) ben-
zene [491).

Condensation  of  [Mo,Oy(H,O)*"  led 10 the  Mo,, cluster
[ MOa( t320) (p=O)3( 11=OH )5 H3O)s 1 4[OT5)g. which consists of four incomplete
cubane units bridged by OH groups; there are four distinct types of Mo--O distance
[492]. Further developments in the chemistry of the incomplete cubane
[Mo,S4(H,0)o)*" have been summarized in two articles [493,494]. Approximately
15 other metals have now been incorporated into this cluster. Its reaction with Fe
gave [FeMo;3S,(H,0),0]** which was structurally characterized, as was the ammoni’
analogue [FeMo,S4(H,0)(NH;)o]**. Both compounds show three successive elec
trochemical reductions, and the suggested oxidation states are Mo'YMoY'Fe" [495].
The reaction of [Mo0,8,(H,0),]** with metallic lead in 2M HC! forms a useful route
to the Mo(111) species [M0,S4(H,0),,]*" in 80% yield [496].

The [Mo,;S,(H,0),)** cluster and the cubanes [MMo;S4(H,0)4(CHP* (M =Ni,
Pd) hav- been incorporated into NaY zeolite, creating catalysts which are highly
selective for the formation of C, species from CO/H, mixtures. Adding Ni** to the
adsorbed incomplete cubane did not give the same activity, implying that the cubanes
are adsorbed intact [497]. The complex [PdMo,S(tacn),Cl|[PF]; is a highly efficient
and selective catalyst for the addition of carboxylic acids to activated alkynes, giving
trans-products [498].
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