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7. MOLYBDENUM AND TUNGSTEN
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INTRODUCTION

The material included in this review was obtained from the reports
published in primary research journals during 1980 and/or volumes 92 and 93
of Chemical Abstracts. As has become the practice with this series, the
emphasis for this article is the co-ordination chemistry of molybdenum and
tungsten. Thus, although the organometallic chemistry of these elements is
undergoing significant developments, this area is not covered comprehensively
here and the reader is referred to specialist reviews in organometallic
chemistry for further information. The material follows on from the
corresponding reviews [1,2] of the 1979 literature and has been organised
with the intention of producing a reasonably comprehensive account, with the
major classification being by the oxidation state of molybdenum and/or
tungsten. The review is concluded with several sections which summarise
developments in this area which cut across a simple oxidation state
classification,

Important new texts have been published concerned with the biochemistry
and related chemistry of molybdenum [3,4] and the chemistry and uses of
this element [5]. Each of these contains a considerable amount of interesting
and relatively new information, as well as providing a good documentation
of earlier advances. ?*Mo NMR spectroscopy has come of age and clearly has
much to offer as a technique for characterising diamagnetic molybdenum
camplexes [6]. The ratio of the quadrupole moments of Mo and *"Mo,
[Q(*"Mo)/Q(°°Mo)], has been determined as 11.4 0.3, from relaxation time
for K,MoO. (aq.) [7]. Bond-strength, bond-length relationships have been
presented for Mo-N [8] and Mo-S [9] bonds.

The characterisation and understanding of the electronic structure of
simple molecular species containing molybdenum or tungsten continues to
attract attention. The dissociation energy of MoO has been estimated as
580 ¥ 25 kJ mol_1 [10]. MoO and MoN molecules produced in a hollow cathode
discharge have been trapped in Ne, Ar, and Kr matrices at 4.2 and 13 K and
investigated by optical absorption spectroscopy; vibronic coupling to the
electronic transitions were identified and the ground state vibrational
frequencies for Mo'*N and Mo!®0O were 1040 and 894 an ™
Bbsorptions attributed to Mo, were also observed in this study [11]. The

, respectively.

bonding within Mo, and the potential energy curve for its I * ground state

have been discussed with the aid of detailed molecular orbital calculations



[12,13]. Several other studies, reporting the isolation and characterisation
of small metal clusters containing molybdenum or tungsten atoms, have also
been published [14-19].

7.1 MOLYBDENUM(VI) AND TUNGSTEN(VI)
7.1.1 Halide complexes

Reviews concerned with [WFg¢], [MoFs] and other molybdenum flourides have
been published [{20]. The v; bond (740 - 750 cm_l) of [MoFg] has been observed
for molybdenum of natural abundance and isotopically pure samples of [°°MoF],
[®®MoF¢] , and ['°°MoFs] [21]. SCF-Xua. calculations, including estimations
of the jonization potentials, for [MoF¢] and [WFe¢] have been reported [22]
and the extent of electron attachment to these molecules has been measured
[23]. The photolysis of [MoFg], isolated in an Ar mtrik, has been
investigated and the first step shown to lead to the formation of [MoFs] [24];
the thermodynamic properties of these two molecules have been compared [25].

[Fe(NCl\:Ie)s]2+ is formed when iron metal reacts with [MoFg] or [WFg¢] in
MeCN [26]. Me;Si(N;3), azidotrimethylsilane, reacts with an excess of [WFs] to
form (the potentially explosive) material [WFs(N3)], the corresponding
reaction with [MoF¢] yields a yellow solid, assumed to be [MoFs(N;)], which
decamposes at -10 °C. The [WFs(N;)] molecule has an essentially octahedral
coordination about the metal, with W—F = 1.84(4) %, W—N = 1.58(2) &, and the
W—N(1)—N(2) angle is 157(2)° [27].

Monothiolate derivatives of tunsten(VI) chloride, [WCls(SR)] (R = Me, Et,
cych, z‘Bu, tBu, Ch,Ph, or Ph) have been found to be unstable, with at least
two modes of degradation. If R+ is relatively stable, the preferred pathway
is heterolytic cleavage of the C—S bond to generate a carbonium iron, which
abstracts C1, to give WSCl, and RCl. The intermolecular elimination of R,S,
is the alternative route and is the exclusive degradative pathway for R = Ph.
Thus, the isolation of [WCls(SR)] campounds is difficult and only those for
which R = Me or Ph have been isolated in a pure form [28].

7.1.2 Oxo complexes

The crystal and molecular structure of [MoOCl,] has been determined by
neutron and X-ray diffraction at 293 and 77 K [29] . The Mo atoms occur in
adjacent octahedral holes in the lattice but there is no dimer formation as
exists in MoCls. The configuration around the Mo is a square pyramid, with
four basal chlorine atoms (Mo—Cl = 2.32 8), an apical oxygen atam (Mo—O =
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1.7 R), and the Mo atom is 0.41 % above the basal plane. This structure is
in agreement with a gas-phase electron diffraction study [30] (Mo—Cl =
2.279(3) 2, Mo—0 = 1.658(5) R) and with structures found for the related
molecules [WOCl,], [WSCl,], and [WSBr,]. Electronic absorption spectra, in
the visible and near UV regions, have been measured for the vapours over MoOCl.,
and WOCl, and the results interpreted with the aid of SCF-Xo calculations
[31]. The formation of WOCl,, and other oxychlorides has been studied in the
system WO,—WCl; [32].

XeF, forms adducts with the weak fluoride acceptor species, [MoOF,]
and [WOF,], of composition XeF, .nMOF, (n =1 or 2; M = Mo or W); °F NMR
spectroscopic studies have indicated the occurrence of equilibria involving
higher chain length species (x» = 1 - 4) in 80,C1F solution. These structures
involve XeF...M bridges which, at low temperature, are non-labile on the ®°F NMR
time scale and it has been concluded that [WOF,] and its polymers are stronger
F acceptors, relative to XeF,, than their MoOF, analogues [33]. The formation
of salts containing [WOQFQ]Z_, [WZOL.F7]3_, and [H2W204F7]2_ ions has been
described for reactions involving WO;.rH,O and an organic base, in 40% HF
solution [34]. !H NMR spectroscopy has been used to monitor the products of
the reactions of {WAF,] (A = O or S) with 2,3-butanediol (H,L) in MeCN [35]
and [WOX,] (X = F or C1) with aliphatic amides and monooximes [36]. In the
former study, two diastereoisomers of composition WAF,;(HL) were obtained and
their reactions investigated; in the latter study 1:1 adducts were obtained.
The state of molybdenun(VI) (0.2 - 2.1 moles 1°1) in aqueous HF have been
monitored spectroscopically [37] and the crystal structure of [NEt,] [{MoO(O;)
(pydca)},F] (pydca = pyridine-2,6-dicarboxylate) has been described [38].
[WOCl,(py).] has been reported [39] and the crystal structure of {[MoO,Cl,(phen)]
determined by X-ray crystallography [40].

Extended Hickel calculations have been accomplished [41] for the M0022+
moiety (and for comparison, UOzz+), and the conclusion that the maximum
utilisation of the vacant 44 orbitals for m bonding with oxygen lone pairs, as
suggested previously, has been confirmed. The calculated potential energy
cure for dsp bonding, has a minimum for O——NII\O——O for ca. 100°, in good agreement
with structural data obtained for the majority of eZs-dioxomolybdenum(VI)
complexes. Similar conclusions have been reached for the hypothetical camplex
ets-[MoO,(PPhs )] [42].

Molybdenum(VI) and tungsten(VI) diperoxo complexes are of interest because
some of them are reagents for the oxidation of various organic substrates such
as sulphides, aliphatic amines, ketones, and olefins. Furthermore, peroxo
camplexes of molybdenum are claimed to be involved as key intemmediates in the
hydroperoxide oxidation of olefins catalyzed by salts of this metal. New
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examples of this type of catalysis include asymmetric epoxidations of olefins
[43,44] and oxidation of organic sulphides [45] by tert-butyl hydroperoxide.
Asymmetric oxidation of simple prochiral olefins (e.g. propene, l-butene,
trans—-2-butene) can be achieved with stoicheiometric qguantities of (1), in
which L represents the chiral bidentate ligand (S)-#,N-dimethyllactamide. A

A

_— °\(|)

(1)

- determination of the crystal structure of this complex has identified a slightly
distorted pentagonal-bipyramidal coordination sphere about the molybdenum,
with the two peroxo groups located in equatorial positions; the chiral
lactamide ligand is bidentate, being coordinated through the carbonyl oxygen
at the fifth equatorial position and through the hydroxylic oxygen on the axial
position opposite to the oxo groups [46]. Several diperoxo complexes [MO(0.).
IL'] (where M = Mo or W; L = amine oxide, tertiary phosphine oxide, or tertiary
arsine oxide, L' = L or H,0) have been prepared. The frequency of the v; mode
of the M(0,) moiety, which is essentially an 0—O stretch, varies somewhat with
the nature of L. The energy of activation for loss of dioxygen from the dry
or dissolved complex is independent of whether L is a phosphine or arsine
oxide but is lower for a pyridine oxide complex. The complexes stoicheiometric-
ally oxidize olefins to epoxides and catalyze the epoxidation of olefins by
tert-butyl hydroperoxide [47]. Formation constants for diperoxymolybdate and
diperoxytungstate complexes have been obtained [48], the IR and electronic
spectra of K;[Mo0(0;),C,0.] have been recorded and interpreted [49], and the
crystal structure of [NEt,] [{MoO(0:) (pydeca)}.F] (pydca = pyridine-2,6~
dicarboxylate) determined [38]. Photolysis of bisperoxo-molybdenum(VI)
porphyrins has been shown [50] to produce the related cis-dioxo-molybdenum(IV)
complex which, in the case of tetra-4-tolylporphyrin, has been characterised by
X-ray crystallography. The Mo—O bond lengths are 1.709(9) and 1.744(9) R,
two sets of Mo—N distances are observed, 2.246(9) and 2.157(10) &, and the
Mo lies 1,095(9) ® out of the mean plane of the carbon atoms of the porphyrin
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ring which shows a significant "horse-saddle" deformation [51]. Dioxygen
has been transferred from cobalt to molybdenum according to the reaction (2);
[MoO(Oz)(CN)z]z_ may also be prepared by treatment of [{(NC)sCIlMoO},0] 8-, in
CH,Cl, at -40 °C with Na,0, [52].

~ 0H2 "15- - -12‘
CH, Cl,
-15°C
i 0 i L] i
(2)

{NC)s Co0O0 Mo (CN)s

g>’1|0 (CN),

Spectrophotametric studies have identified the formation of 1:1 complexes
between molybdenum(VI) and MePO(OH),, (EtO)PO(CH), and H,PO,” and the
stability constants at pH 3.06 have been determined [53]. The formation of
[MoO,(tta),], during solvent extraction of molybdenum(VI) from halide solutions
by tta in OCl,, has been reported [54] and [MoO,(MeCOCH,CO,Et),] has been
isolated [55]. 'H MMR spectroscopy has been used to monitor complex formation
between lactic acid and molybdenmum(VI) or tungsten(VI) [56], between IL-malic
acid and tungsten(VI) [57], and partially deuterated thiamalic acid and
molybdenum(VI) [58]. Eperimerization of aldohexoses and -pentoses, to the
corresponding C-2 epimers, proceeds more rapidly when catalysed by [ MoOfacac):]
in DMF than by aqueous molybdic acid [59].

The extraction of molybdenum(VI) from acidic media by diethyl phthalate
has been reported [60] and stability constants for the complexes formed when
[MoO.,]z_ or [qu]z- react with 2-hydroxyaromatic ligands [61] and 2,5~
dihydroxy-1,4-benzoquinone [62] have been obtained. The complexes involving
this dihydroxyquinone are suggested to be structurally related to those formed
by catechols (see [1] p. 119). Electrochemical reduction of [MoOz(cat)z]z_
in aqueous buffers pH 3.5-7, occurs by sequential one- and two-electron
transfers to yield transiently stable molybdenum(V) and molybdenum(III) species,

]

Uptake of two protons accompanies each electron transfer step and converts

an oxo group to a coordinated H.O molecule [63]. Such coupled proton/electron
transfer to Mo'! = 0 groups has gained general acceptance as the probable
mechanism for reduction of molybdenum(VI) centres in enzymes such as xanthine,
sulphite and aldehyde oxidase and nitrate reductase. An interesting
development in the modelling of the redox behaviour of these enzymes has been
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accomplished with the complexes (3), [MovOL]_, for which one-electron

0
S ‘ S
Mo
NN

\ /

CH—CH

|

R R
R=H or Me

(3

" oxidation results in the binding of another oxo-group and the protonation of
ligand L to form the previously isolated camplexes [MoO,I1H,]. These
molybdenum(VI) complexes undergo a two—electron irreversible reduction to a
molybdenum(IV) complex [64].

EXAFS studies of the molybdenum centres in the oxidised forms of sulphite
oxidase and active and desulpho xanthine oxidase (see [1] p. 149, with the
latter studies being reported in more detail [65]) give stimulation and scope
for the preparation of chemical analogues for these centres. Two complexes
worthy of special mention in this respect are [MoO,(#¥-methyl-4-tolylthio-
hydroxamate),] ( = [MoO,(4-MeCsH,C(S)N(Me)0),]) [66] and [MoO2(SC(Me) CH,NiMe),]
[67]. The former represents the first example of a Mo’ ‘02" camplex involving
two 5,0 chelates and has an unexceptional structure at the metal (within the
40"70,2" group, Mo—0 = 1.71 &, O—Mo—0 = 104°; for the chelates ¥o—0,
each of which is essentially trans to an oxo group, = 2.14 &, Mo—sS = 2.46 %)
whereas the latter, representing another example of a MoVIOz2+ complex
involving two S,N chelates, has an unusual structure. The donor atams are not
arranged in the customary octahedral manner and there are no atoms trans to
any Mo—O bond; the largest angle for any O t—Mo—X group is only 122 ° and
that is for X = 0. The geametry is best described as a skew-trapezoidal
bipyramid, with the N,S, donor atoms forming a plane and the O atams 1.49 :
above and 1.52 & below this plane. Further unusual features of this structure
are the S—Mo—S angle of 69.8 ° and the 2.76 R separation of the sulphur atams,
the approach being sufficiently close for the existence of a significant
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S....S bonding interaction to be postulated. This unique geometry apparently
arises as a consequence of the unfavourable steric repulsions between the

two N-Me groups which would occur in the normal ¢is-dioxo octahedral structure.
[MoO, (S,CNEt, )], originally reported as involving abnormally short Mo—O
bonds has been shown to have normal dimensions for the MoOz2+ moiety

(Mo—O = 1.703(2) ® and O—Mo—O = 105.6(1)°) [68].

Tripeptides, Gly-Gly-Met or Gly-Gly-His, immobilized via the terminal
glycine to a polystyrene matrix have been reacted with Mo0O,Cl, to obtain
peptide complexes of molybdenum(VI), The tripeptides seem to function as
tridentate ligands and the molybdenum(VI) is reduced by Ph3;P to molybdenum(IV);
the original complex can be regenerated by oxidation with NaNO;, Thus the
molybdenum(VI) complex behaves as a model of an oxidase enzyme [69]. A series
of complexes containing amino acids (B-alanine, glycine, cysteine, serine, or
lysine) or edta coordinated to the W20h4+ core have been reported [70] and
the electrochemical reduction characteristics of [(MoO;), edta) 4~ have been
investigated [71].

The coordination behaviour of molybdenum(VI) towards diols and
aminoalcohols has been discussed, with particular reference to new and
previously reported structural data. The compounds may be classified as
follows: (i) [MoO.(HL),], containing the cis-dioxo-MoO. core and two
monodeprotonated ligands. (ii) Yellow vicinal diol derivatives, [Mo,0;(HL):L:],
with an O tMoObMoO . core; the generic structure having been established for

1 is characteristic of this

H,L = pinacol, and an IR absorption at ca. 750 cm
core. (iii) A class having an (Ot)ZMOOb MO(Ot)g core, as typified by the
nitrilotriacetate camplex in Na,[Mo,0s(Hnta),].8H,0. (iv) Compounds such as
[{MoO, (npg) (OH»)}.] (Hnpg = neopentyl glycol), with a ci.s'—l\&oozz+ group and
six-coordination being achieved by bridging by a ligand oxygen atom [72].
Stability constants and the thermodynamics of formation of molybdenum(VI)
complexes with DL~o-aminobutyric acid have been reported [73] and some new
molybdenum(VI) complexes with triazene l-oxides (HL), of composition [MoO,L.],
have been isolated and their vibrational spectra recorded [74]. Spectrophametric
and analytical information has been obtained for the 1:2 complexes formed
between molybdenum(VI) and 2-hydroxy-5-chloro~ and 2~hydroxy-5-bramoacetophenone
oximes [75]. The '*C NMR spectra of 8-quinolinol, 4-methyl-8-gquinolinol
(Hmg) and [MoO,(mg).] have been recorded and have provided new insights into
the solution structure and bonding of this and the [Zn(mg):] complex; thus
both ligands are equivalent and the molybdenum-ligand oxygen interaction has
significant covalent character [76]. Several camplexes of some N,0 donor
ligands, including MoO,ICl; (L = PhCONHNH., 2- or 4- H,NCgH,CONHNH,) and
MoO,L'Cl (HL' = 2-HOCHy,OONHNH,, 2~ (H,NNHOO)CH, N : CHCH, OH-2 , 4~xCo H, OONEN :



CHC¢H,(H-2, X = H, NH,, or MeC(:NCH)Me :NNHCOCH,R-2, R = H, OH, or NH;)
have been prepared and characterised by IR and UV spectroscopy [77].

The complex bf N,N-diethylhydroxylamine (HL) [MoO.L.] has been
structurally characterised [78] as have the hydroxylamino camplexes
[MoO(H(Me )NO) » (HNC(S)N(Me)0)] and [MoO(H(Me )NO) (HNC(S)N(Me)O) (H2NC(S)N(Me)O] .
H,0. These latter complexes were prepared in the course of a study of the
reactions of [MoOs]2™ in aqueous solution (pH ~6) with ¥,N-substituted
hydroxylamines, the colourless complexes [MoO,(RR'NO).] (RR' = H(Me), Me:,
Et,, Bzy) are formed, in which the ligands are ¥,0-bonded. The deprotonated
N-methyl-V-hydroxylthiourea complexes were obtained from related reactions
in the presence of NCS and both complexes involve a pentagonal bipyramidal
coordination geometry at the metal [79].

The camplexes c¢is-MoO.IL' (L = EtOH or dmso), of the potentially
tridentate Schiff ‘bases (4) ( = H,L', X = H, NO,, Br, or MeO) have been

OH HO

CH==N

(L)

prepared and their electronic spectra and redox potentials measured [80]. A
large number of bidentate, tridentate, and tetradentate Schiff base ligands
containing 0,N, and S donor atoms have been employed as ligands for the cis-
2+
MoO,
reference to their IR and 'H NMR spectroscopic properties [81]. The

centre and the structures of the resultant complexes discussed with

preparation of MoO,L,.nH,0 (HL = isonicotinic acid hydrazide or one of its
derivatives) [82] and WOCl,L, (L = nicotinamide, isonicotinamide acid

hydrazide or one of its derivatives) [83] have been reported. The thiocyanate

ligands in [MoO.(NCS),(hmpa),] have been shown to be N-bonded by X-ray
. erystallography [84] and molybdenum(VI) thiocyanate complexes shown to be more
stable in HOAc, as compared to aqueous solution [85].

Although a metallo-carbene seems to be the reactive intermediate for
metal-catalysed olefin metathesis, it has been established that the presence
of oxo-ligands has a dramatic effect on catalytic activity. Thus WOCls, in
cambination with main group metal alkyls, provides a consistent source of an

161
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exceedingly active catalyst precursor for olefin metathesis. The character of
the Me,Mg - WOCl, reaction has been investigated further and an active

catalyst precursor MeWOCl, .OEt, characterized [86]. The complexes MoCl-
(neopentyl)s; (M = Mo or W) have been isolated from solutions which are active
in olefin metathesis and, although inactive alone, these species can be
converted into very active catalysts; MO(neopentyl), complexes have also been
reported [87]. The oxo alkylidene complexes, [WO(CHCMe;)(PEt;)Cl.] (5) and
analogous benzylidene, ethylidene, propylidene and methylene derivatives, have
been isolated and shown to be olefin metathesis catalysis. The structure of (5)

has been determined and the geometry about the tungsten shown to be a distorted

PEt,

C
l\

W—"Co
o T GeMes

Cl
(5)

trigonal bipyramid, in which the oxo ligand (W—O = 1.661(11) ﬁ) ch and CB of
the neopentyl ligand (W—C, = 1.882(14) %) and the chloride ligand (W—Cl =
2.389(5) X) all lie in the equatorial plane [88]. DPotential energy profiles,
for olefin metathesis and epoxidation involving oxo-complexes of chromium and
molybdenum, have been produced using accurate ab <nitio molecular orbital
methods. The results obtained suggest that, for activity, metal chlorides
should have at least one 'spectator' metal-oxo bond [89].

7.1.3 Oxides and homonuclear polyanions

A new determination of the vibrational molecular constants for the WO;
molecule has been presented, on the basis of a structure with Csv syrrmetry [90]
and a mass spectrometric study of the vapour over WO; has indicated the
presence of W3O, WyOy2, and WsO;s [91]. An electron diffraction study of
these vapours has suggested that the trimer and tetrameric species are
predominant, at ca. 80% and 20% levels, respectively; Wi0s is composed of WO,
tetrahedra linked by u-oxo atoms to form a puckered ring [92]., Spectral
sensitization by metal-free phthalocyanine films has been observed on various
semiconductor electrodes, including single crystals of n-WO;, and the oxidation
of several solutions species achieved [93].
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The nature of water in MO;.nH,O0 (M =Mo or W; »n = 1 or 2) has been
studied by 'H NMR spectroscopy. For half of the H,O molecules, the
interproton separation is 1.58 % and for the other half it is 1.38 X; the
latter was attributed to the interaction of the protons with bridging oxygen
atoms [94]. A stable nickel(II)- rubeanic acid coordination polymer, prepared
in the interlayer space of MoO;, has been separated by dissolving the MoO;
layers in boiling [NH,]Cl solution [95]. )

The results of SCF-Xo. calculations of the one-electron cross section for
K-shell photoabsorption of [Mu]z- have been used to explain the profile of
the X-ray absorption spectrum above and below the molybdenum K-shell
ionization threshold. The first fairly intense peak on the low energy side of
the rising edge is attributed to a dipole allowed transition to a bound state
of primarily metal d character, the transition being allowed because of mixing
with oxygen p orbitals [96]. The identification of this and other transitions
for [MoO.,]z', and reiated species, marks a significant improvement in the
understanding of the processes responsible for X-ray absorption edge structure,
information which can be a useful fingerprint of the chemical nature of a
particular atom.

The kinetics of the substitution reaction between [WOg]z' and cis—
[Co(en)2(H20),1*, to form [Co(en),(CH)(WO,)], have been measured and
interpreted [97]. The system H+/,[MoOz.]2- has been investigated by Raman
spectroscopy. However, oontraryvto earlier reports, evidence for species
intermediate between [Mq]z- and [M07021.]6_ could not be obtained and the
amount of any such species was estimated to be <3% [98]. Nevertheless, the
results of a potentiometric investigation of the equilibria between
molybdenum(VI) species present in aqueous acidic media have implied the
existence of a dimeric HMo,0; species under certain conditions [99]. °°Mo
NMR spectra of a—~ and B- [M05026]4_ in MeCN exhibit the eame single narrow
resonance at room temperature, implying an exchange of all the molybdenum
atoms. A new interconversion, consistent with this and other observations for
these and related polyanions, has been proposed; the mechanism is based upon
concerted translations of close-packed fragments along molecular mirror
planes and is reminiscent of the concept of crystallographic shear [100].
[WeO19 ]2_ has been characterised by X-ray crystallography, in the [(tBuNC)7W] 2+
salt obtained from the reaction of K;[W.Cls] with excess tBuNC which is
promoted by a small quantity of H;O. The anion has near perfect octahedral
symmetry with dimensions simila.i' to those reported earlier for this moiety
[101].

As an extension of previous elegant work defining polyoxamolybdate—
carbonyl interactions, [CHCCHMo4OpH]®™ has been shown to react with some
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acids, HX, to yield [HOCHMO:,OmX]s'. The product (6) contains a polycentric
anion binding site capable of accommodating anions, X, having a variety <.
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sizes and shapes; the systems for X = F and HOO, have been characterised by
X-ray crystallography [102].

7.1.4 Ternary oxides and heteronuclear polyanions

The crystal structures of Li,WO,(IV), the most dense phase amongst the
four polymorphs, [103] and CsLiWO, [104] have been determined. The Raman
spectrum of Na,W,0; has been assigned with reference to its crystal structure
[105] and X-ray diffraction studies of Na,Ws;O;; glass have been interpreted
in tems of a chain structure consisting of WO, tetrahedra and WO; octahedra
{106]. IR and mass spectra of Na,MO, (M = Mo or W) have been examined [107].
Studies of the formation and structure of [Mon7]2-, [W207]2-, and [CrM007]2'
have been reported; force-field calculations for the mixed-metal anion
suggest a value of 125 ° for the Cr—O—Mo angle [108]. The conditions for
formation of Mg,Mos0;1 have been investigated [109] and the state of H,O in
K,W0g . 2H,0, MgW0;.3H,0, and MoMg(WOe),.nH,0 (n = 3 or 4, M=K; n=5, M=
Rb or Cs) has been studied by ‘H NMR spectroscopy [110]. The structure of
Ba;W,0, has been shown to be isomorphous with that of Cs;T1,Clg [111], the
thenmdynamic characteristics of Ba;WO;, Ba,WOs;, and BaWO, have been
determined [112] and Raman spectra have been obtained for Na MO, and M'MO.
(M = Mo or W; M' = Ca, Sr, Ba, or Pb) at high pressure [113]. Revised
crystallographic data have been presented for Cag[Al1,0,4] [WO,]. [114], the
synthesis and some physical properties of [pyH]+ salts of [Ga(OH)gMogO;e] 3-
have been reported [115], and a new heteropoly tungstate anion, tentatively
formulated as [(GaOg)2W100541%", has been isolated as its guanadinium salt
[116]. The crystal structure of T1,W,0;; consists of corner sharing chains of
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WO octahedra and the hexagonal and pentagonal tunnels bound by these chains
are occupied by Tl atoms [117]. The X-ray amorphous compounds MIn(MoO,),.nH,0
(n = 3.5; M = Ag, T1) and MIn(WO,),.4H,0 have been prepared from agueous
solutions of MNO;, In(NO;);, and Na,MoO, or Na,WO, [118].

The structure of the [SiMo;,Oup ]4' ion has been determined in a lattice
of its guanadium salt [119] and H,SiMo;,0u4¢ .13H,0,in which the hydrate
envelope contains H502+ and H703+ ions [120]. The structure of Ky [R-SiMoW ;04 ]
.9H,0 is isomorphous with that of K, [g-SiW,,04; ].9H,0, with the Mo atom
statistically distributed on three equivalent sites [121]. These results have
been discussed with respect to the o -8 isomerisation of the heteropolyanions
and the kinetics of this process have been reported for molybdosilicic acid
[122].

Conditions and the mechanism for the solid phase synthesis of lead(II)
molybdates, including the preparation of Pb,MoOs; crystals, have been described
[123]. Pb3M;MoOs (M = Ni, Fe, Mn, or Sc), Pb,MMoO; (M = Fe, Mn, Ca, or Hg),
and Pb,MWOs (M = Ca or Hg) have been prepared fram their respective oxides
at 35 ~ 50 kbar and <700 °C [124].

183 NMR chemical shifts have been demonstrated to be extremely
sensitive to environmental and structural perturbations therefore, inter-
pretation of these data, in terms of charge distribution arguments, can only
be made when a close structural analogy is maintained. This statement has
been well illustrated for the ions [WeOps]2™ , a- and - [SiWi Ow]®”, o-
[PW1204,0] 3", and o~ [(n5-CsHs) Ti(PW,10s9)]%"; a trans bond alternation
mechanism for the charge transmissions in this last anion has been proposed
to interpret the '®3W NMR chemical shifts observed [125]. Kj M[PW;305]:.mH,0,
Ki7 M [P,W17061)2.7H,0 (M= In, m =31, n = 48; M =Rh, m = 35, n = 42) have
been prepared and characterized by IR and UV spectroscopy and thermogravimetric
analysis [126]. Heteropolymolybdate camplexes of the type [(ROPO;),MosOs] %™
(where ROPO3H, = riboflavin 5'-monophosphate, AMP, UMP, or B-glycerophosphoric
acid) have been prepared as guanadinium or alkali metal salts and
spectroscopically characterised. The anions are considered to have structures
similar to that of [PzMosoza]G' [127]. Ion, exchangers, which have a marked
selectivity for alkali metal ions, have been prepared by precipitate formation
between crown ethers and phosphomolybdic acid [128], In situ IR measurements
have shown that rapid and reversible !®0 exchange occurs between H,0O vapour
and all of the bulk O atoams of 12-molybdophosphoric acid, with the exception
of O atams attached to phosphorus [129].

The full details, including neutron diffraction data, of the crystal
structure of [CN;Hg], [Me,AsMo,O;5H].H,0 have been published [130,131]. The
anion comprises two face- and two edge-sharing MoO; octahedra, in an almost
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flat rectangular array, capped by the tetrahedral Me,AsO, group. The oxygen
atom that is asymmetrically shared by all four molybdenum atoms is protonated
(O—H = 0.991(5) R) and this hydrogen atom participates in a hydrogen bond to
a water molecule which is 1.779(5) 2 away from the hydrogen. The anion of
[CN3Hg], [MeAsMogO,; (H,0)s] .6H,0 is an assembly of six MoO¢ octahedra and a
tetrahedral MeAsO; group. These six octahedra constitute a ring with alternate
edge- and corner-sharing and the MeAsO; group shares its oxygen atoms with
the ring. Each molybdenum atom has two terminal oxygen atoms mutually eie and
is also coordinated by a water molecule [131], The anions of Na;[NMe,],
[HMogAs ;0.6 . 7H,0 consist of six MoO, octahedra, joined in a hexagonal ring
by edge-sharing, with one AsO, tetrahedron attached on each side of the ring
[132].

No heteropolymolybdates containing tetrahedrally coordinated molybdenum(VI)
are known. This is surprising since several isopolymolybdates have been shown
to contain such atoms. Therefore, it is of interest to note the synthesis of
[PhaBi(MOOt.)z]z_ and [PhaBi(MOOU]x; the former probably involves a trigonal
bipyramidal geometry at bismuth, with phenyl groups occupying equatorial sites
and unidentate tetrahedral oxoanions occupying the axial sites, and the latter
appears to contain PhaBi2+ units linked together by bridging MoO.‘Z- groups
[133]. Crystallographic data have been reported for BicMO;; (M = Mo or W)
[134] and solid state syntheses have been described for Bi,MoOg systems [135].

Rb>Mo30,3 has been prepared and the anion shown to involve double chains
of MoOg octahedra, with three neighbouring octahedra having common vertices
with an SO, tetrahedron [136]. MgTeMoOs has been reported and the properties

2* and Ni®* materials have been examined [137].

of the corresponding Fe
A new fluorotungstate, Hg[H,W;3 FgOs¢], has been synthesised and
characterised by *F and 'H MMR spectroscopy. Its NMR properties are consistent
with a structure in which one or more non-exchangeable protons are bound to
three identical fluorines. Unlike other fluorotungstates, this anion does not
belong to the 1-12 series; its X-ray powder pattern and properties lead to its
classification in the 2-18 series [138]. The crystal structure of
Ks[IMogO,4] . SBH,0 has been determined and the anion is a typical Anderson - type
heteropolyanion [139].
Advances made by Klemperer et al. and Noth in preparing ns—
cyclopentadienyltitanium polyoxoanions of molybdenum and tungsten, omitted
from this review last year, were included in the titanium review by Fay [140].
Ion exchange properties of zirconium(IV) molybdates and tungstates have been
studied [141]. The preparation and some properties of Rb,M(MoO,)s and
RbgM(Mc0, )¢ (M = Zr or Hf) have been described [142]; Cs,Hf(MoO,); has been
shown to involve three non-equivalent tetrahedrally coordinated Mo atoms [143].
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Details of the preparation and the unit cell of [NH»] s [MoV¢0;4] .12H,0
have been given [144], procedures leading to the formation of [Mo,V,0;0H3] 3—,
[Mo3V30isHe 12, and [Mo,VsOysH;]>™ described [145], and the structures of
[Mokveogs]s_ [146] and [MogVsOu) 7" Getermined [147]. Several studies of the
properties of vanadium- molybdenum or - tungsten heteropoly blue anions have
been published and all agree that the initial reduction(s) occur at the
vanadium centre(s) [148-151]. EPR and magnetic data for complexes of this
type, a-1,2-[SiV,W1004 1% and a-1,2,3-[SiV;Ws04H]®", have been cbtained and
these show that the unpaired electrons of these anions are restricted to two
or three oxygen-bridged vanadium atoms [151]. The preparation and some
spectroscopic properties of several phosphorus-vanadium-molybdenum or
tungsten heteropoly compounds have been published [152] and the compounds
Te3Mo,V,0,7; and TeMoV,0;; identified in the TeO,-Mo0;-V,0, system [153].
Hexagonal perovskites with cationic vacancies in the lattice, including
Ba,Nb,W0O;, and Ba,MsWO,, (M = Nb or Ta) have been characterised by X-ray
crystallography [154] and the behaviour of Hg[SiW;; Nb.O4e] in agueous solution
has been studied [155]. Phase relationships in the Cr—W—O system and
thermodynamic properties of CrWO. and Cr,WOs have been reported [156];

. Rb,Cr0O, Mo0; and Rb,Cr0,.Cr,(Mo0,); have been characterised by their powder
diffraction patterns [157]. A new crtttasy MoVI heteropolyacid has been
claimed with these elements present in the stoicheiometry 1:4:16 [158].

The importance of the surface bound species, formed in reactions between
d® metal carbonyl complexes and metal oxide surfaces, has stimulated a study
of metal carbonyl units bound to the oxide surfaces of polyoxoanion clusters.
The first adducts of this type, [(OC)s;M(Nb,W.0:9)] 3- (M = Mn or Re), have been
prepared by refluxing a solution of [N(nBu)u]‘[NbZWn.Olg] and [(OC);M(NCME), |-
[PFs] for 2 h in MeCN. !0 MR and IR spectroscopic studies indicate that
these anions comprise M(CO); moieties bonded to a triangle of oxygen atoms on
the surface of the [Nb,W.01.]%" anion [159].

The enthali)ies of formation of MnWO, and FeWO, have been determined [160]
and the crystal structure of Fe,(MoO,); described [161,162]. Magnetic
susceptibility measurements on this last compound indicate that it is an
antiferromagnetic material with an ordering temperature below 80 K. The
relationship between the structural order and the oxygen stoicheiometry of
Sr3WFe,0; has been investigated [163], and hexamolybdate [164] and trihetero-
polymolybdate [165] anions containing iron have been isolated. The progressive
substitution of iron by cobalt in Ba;WFe,0, leads to substoicheiometric oxides
and a structural evolution [166]. M¢[COMo100;3,(CH)y].7H,O0 (M = Na, Rb or Cs)
have been obtained [167] and the crystal structure of [NHy ]J23 -

[ NHyAs Wy O1y0 002 (H20) 2] .nH,0 (18 <7 < 20) reported. The anion of the
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latter compound consists of four AsWg0j3; subunits linked by four extra WO,
octahedra, with the aggregate formming a cryptate (eight oxygen) site for

the [I\I}L,]+ ion; two Co2+ ions are also encapsulated, each of the latter being
coordinated to four oxygens of the anion and a water molecule {168}, The
crystal structure of [ Li(H»0)4], H{Co4I30,4H;,].3H20 has been determined

and the results used to propose characteristics atoms must have to become
heteropolyanion addenda; these arguments were reinforced with reference to
other available structural data, e.g. Ks[CoW;,040].20H,0 [169]. Kio[NiWy70ssFs]-
.33H.0 has been isolated [170] and phase relationships in the Cu;0-CuO-MoO;
system have been detailed [ 171]. The electron exchange at the tetrahedral

7-/6~ has been shown to be slow, probably as a

copper centre in [ CuWiz Oy ]
consequence of the different stereochemical .requirements of copper(I) and
copper(II) in this environment [ 172]. The formation and unit cell characteristics
of CdWO, have been described [ 173].

The preparation and properties of a large number of molybdates and/or
tungstates containing rare earth cations have been reported this year [ 174-181],
including studies of the crystal structures of copper(I) rare earth tungstates
[175], LiY(MoO.), [176], Ba,La,ZnW,0,, [177], BaNd, (MoO,), [ 178], NasILn®M0.),
(M =Mo, Ln =Tb or Lu; M =W Ln = Lu) [179], polarized IR and Raman spectra
of KDy(MoO, ), single crystals, with a demonstration of the *?Mo - °°Mo
isotope effects [ 180], and the crystal structure and magnetic properties of
B~Th, (MO, ); [181]. The crystal structures of CATh(MoO,); [ 182], UO.MoO,

[ 183] and a~UO,MoO, .2H,0 [ 184] have been reported. UsWiOs [185],

Mie [ U(As,W17016),] (M = K, NHy, Cs or T1) {186], and M'(UO;)3(MoOy ), .8H,0 [187]
have been isolated and the camplexes formed between neptunium, plutonium, or
americium and molybdates [188] or phosphotungstates [189] have been investigated.

7.1.5 Thiohalides

The preparation and some properties of MoS,Cl, have been reported [ 190].
[ AsPh,] [WSCls] has been prepared by the reaction of WSCly with [ AsPH,]Cl in
CH,C1,; the [WSCls] ™ anions have ¢ 40 symnetry in this lattice and the structural
trans effect of the sulphido group is found to be rather small [ 191].

7.1.6 Sulphur chemistry

K,[ MoO3S] has been prepared by reacting Na,[MoO,].2H,0 with KOH in
aqueous solution, followed by treatment with MeOH and a powerful stream of
H,S gas, and IR and Raman spectra and X-ray powder diffraction data have been
obtained [192]. This synthesis is valuable because [M0038]2— is the only ion
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of the [MoOnS 4_3:]2_ (x = 0-4) series which has been difficult to isolate in
a crystalline solid. Kinetic studies have been reported for the formation
and aquation of these anions; aquation becomes more difficult as x decreases
and this has been attributed to the larger S%~ ions crowding the reaction site
and making associative substitution more difficult [193]. SCF-Xo calculations
have successfully accounted for the energy separations and relative cross
section both below and above the molybdenum K-shell ionization threshold of
[MoS,]%" [96].

[¥5,]%” and, to a lesser extent, [Mo S, ]1°° (M =Mo or W; = = 1 or 2)
salts are widely used as starting mteriais‘i; the syntheses of a number of

2

interesting complexes with other metal(M') centres; the typical products
either contain cores comprising M‘Szmxsz_x (x = 0, 1 or 2) groups or M';MS,
(or related) cubane-like moieties., As last year [1], the principal developments
have occurred for M'_ = Fe, stimulated by the search for a better understanding ’
of the nature and properties of the Fe—Mo—S centre (the iron-molybdenum
cofactor or FeMoco) of the nitrogenase enzymes. The developments in this area
will be discussed in Section 7.12.3, alongside considerations of the nitrogenase
enzymes, however, these may be summarised as follows. For tetrathiomolybate
complexes, achievements include full descriptions of the preparations,
structures, and properties of [ S:MoS,Fe(SR)2]2~ (R = Ph or CeH,~4-M&) and
[SzMoSzFeC12]2' camplexes [ 194], the isolation and spectroscopic
characterisation of [ (PhS) zFesteSZMcSZ]s_ [195], the preparation and
structural characterisation of [Fe(SzMosz)2]3_ [196,197], [CleaSZMosteCh]z_
[198] and [55F632MOSQ]2- [199]. For Fe;MS, (M = Mo or W) cubane - like clusters,
full accounts of the synthesis, structure, spectroscopic and redox )
characteristics of [FeeMzSa(SR)g]S— (R = Ph, C¢H,-4-C1l, C¢H,-4-Me, or Et),
[ FeeM2Ss(SPh)s(QMe)3] ™", [MosFesSe(SEt)12] >~ and [M;FesSs(SCH,Ph) 1, 1% complexes
have been published [ 200-204]. The terminal, iron-bound thiolates of the
complexes [FeeMozSe(SR)g]a_ (R = Et, CH,CH,OH, or CH,Ph) can be exchanged for
halide by reaction with PhOOX (X = Cl or Br) [205] and quantitative dihydrogen
evolution occurs upon reacting [FeeMOZS5(SPh)g]5— with PhSH [ 206]. A polymer-
bound FegMoS; cluster has been claimed but not fully characterised [207].

The syntheses of [Pd(MoS.,)2]12", [PA(WS,),]1%", and [ Pt(MoS,),12" have been
achieved and improved methods for the preparation of the nickel analogues and
[ Pt(WSg)zjz_ have been developed. These anions undergo electrochemical
reductions; two.well-separated one-electron rever<sible reductions are seen for
the nickel complexes, these reductions are closer together in the palladium
species and the second reduction becomes irreversible, and only one reduction
wave is observed for the platinum complexes but appears to be an overlap of
two different electrode processes [ 208]. The reaction of [ (Ph3P),PtCl,] with
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PhsP and [PhsPMe] [WO,S,] has been shown to produce [ (PhsP);PtWS.] and [ (Ph;P),-
PtWOS:]; [ (Et;P),DtWS,] was similarly prepared from (EtsP),PtCl, and its
structure confirmed as involving an approximately tetrahedral WS, unit bonded
at one edge to (EtygP),Pt [208] .

[ {(PhsP)Culs Mo(S)S5C1] ¢7) has been prepared by extracting an agueous
solution of [NH4]. [MoS,] with a solution of CuCl,.Z2H.0 and PPh; in CH,Cl;
[2101, This complex has added interest because of Cu—Mo—S Interactions
which can have profound effects on the metabolism of many organisms,
particularly ruminant animals. The related compound [ {(Ph;P)Cu} Mo(0)S;Cl],
with 2 terminal oxo in place of the sulphido ligand in (7) has also been
characterised [ 211], [ (Ph,P),AgS,WS2Az(FPh; )] has been prepared by reacting
Ag{NO;], PPhy, and [NHyJ. [WS,] in a CH;Cl, - H»O system and the structure (8)
of this compound determined [212]. A third structural type [ {(PhsP)Culs.{WO}.-
S¢] has been identified as a product of these facile reactions [ 213].

fSWq]z- coordinated to tungsten(IV) has been identified in [Wuslﬂz_,
prepared by reacting [FP,]. [WS,] with HOAc in (H.Cl,; for three days., This
anion consists of two central edge-linked WS square based pyramids, joined
over a base edge, each also sharing a basal edge with a teyminal WS, tetrahedron
[214]., The structure and properties of amorphous MS; (M = Mo or W) have been
investigated. W33 is considered to involve W8 clusters, as in crystalline
WS; [215]. MoS; cathodes in lithium cells react with < 3.8 Li per MoS; under
constant current conditions; this type of cell has a hiph theoretical energy
density and good reversibility [ 216].

The complexes [MoO(S CNR2)2] (R = Me, Et, or Pr) react with elemental
sulphur smoothly in refluxing Me,C0 to give [MoO(S,CNR;):(S;)] [217]; an
alternative procedure involves the reaction of [Mo,03;(S,(NR;),] with Na,3, in
acetone., These camplexes react with nucleophiles (e.g. P(OEt)s, PPh;, MelNC,
CN™, and [50,]%7) and in each case the sulphur addended nucleophile and
[MoO(SCNR; )] are produced., HReaction of [MoO(S,CNR;)(S:)] with MeSO;F has
produced the new complex [LbO(SSLie)(SzCNR2)2]+, containing a persulphide
ligand [ 218].

7.2.7 Nitride, nitrene and tmide complexes

[ AsPh,] [MoNF,] has been prepared by the reaction of [AsPh,] [MoNCl,]
witAh AgF in MeCN and its crystal structure has been determined; Me—N = 1.33 8,
N-Me-F = 88,8 © [219]. The reaction of [ MoCl,(bipy)] with an excess of
MesSiN; in CLCH.CH,Cl results in the formation of a mixture of [MalN(N;)(bipy)]
and Mo(N;)Cl,(bipy). The structure of the former is composed of monomeric
units with the molybdenum having a distorted octahedral coordination; the three
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azide groups located cis to the nitride ligand [220]. The crystal structure
of [AsPh,], [W,NClys 1, a p-nitride complex containing tungsten(VI) and (V)
has been reported; the compound was obtained as a by-product of the
preparation of [AsPh,] WNC1,] [221]. A new preparative route to WNCl; from
WClg and IN; has been described and [ WNC1;(POCl;)],.2POCl; prepared by the
reaction of WNCl; with an excess of POCl;. The structure of the latter
tungsten complex contains planar and almst square W,N, eight-membered rings,
with alternating W-N bond lengths; the distorted octahedral environment of
each metal atom is campleted by three terminal chloride ligands and the oxygen
atom of a POC1l; which is coordinated trans to the shorter W-N bond [ 222].

MoCls in POCl; reacts with C1CN and CCl;CN, in the presence of Cl, or
NC1;, to give [ (C13PO)C14MoNCCL;] and [ (C1;PO)C1,MoNC,Cls], respectively [ 223]
and the [AsPh..]+ salts of the corresponding [ ClsMoNR]™ (R = (Cl; or C,Cls) ions
have been reported [224]. Reaction of WClg in POCl; with CICN or CLl;CN has
been shown to lead to the formation of [ (Cl;PO)CL,WNR] (R = CCl; or C,Cls,
respectively); subsequent reaction with [ AsPh,]Cl produced the corresponding
[ AsPh,] [ClsWNR] salt and the crystal structure for R = C,Cls has been
determined (W-N = 1.68 X) [225]. WClg reacts with (CN), diluted with N,, and
MoCls reacts with (CN), and Cl,, in POCl; to yield the corresponding
[ (C13POYMCI, (NCC1,CC1,N)MCL, (OPC13)] complex [226].

Stable nitrene complexes of the type [ Mo(NPh)X,(S,(NEt;);] (X = Cl or Br)
have been prepared by several different routes [227,228]. The structure of
the chloride derivative has been determined at -150 °C and the short Mo—N
distance of 1.734(4) 2 suggests that this interaction should be described as
a triple bond [ 228].

The reaction of MoO,Cl, with N-(l-adamantyl)(trimethylsilyl)amine has
been shown to form trane-{ (AdNH),Mo(OSiMe;),], the structure of which has
been determined by X-ray crystallography (Mo-N = 2,057(3), Mo-O = 1.906(3) R)
[229].

Molybdenum and tungsten organo-dinitrogen ligand chemistry is considered
in Section 7.13.

7.2 MOLYBDENUM(VI)/(V) AND TUNGSTEN(VI)/(V) OXIDES

The crystal structure of WO.2.s2 has been reported [230] and the properties
of an intermediate blue oxide WO..s-»., investigated [231]. X-ray studies
have .shown that the blue material, isolated following the photo-reduction of
[NH;“Pr]e [Mo70,,] in aqueous solution, contains [M0130A0]4_ (11MoVI + 2Mov)
and [ HyMo; 2040]4‘ (MOVI) ions both having the Keggin structure, randomly
distributed over the anion sites in 1:2 ratio [232].
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1H MMR relaxation times and spectra have been reported for the hydrogen
molybdenum bronzes H;.71MoO; and Hp.3¢MoOs; both compounds are considered to
contain proton pairs as coordinated H,O groups in the former and pairs of HO
groups in the latter [233]. The results of related studies have been described
and discussed [234]. Lithium incorporation into molybdenum and tungsten oxides
has been examined, with reference to the use of these materials as cathodes
for lithium cells [235]. NMR studies of Na.xVK)g (x = 0.22 - 0.84) [236] have
been described.

The results of EPR studies of Mo’ centres in CaMoO,, [ 237], [NBuy]u—
[ PMo; 2040] [238] and the products of the reduction of H3P;04q.2H20 by
ascorbic acid [239] have been reported. The reduction of the [P;Mo;s0¢ 2]6_
anion by two electrons results in the mixed valence molybdenum form; use of
*lp and 70 NMR high resolution spectroscopy has established that these
electrons are trapped on two adjacent molybdenum atoms with a diamagnetic
species being produced. For the one-electron reduced anion, [P,Mo,;s0g 2]7_,
EPR spectra reveal the delocalization of an electron over an extensive part
of the structure [240]. EPR studies have indicated localized electrons on
molybdenum(V) in the reduced heteropolyanions [ AsMoW;;0, ] 4_, [AsMoxW, 220u 0] 5-
(x=2,3, or 4) [241] . Sb,M0;0;; and SbyMoO;, have been prepared [ 242] and

II1 . tom is shown to

the crystal structure of the former determined and the Sb
possess a stereochemically active lone pair [243] . The preparation and optical
properties of a molybdotungstoselenite complex have been described [244] .

The EPR spectrum of Mov in rutile has been obtained [ 245] and this
spectroscopy used to establish that vanadium- molybdenum or -tungsten heteropoly

blue anions involve reduced vanadium centres [ 148 - 151] .
7.3 MOLYBDENUM(V) AND TUNGSTEN(V)
7.3.1 Molybdenun pentafluoride and thiotrifluoride

[MoFs] has been identified as the first product of UV photolysis of
[MoF;] in an argon matrix; IR spectra were consistent with a ¢ o structure for
this molecule {24 ]. The thermodyamic stability of gaseous [MoFs] have been
investigated and compared with those of [MoFg] [25].

A study of the species formed in the gas phase over MoSF3; has shown that
the predominant species are (MoSF; )x (x = 2 or 3), with the monomer (x = 1)
being only a minor constituent [246].
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7.3.2 Monomeric complexes containing a terminal oxo group

SCF-Xa MO caleculations have been carried out for [MoOCl,]” and [MoOBr.] ~
and the results used to interpret the chemical bonding and electronic spectra
of these complexes [247]. The crystal structures of [ AsPh.] , [MoOCL] -

[ MoOCL, (MeCN)] [224] and [ WOC1;(PhsPO),] [248] have been determined. Single
crystal EPR studies of this latter compound and [ AsPh,] [WOCl.(H:0)],

diluted in the corresponding niobium analogue, have been accomplished and these
data for [WOCL;(PPh;0),] , and previously recorded EPR data for [MoOCL;Ls)

(L = Ph3PO or bmpa), have been interpreted with the aid of an angular overlap
model [ 248}. The preparations of [MoOCl;(NCPr),] [249], [MoOCls(py)i [39]
and [ WOCL,(NCR),] (R = Me, Et, or Pr) [250] have been reported. This last
material has been used in the synthesis of complexes such as [WOCIL] (H.L =

2 - CgHyN=CHCcH,~2-CH) [ 250] . The preparation and crystal structure of
[MoOC1;L'] (L' = 2-HOCH,CONHN=CHR where R = 2-pyridyl) have been reported;
the complex has a distorted mer-octahedral geometry with L' being bidentate
(¥,0) [251].

The oompléxes (3), [MoOL]™, have a very interesting redox behaviour; they
undergo both one-electron oxidation and reduction, at a Pt electrode in dmf,
and the corresponding oxidised products have been identified as [ MoO.lH,].

The unusual stability of this monomeric molybdemum(V) centre is undoubtedly a
consequence of the geometrical restraint of the ligand L [64]. Tripeptide
(Gly~Gly-Met or Gly-Gly-His) -molybdenum(V) complexes have been characterised
by EPR spectroscopy, following the reaction of [NH,] » [MoOCls] with these
tripeptides immobilized via the terminal glycine to a polystyrene matrix.
These complexes are oxidised by [NO;]~ [69].

The UV-VIS spectra of several oxo(5,10,15,20~tetraphenylporphyrinato)-
molybdenum(V) complexes [ MoO(TPP)X] (X = C1, OMe, OEt, OiPr, OtBu) have been
re-examined and the positions and intensities of the absorptions found to be
extremely sensitive to the nature of the axial ligand X. The X = OH complex
has been prepared by reaction of the X = Cl complex with aqueous NaOH and
characterised by IR spectroscopy. The hydroxy complex reacts with CHN; to
afford the X = OMe complex and concentration of CH.Cl, solutions of the former
in the presence of aramatic solvents preferentially yields [ {MoO(TPP)}.0]
[252]. [MoO(TPP)X] (X = NCS™, Br or O;) have been reported [ 253] and EPR
spectra for the complexes with X = C1, OH, or OEt described and discussed [ 254].
Oxamolybdenum(V) complexes with corroles have been prepared and some of their
spectroscopic properties measured [ 255].

A detailed, single crystal, EPR study of [ MoO(NCS)s] 2~, doped into
different host materials, has been accomplished [ 256].



7.3.3 w=0zo and y-sulphido complexes

A method has been described which allows precise isotropic analysis of
the less labile oxveen atoms in the first coordination sphere of molybdenum(V)
in agueous media. Rapid conversion of Mo¥ (aq.), as generated by Hg0
reductions of Mo'! in ca. 3M HC1 solution, to [Mo,O.(edta)] 2~ in °0 labelled
H,0, shows no appreciable transfer of solvent oxygens to the product ion.
M02042+ (ag.) contains 1.98 * 0.03 slowly (15%~ 100 h at 40 °C) and 2.04 £ 0.6
rapidly (té ~ 4 min., at 0 °C) exchanging oxygens; IR and Raman studies have
established that the former are the bridging and the latter are terminal oxo
ligands of the cation. Solvent in the coordination sphere exchanges much
more rapidly [257]. The 70 MR chemical shifts of the oxo ligands of
molybdenum(V) and (IV) complexes are a useful means of comparing the relative
Mo-O m-bond strengths, as previously established for molybdenum(VI) complexes.
However, the effect of the lower oxidation states of molybdenum, upon the
170 chemical shift, appears to be larger than the opposite to the effect due
to increasing Mo-O bond multiplicity. For [Mo,0;(Etcys)s], the terminal and
bridging !70 resonances occur at 877 and 544 ppm (vs. H,0), respectively, and
for [Mo,0,(Etcys).] the corresponding values are 850 and 530 ppm [258].

Interconversion of the mononuclear [MoO(SR).] (R = aryl or alkyl) (10)
and the binuclear [Mo,0,(SR)sZ]~ (Z = OMe, OEt, or SCH,Ph) (11) anions has
been shown to occur via redox process involvihg both the molybdenum and the
ligand thiolate redox centres. The anions (10), R = alkyl, spontaneously
convert into (11) at 25 °C [259] . Dimerization to the di-u-oxo species

S SR S
R \Mo/ \ hd \M{—-—-SR
/ \ RS

RS SR
(10) m

[ Mo,0, (cat)» (H,0),] 2- (Hzcat = catechol) occurs after [MoO;(cat)s] 2- undergoes
a one-electron/two proton reduction, according to the following stoicheiametry
[63]; 2[MoO(H,0)(cat)z]  —+ [Mo04(cat);(H20),] 2= 4 oH,cat. Kinetic studies
of the aguation of [ W,04(edta)] 2= to w,0,2* (aq.) have been reported; the
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process proceeds to completion in HCl » 2 mol 1L, [Wzoh(edta)]z_ is a
much stronger reducing agent than [Mozoq(edta)]z_ and oxidations of the former
with [IrCle] 3", [Fe(phen)s]3*, [Fe(CN)s] 3, and [Co(bipy)s] >* have been
investigated [260]. Electrochemical reductions of [Mo,O4(edta)] 2- have been
reported [71]. The crystal structure of [pyH], [Mo;0,(NCS)¢] has been
described and the anion involves a Mo—Mo separation of 2.582 2 [261]. The
crystal structures of this compound and the [pyH ]+ salts of [Mo,0;(NCS)y—
(C204)21%", [Mo;04(NCS)6(HCO,),]*7, and [Mo,0, (NH,CH,P(Me)O-H) (NCS).] 2

have been determined in another study [262]. The magnetic susceptibilities
of the complexes Mo,0;L,Cl, (HL = R,C=NNHC=SNH,; R, = Me,, Pr, or EtBu) have
been measured [263]. A stable molybdenum(V) tripolyphosphate complex

[M0204 (P3010 )2H ] "8 has been identified in a *'P MMR study [264] and ‘H NMR
spectra reported for [MOzoq(CyS)z]z- [265].

The tetranuclear complex [Mo,Og(Me,POS),] has been prepared by reacting
MoCls with Na(Me,POS) in CHCl;/CCl,. The complex consists of a highly
distorted Mo,0, cubane - like cluster, with each Mo atom having a terminal oxo
group and the Me,POS ligands are bidentate; the Mo atoms form two Mo: pairs
through Mo—Mo bonding interactions. Partial substitution of the Me,POS
ligands by Me,PO, has been achieved [266] .

The CD spectra of fifteen u-X-p-Y - bis[oxo-molybdenum(V)](X =Y = 0 or S;

X =0, Y = S) core complexes involving optically active ligands, such as
(S)-cysteinate, its alkyl esters, (&)-penicillaminate, (S)-histidinate, and
(R)-propylenediamine tetraacetate have been redorded. These spectra manifest
two distinctive peaks with opposite signs at ca. 26,000 and 33,000 cm © and

the sequence of the signs observed has been related to the nature of the
asymmetric distortion around the Mo—Mo axis [267]. The crystal structure of
y—oxo-u~sulphido-bis(1,2-dithiosquarate-5,S' Joxomolybdate(V) has been determined
with [NBu, ]+ as the counterion; the anion adopts the syn configuration with a
Mo—Mo separation of 2.700(1) 2.

2.
The structure of [M020,8,(8,),] (12) has been determined for its [NMeu]+
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and [NEt,] + [269] salts; the anion has essentially the same geometry in both
lattices, but in the former the (82)2- ligands are asymmetrically bonded
(Mo—S = 2.424(5), 2.432(5), 2.384(6), 2.390(5) R) whereas in the latter the
asymmetry is slight (Mo-S = 2.409(1), 2.394(1), 2.390(1), 2.381(1) 3). The
Mo—Mo distances are 2.825(2) and 2.828(1) 3, respectively. Full details of
the crystal structure of [NH.] . [(S2):Mo(S2):Mo(S2).] .2H,0 have been published;
Mo—Mo = 2.827(2) R [270] . This compound has been shown to be a useful
synthetic intermediate for the preparation of complexes with the {Mo,S, }2+
core [271]. When an aqueous solution containing [WS.] % s acidified, these
ions condense and reduction of the central atom(s) is observed. Thus,
[S2WS,W(X)S,WS,) 2- (X = O or S) have been isolated and characterised [272].
Also, [PPh,] ,[WS.] reacts with HOAc in CH,Cl, over three days to give

[PPh,], [S:W' 'S.W' (S)S,W 'S,], the anion may involve a W - W' interaction
over the separation of 2.95 % [214].

7.3.4 Complexes with metal-nitrogen multiple bonds

The crystal structure of [AsPh,], [W.NCl;q] a p-nitrido complex containing
tungsten(VI) and (V) has been reported {221] and several complexes containing
W-N multiple bonds have been identified as products of the reaction between
[WFg] or [WFs(OR)] (R = Et or Ph) with [E1:2NHZ]+ [EtaNH]+ [273].

The nature of the reaction between [MoO(S,P(OEt),),] and HN; has been
discussed. The decamposition of a purple intermediate, thought to be
Mo20, (NH)(S,P(0EL), )], results in the formation of [Mo,O;(NH)(S.P(CEt),).];
the latter involves bridging oxo and imido ligands. Reaction of this complex
with BX (X = C1 or S,P(0Et),) produces the corresponding [Mo.0,(NH,)X-
(S2P(CEt).),] derivative, by protonation of the imido ligands [274]. The
paramagnetic molybdenun(V) complexes [Mo(NR)X(S,P(OEt),),] (X = Cl or
S,P(0Et),; R = Ph or tol) have been prepared from [Mo(00),Cl,], [NH,]-
[S.P(OEt),], and the corresponding aryl azide; these arylimido groups are stable
to protonation. The EPR spectra of these complexes are notable, since every
ligand donor atom (!“N,*'P, and 35’>37C1) manifests a coupling to the 44
electron. [Mo(Ntol)(S,P(CEt).);] reacts with H,S to produce the tetranuclear
complex [Mo(Ntol)S(S,P(CEt);)],, which is believed to involve a Mo.,S, cubane -
like core, and dissociates to the dimeric complex [275].

7.3.5 Cyantde complexes

The crystal structure of Cs;[Mo(CN);].2H,0 has been determined and a new
stereochemical configuration observed for this anion. The eight cyano groups
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are arranged in a 4,4-dicapped trigonal prism about the molybdenum, with
Mo—C = 2.17(2) 2 [276] . The single crystal @Q-band EPR spectrum of the

D
2d
sense of the anisotropy in g values (g// > g .x.) contradicts predictions based

anion of [ NBu,] 3 [Mo(CN)g] has been determined at room temperature. The

upon simple crystal field theory and possible reasons for this have been
discussed [277]. EPR evidence has been presented for the formation of
paramagnetic intermediates in the photolysis of [ Mo(CN)g} 3~ in MeOH solution
[278] and the kinetics of reduction of this anion by [ S;0s] 2- have

been investigated [279].

7.4 MOLYBDENUM(IV) AND TUNGSTEN(IV)
7.4.1 Halide complexes

The magnetic properties and nuclear y-resonance of WF, have been obtained
and the results discussed with reference to the polymeric, u-F-bridged
structure [280].[ RR'PCL,][WCls] (R = Ph or C1; R' = alkyl) have been prepared
by the reaction of anhydrous tungsten chlorides with PhPCl, or PCl;, in the
presence of alkyl chlorides, and the magnetic and IR properties of the compounds
have been obtained [ 281] .

7.4.2 Complexes with O-donor ligands

Mo(OEt), has been isolated as a product of the reaction between MoCls and
KOEt in EtCH. The presence of u-OEt groups was proved by 'H MMR spectroscopy
and magnetic susceptibility and electronic spectral data have been interpreted
in terms of octahedrally coordinated molybdenum(IV) [ 282]. [Mo(MMe,),] reacts
with 1-adamantanol (13) in Et,0 at room temperature to form, on standing,

OH
(13)

dark green crystals of [Mo(l-ado) (NHMe),]. The crystal structure of this
camplex involves molecules with a distorted trigonal bipyramidal environment
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at the molybdenum, one alkoxo-group and the amine ligand occupying the axial
sites. The difference (0.066 %) between the Mo-O(axial) distance (1.963 %)
and the mean Mo-O(equatorial) distance (1.897 R) is slightly less than that
(0.1 R) found between terminal axial and equatorial Mo-O distances in
[MOz(OiPI‘)e] . The magnetic moment of [Mo(l-ado),(NHMe,)] in the solid state
approximates to the spin-only value for a d2 system [283].

New oxides containing molybdenum(IV) have been reported [ 284] and the
structure of Sn;W;¢60,¢ has been described and discussed [285].

7.4.3 Oxo and sulphido complexes

The !'’0 MR spectra of oxo-molybdenum complexes are useful in providing
a measure of the Mo-O bond multiplicity and measurements have been extended
to include molybdenum(IV); [ MOO(Et.dtc).] and [ MoO(Et.dtp).] (dtp =
dithiophosphinate) exhibit resonances at 820 and 842 ppm (referenced to
H,!70) [258].

Reaction of [ MOO(S.CNR:))] (R = Me or Et) with various acetylenes C.R'R'’
has been shown to produce the corresponding 1:1 complex [ MoO(S,CNR:)>(C.RR')].
The reactions have equilibrium constants in the range ~20,000 M-1 (for
R' =R'' = CO;Me) to ~20 M ® (for R' = R'' = H). On the basis of their IR
spectra, the products are better described as complexes of molybdenum(VI),
formed by oxidative addition of the acetylenic bond to molybdenum(IV). This
conclusion is supported by the structure of [MoO(S:CNMes),(C,(00CsH,—4-Me)2)] ;
the acetylenic C-C bond has a length of 1.267 2 and is perpendicular to the
Mo-O bond (1.686 %), and the Mo-C bonds are rather short (2.12 8). Same
reactions of these complexes have been described [ 286].

[ MOO(SCH,CH,PPh, )] has been prepared by the reaction of [MoO:{acac):]
with an excess of Ph,PCH,CH,SH in MeOH or toluene and the coordination geometry
shown to be intermediate between triganol bipyramidal and square pyramidal.
The oxo-group can be protonated with anhydrous H[BF.] in benzene to give
[ Mo(CH ) (SCH,CH,PPh: ), ] but does not undergo condensation - type reactions with
hydrazines ewven under forcing conditions [287].

The syntheses and electrochemical characteristics of some new
molybdenum(1IV) complexes, including MoOCl.L(MePPh,) (L = bipy or phen) and
MoOL' (MePPh,) (H.L' = 8-hydroxy- or 8-mercaptoguinoline), have been described
and all, except the last system, undergo essentially reversible one-electron
oxidation [ 288].

M' 3 MO(CH)(CN)4] .2H20 (M' = Na or K; M = Mo or W) have been prepared by
protonation of the corresponding M',[MO,(CN),] salt and the compounds
characterised by vibrational and visible spectroscopy, DTA, and TGA.
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Corresponding salts containing the [M,03(CN)g] 8- anion have been isolated
also [ 289] . Resonance Raman studies of [ WoOBrj ] 4- have been reported and the
m— % transition of the W-O-W system shown to be axially polarized; the high
value of the W-O stretching force constant is indicative of multiple bond
character [290] .

MsXY3 1™ (M = Mo or W; X =aus-atom e.g. O, S, or F; Y = aps-atom,
e.g. O or S, or group, e.g. Me(O, or 822_) moieties are now established as
important structural elements, having a considerable integrity in
molybdenum(IV) and tungsten(IV) chemistry. Further examples reported this year
extend and enhance the occurrence of these centres. MoIV(aq.) in 1-3M HC1 or
MeSO;H (obtained by reaction of [MoO.] 2- with [ MoCl¢] 3_, followed by ion
exchange separation) is suggested to contain the [Mo3;0, (H;0)4] 4+ ion (14), on
the basis of results obtained from experiments using H,!®0. The u,- and
U3-OXO-groups are very slow to exchange and appear completely (* 2%) in the
[Mo30, (NCS)s]®" complex, precipitated by the addition of NaSCN and [MMe,] SCN
to an aqueous solution containing Mo'' (ag.) at 0 °C [291]. A W'V30,5
cluster has been suggested to occur in the six-electron-reduced form of
metatungstate, Rb He[ HoW;,04,] . ~18H,0. This reduced anion exhibits the
Keggin structure, but the tungsten atoms occupy two different positions in the
WOg octahedra, with statistical disorder. Nine of the tungsten atoms occupy
the usual position for a Keggin structure, while the three others are displaced
by 0.48 % in the direction of the centre of a W;013 group [ 292]. The crystal
structure of [ W30(0Ac)s(H,0)3] [CF3S03] 4+ has been determined; the tungsten
atoms form an equilateral triangle (W—W 2.747(1) 3), with two u,-acetato
bridges per edge [293]. The first example of a ps-chloride atam occurring
in this type of structure has been identified, in [ Ws05C1s(0Ac)(P Bus)s]
This complex, obtained upon treatment of [W.Cl,(P’Bus),] with an excess of
HOAc in a glyme-type solvent at 160 °C, involves a central {W3;ClO3;} core
(W=W = 2.609 8) and the distorted octahedral coordination of these metal atoms
is achieved by one u,-acetate, three phosphine and four chloride ligands [ 294].
The spectroscopic (XPS, UV/VIS., IR, and Raman) and cyclovoltammetric properties
of [MOgS(SQ_)G]Z- have been reported and interpreted in terms of a simple MO
scheme involving a single Mo-Mo bond over each edge of the Mo; triangle [ 295].
This anion reacts with KCN through nucleophilic attack by CN  on the three
bridging Szz— ligands, resulting in cleavage and S transfer; the final product
of this attack, Ks[MoiS(CN)s] has been isolated and characterised [ 296].



7.4.4 Complexes with S-donor ligande

[NEt.] » [Mo(tdt)s] (Hptdt = 3,4-dimercaptotoluene) has been prepared by
the addition of [MoOCl,(MePPh;);] in MeCN to Hptdt in the presence of Et;N,
followed by precipitation with [NEt,]Cl [288]. Reaction of MoCls with
(HSCH:CH; )»S (mes) yields [Mo(mes):] (15), which possesses a trigonal prismatic
geametry at the molybdenum(IV) with coordination of both mercapto and thiocether

H,0 YL
Hzo\Mo /0|-|2 o / s
N VH:!———S AN
RN PN
Hzo/ ' \OHz S\ l
H,0 OH,

(14) (15)

H,0

groups. This complex undergoes a reversible one-electron oxidation at + 0.53V
and a reversible one-electron reduction at -1,07V [ 297].

WCl,(SMe,) reacts with Me3SiSEt (1:2) in CH.Cl, to form [ (Me,S)C1,W(SEt)s-
WC1,(SMe;)] , a tungsten(III, IV) dimer, possessing a confacial bioctahedral
molecular structure with three symmetrical u,-thiolate ligands. The W-W bond
length is 2.505(1) & and a short non-bonded contact (3.054(6) 8) between two
of the u.-sulphur atams occurs. The compound is EPR active (g = 2.00) [298].

[Mo(dtc),] has been prepared by refluxing [(HG—C7H9 Mo(Q0)3] with
(Et,NCS; ), in toluene under dinitrogen in the dark [299].

7.4.5 Chalcogenide phases
The dichalcogenides of molybdenum and tungsten are of special importance

because of their existing and potential use as lubricants, catalyst precursors
and supports (see Section 7.11), precursors of intercatalation superconductors,

181



182

and possible electrodes for photoelectrolysis. Therefore, the physical
properties and the practical performance of these materials continue to attract
much attention.

Electrochemical determinations of the free energy of formation of MoS:
and WS:; have been accomplished [ 300] and the magnetic properties of MoS:
investigated [ 301]. X-ray emission spectra and valence-bhand PES of MoS; have
been interpreted using a simple MO model based on the MoSg (Dsh) moiet& 302
and the band structures of MoS, and a-MoTe; have been interpreted [ 303].
Crystal data for the full solid solution series MoSz_acSem (O< x <2) have been
reported; a continuous series of solid solutions can be prepared, all having
the same two-layer hexagonal structure [ 304].

n-Type MoS. and MoSe,, have a direct bhand gap of 1.7 and 1.4 eV
respectively, and each of these materials can be used as a stable photoanode
for the oxidation of C1~, Br~, or I MeCN solution. Further characteristics
of these photooxidations have been reported recently [ 305,306}, The photo-
chemical behaviour of n- and p - type WSe, single crystal electrodes in aqueous
solutions containing a number of redox couples have been investigated [ 307] and
other assessments of these materials as photoanodes have been campleted [306,308]

7.4.6 Complexes with N- and N,0-donor ligands

The UVPES of [ Mo(NR;).] (R = Me or Et) contain a low energy ionization
(~ 5.3 eV), which has been attributed to ionization from the essentially pure
metal 4dx2—y2 orbital [309].

A polymer, bis(5,7-dichloro-8-quinolinolate)-5,8~quinoxalinediolato~
tungsten(IV), of average molecular weight 40,000 - 50,000 Daltons has been
prepared from the quinoxalinedione and a tungsten(II) intermediate. This and
related systems, including molybdenum containing species, appear to have
potential applications for energy-transfer [ 310].

7.4.7 Octacyano complexes

[Et;NH], [H30], [Mo(CN)e] contains anions with a coordination polyhedron
which is about half-way a dodecahedron and a bicapped trigonal prism; the
corresponding tungsten salt is isamorphous; the anions of [ CgHgNO,] 4 =
[Mo(CN)s] , and the isomorphous tungsten derivative, have a dodecahedral
structure [ 311].

A series of rare earth salts, In.[Mo (CN)s].#nH,O (In = rare earth),
have been prepared by neutralisation of Huy[Mo(CN) ] .6H, 0 by
the respective rare earth carbonate [312]. The pH dependent photolysis
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of [W(CN)s]*", leading to the formation of [W(CN),(H,0)] 3~ and its
protonated and deprotonated forms, has been investigated [ 313].

7.5 MOLYBDENUM(III) AND TUNGSTEN(III)

The material in this section will be organised according to the donor
atom of the ligand considered to be of principal interest in the study,
without subheadings and excluding complexes which involve a multiple (usually
triple) bond between a pair of molybdenum(III) or tungsten(III) atams. This
latter material is included in Section 7.9.2.

Magnetic exchange within [ Mo,Cl,] 3- and the electronic spectra of
[M;Xs]" (M =Mo or W; X =CLor Br, n = 2, or 3) have been interpreted,

[314]. A seriesof molybderium( III) complexes has been examined by EPR
spectroscopy and, at a temperature between 5 and 80 K, mononuclear six-
coordinate systems with CZ, 0, S, or N-donor ligands show broad axial or
rhonbic signals centred at g = 2 and 4. Substitution of ®°Mo results in a
readily observable broadening of these signals and, for [Mo(acac);], the
estimated A values are 10 * 1 (x,y) and 12,2 * 0.5 (2) mK. Complexes with
sulphur atoms which are part of an extended m-system (dtc, 2-aminothiophenolate,
and 8-mercaptoquinolinate) have :atypical EPR spectra, with all g values near

2 [315].

A gas chromatographic separation of the facial and meridional isamers of
tris(1l,1,1-trifluoro-2,4~pentanedionato)molybdenum(III) has been achieved, thus
providing further evidence for the substitutional inertness of this metal
centre [ 316]. [Mo(H,0).(cat),;]  has been obtained by electrochemical reduction
of [MoOs(cat);] 2 in aqueous media pH 3.5-7; pyridine substitution at these
aquo sites occurs and [Mo(H,0)(py)(cat).] and [Mo(py)z(cat)z]" have been
identified [63]. The complex [Mo,(u-0)(u-C20y)(alinate),(H,0)4] .2H,0 has
been prepared and characterised and isotopic exchange with [1%C,0.,] 2"
investigated [ 317].

[Mo(S,CNEt,)s] has been prepared by refluxing [ (n®~C;Hs)Mo(CD)s] with
(Et,NCS,), in toluene under dinitrogen in daylight [299]. The synthesis of
[Mo(8,P(OEt),);] from [Mo(C0),Cl,], HS,P(CEt),, and aryl azides has been
described. This campound reacts with azobenzene in Et,0 containing HCl to
form [ MoCl(S,P(CEt),);] and benzidine rearrangement products, and with
azobenzene in MeCH to produce\[Mo(OMe)z(SzP(OEt)z] and hydrazobenzene [ 318].

A mixed oxidation state, dimeric tungsten(III,IV) compound,

[ (Me,S)C1,W(SEt);WCl,(SMe,)] , has been prepared by the reaction of‘WCL.(MeZS)z
and Me;SiSEt (1:2) in CH,Cl., solution (see Section 7.4.4) [298]. This campound
forms part of an important study of the degredation of thiolate tungsten halide
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complexes (see also [28] and Section 7.1.1), and a more extensive account of
this type of reaction has been given. Thus, WCl4L, (L = Me,S or
tetrahydrothiophene) reacts with Me;SiSR (R = Me, Et, PhCH,, 7’-Bu, or tBu)

in CH,Cl; to form WC13(SR)L.; these complexes could not be isolated and,
except for R = 1;Bu, three products were obtained, one of which was
[WC1,(u-SR)L], [319].

Details of the crystal structures of [MoX;(pic);] .0.5pic (X = Cl or Br;
pic = 4-methylpyridine) [320] and [pyH] [WBr.(py).] [321] have been reported.
Molybdenum(I1II) forms the trischelated complexes [Mo(LH);]X; and the salts
[ Mo(1H) ,X,] + [ Mo(IH)X,] ™ with 2-(2'-pyridyl)benzimidazole (LH) in the presence
of anions (X = Cl, Br, or NCS) [322].

The crystal structure of NaK;[Mo(CN),].2H,0 involves the molybdenum(III)
in a relatively undistorted pentagonal bipyramidal coordination geometry,
with i6—C = 2.160(3) 8. Spectroscopic studies indicate that this geametry
is maintained in aqueous solution, however, the symmetry of the anion may be
lower in the lattice of Kui[Mo(CN)y] .2H,O [323]. Aerial oxidation of
Ks[Mo2S2(CN)g] .4H,0 in H,0 has been shown to lead to the formation of the
diamagnetic, purple complex [Mo(u, —Sz) (Hz —S0z) (CN)¢] 4" (16). In this
camplex, each molybdenum has a distorted pentagonal bipyramidal coordination

- 0, 1%
S

(CN), Mo Mo(cm,,

N\

(16)

geametry, excluding any metal-metal bonded interaction over the Mo—Mo
separation of 2.730(4) % [324].

7.6 MOLYBDENUM(II) AND TUNGSTEN(II)

As with the previous section, this material will be presented without
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subdivision and those studies advancing the knowledge of the chemistry of
complexes containing a multiple (typically quadruple) bond between a pair of
molybdenum(1I) or tungsten(II) atoms, will be included in Section 7.9.3.

Carbonylation of [Mo,(0°Bu);] under mild conditions has been shown to
lead to the formation of the green, air-sensitive compound [Mo(OtBu)z(py)z -
(00),] . This complex involves mutually trans 0°Bu and mutually eie py and (O
groups and is remarkable in that the v(C-O) stretches appear at 1908 and
1768 c:m_1 ; the average v(C-0) values (1838 cm—l) is the lowest so far observed
for a pair of c¢is-carbonyl groups coordinated to a molybdenum(II) centre [ 325].
The geometry of this complex has been included in an MO analysis, using
extended Hiickel calculations, of the electronic factors which influence the
geometry of six-coordinate M(CO),L, and M(NO).L, complexes. These
calculations have been stimulated by the novel observation that [Mo(CQ0),-
(SzCNiprz)z] has a trigonal prismatic coordination geametry, previously unknown
for metal carbonyl derivatives and with no obvious inter-ligand interactions
favouring such a structure [326]. The crystal and molecular structure of
W(00)31(S2CNMe, );] has been determined; the tungsten has a seven-coordinate 4:3
""piano-stool" geametry with two carbonyl (C) and two dithiocarbonate (S) donor
atoms in one plane and one carbonyl (C) and two dithiocarbamate (S) in the
other. Dynamic °C NMR studies of [W(00)3(S:CNR;)2] (R = Me or Et) have
revealed two distinct intramolecular rearrangement processes, the nature of
which have been discussed with reference to the structure of [ W(CO);(S.CNMe:),]
in the solid state [327]. Tungsten alkyne complexes of the type [ W(C0)(R'CECR")-
(8:(NR.):] (R = Me or Et) have been prepared for R' = R" = H, Me, Et or Ph, and
R' = H, R" = Ph, by allowing the [W((0);(S2NR,),] camplex to react with the
appropriate alkyne in toluene at a ambient temperature. C,H, does not react
with [W(00),(S,CNR;,).] under these conditions and phosphine (PPhi, PEt;;
P”Bug, and P(QEt)s) displace only one CO group, to form the corresponding
[ W(CO),L(S2CNRz)2] product. With Ph,PC=CPPh,, the reaction proceeds in two
steps ; the initial one involves phosphorus ligation with the displacement of
one (O group and, subsequently, » another 00 group is lost and nZ-alkyne
coordination occurs. Detailed 'H and '°C NMR studies have been accomplished
for these complexes and the characteristics of alkyne rotation have been
defined; also, a correlation of the '3C NMR chemical shift and the bonding of
the alkyne ligand in these and related complexes has been noted [ 328] .

[ cpM(C0)aCl] and [ M(00)3(PPh;),Cl,] (M = Mo or W) react with SPPh.H to
form [ cpM(00)»(n2~SPPh,)] and [M(CO),(PPh;) (n2-SPPh,).] , respectively.
An X-ray crystallographic study has revealed that [ Mo(CO).(PPh;)(SPPh,),] has
a seven-coordinate, pseudo-pentagonal bipyramidal geometry [ 329]. Nitrobenzene
reacts with [Mo(00),(S2CNEt,),] in CH.Cl, to yield the previously reported
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compound, [MoO(ONPh)(S,CNEt,),] . Reduction of this compound with PPh; yields
[ Mo(ONPhL ) (S,CNEt» )2] , which may also be prepared by reacting nitrosobenzene
and [Mo((0),(S,CNEt;),]. This new compound can be considered to be a valence
isomer of the molybdenum(VI) complex [ MoO(NPh)(S,CNEt,),] [330].

The structural complexities of seven-coordinate complexes involving both
hard and soft donor ligands have been illustrated by the determination of
the crystal structures of [ W(00);Cl(deq)(PPh;)] and [W(C0),(deq) (PPhy)]

(dcq = 5,7-dichloro-8-quinolinate); in each case the coordination sphere about
the metal does not approximate to any idealized geometry [331], The crystal
structures of [MIZ(Q))a{PhZP(CHz)nPth}] aCH,Cl, M =Mo, n =2, x =1;
M=Mo, n=3, =0, M=W, n =1, v = 0) have been determined. For the
compounds with n = 2 or 3, the bidentate ligand has a large bite and the
metal atom's stereochemistry is that usually found for complexes of this type,
Z.e. a capped trigonal prism with the bidentate ligand spanning one of the
prism edges. For the compound with n» = 1, the small ligand bite leads to a
novel stereochemistry, a pentagonal bipyramid with the bidentate ligand
spanning one of the pentagonal edges {332]. The molecular dynamics Of

[ MoI(Q0),(Me,PC,H,PEt;),] I have been investigated by '3C and *!'P NMR
spectroscopy and the results seen to be consistent with a non-dissociative,
polytopal mechanism of interconversion between the two forms of the capped
trigonal prismatic cation (17) [333].

I I
Efz P"’l""—""—"P MEZ E"zp—‘ I mz
7 Mo / ] Mo
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7.7 TUNGSTEN(O)

Carbonyl, dinitrogenyl and other formally molybdemum(0) and tungsten(0)
camplexes will be described in subsequent sections.

The new compound [W{P(OMe);}s] has been prepared by agitating a mixture
of WCl,(py)..2py in CgHe¢ with K/KI at 80 °C for 2 h, removing the solvent
in vacuo and adding an excess of P(CMe);. This material is analogous to the
previously reported molybdenun compound but is much more susceptible to
phosphite dissociation, and photolysis of hexane solutions in a dihydrogen
atmosphere has yielded three new tungsten hydrides (see Section 7.8) [ 334].

7.8 HYDRIDE COMPLEXES

The products of hydrogenolysis of [ Wegs] in the presence of a tertlary
phosphine are dependent upon the size of the ligand. Thus, while PPh Prz an ﬁPrg
yield the corresponding [ WHe (PR3 );] canplex as the principal product, PMe,Ph
affords mainly [WH,(PMe,Ph),]. [WH(PPh’Pr,);] has been shown by *'P NMR
spectroscopy and X-ray diffraction to have approximate sz symretry in the
solid and in solution [ 335].

The crystal structures of [ WH,(PEtPh,),] [336] and [WHQ{P(inI‘)s}k] [337]
have been determined and vibrational spectra reported for these and several
related molybdenum and tungsten complexes [ 338]. The photolysis of
[MoH, (diphos).] and [MoH,(PMe,Ph).,] under an N, atmosphere proceeds with the
loss of 2H, to form trans-{Mo(N, ). (diphos),] and trans-[Mo(N,).(PMe,Ph).],
respectively [ 339].

Photolysis of hexane solutions of [ W{P(OMe);}¢] in an atmosphere of H,,
rapidly yields a mixture of three new higher coordinate tungsten hydrides,
[WH2 {P(QMe)s}s] , and [WH,{P(OMe)s;}s], and a very small amount of (probably)

[ WH,{P(OMe)3}3{P(CMe),}s] [334]. The crystal and molecular structure of
[MoH{P(OMe) 3 }4(0,CCF3)] has been reported and the molybdenum atom found to have
an approximate pentagonal bipyramida.i coordination geametry, with the hydride
ligand occupying an equatorial site. The molecule is stereochemically non-
rigid and the dominant process a.ppeais to involve a non-pairwise exchange
between iﬂequivalent phosphorus sites [ 340].

[MoCl;(thf);] reacts with PMe; in Et,0 or thf to form [MoCl;(PMes)s]
which reacts with Na[BH, ] to yield [ McH(BH, )(PMe;),] , whose structure has been
determined by X-ray crystallography. The molecular unit involves a distorted
octahedral environment at the molybdenum, with the bidentate [BH,]  group
considered to occupy one vertex, and Mo—H = 1.63 s [3471].
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[ W -H{Mo(CO),PMePh, },] ~ has been obtained by reacting [ u-H{Mo(00)s}2] "~
with a ten-fold excess of PMePh, and its structure detemmined for the
[NEt,] * salt; the Mo....Mo separation in the three-centre, two-electron
hydride bridge is 3.443(1) &, significantly shorter than that (3.7436(1) 8)
in [ - H(Mo,(00)sPPh3)] ™ and only 0.02 & longer than in [y - H{Mo(C0)s},] "~
[342]. IR and Raman spectra of [u-H{M(Q0s},]  and [u-H{M;(C0)s(NO)}]

(M = Mo or W) have been reported [ 343]. A combined structural and
spectroscopic study has been performed to examine the stereochemical
consequences resulting from the deprotonation of the bent Mo-H-Mo bond in

[ (u=-H) (u-PMe,){cp(Mo(C0),1},]; the most significant structural change is

the reduction of the Mo—Mo separation from 3.262(2) X in the hydride to
3.157(2) ! in [ (u-PMe,){cpMo(00),}.]1" [344]. The interaction of [Mo,(0.CMe),]
with Na/Hg in thf, in the presence of an excess of PMe; under H, (3 atm.),
yields [ (u~-H),{MoH(PMe;)s},]; the Mo-Mo separation at 2.194(3) & is typical
of a quadruple bond. This compound reacts readily with alkyl halides, OO,
olefins, acetylenes, and H,S [345].

[ (cp).MH;] (M = Mo or W) reacts with [ RhH,(PPhj).(Me,(0),] in Me;CO or
CH,C1, at room temperature to yield the corresponding [ (cp).M(u - H),Rh(PPhj),]
complex. The crystal structure of the tungsten derivative has been determined
and the W—Rh distance shown to be 2.721(8) X; large metal-H coupling constants
to both metals are manifest in the 'H NMR spectrum and confirm the structural
assignment of two bridging hydride ligands [346]). [ (cp).MoH,] reacts with
MX; (M = Zn or Hg; X = Cl or I) to produce (cp),MoH,.MX,.S (S = dmf or thf)
or the unsolvated polymer [ 347]. [Mn,(00);,] catalyzes the exchange between
D; and [ (cp).WH,] [348] and UV photolysis of [ (cp),MH,] (M = Mo or W) in an
argon matrix at 10 K leads to the loss of H, and the formation of [ (cp).M]
[349]. Transient, paramagnetic radical cations have been detected as
products of the electrochemical oxidation of tungstanocene hydrides. The
anodic oxidation of [{(cp),WH,] yields [{cp,W} 2Hs) * ; a crystal structure
determination of its {Cl0,]  salt has revealed an unusually long W—W
distance of 3.628 % and a symretrical conformational distortion about each
cp-W-cp unit, which strongly suggest the presence of both bridging and terminal
hydrides in the structure cpW(H)-H-(H)Wcp [350]. Photoinduced insertion of
tungsten into aromatic and aliphatic C-H bonds has been developed using
[ (cp).WHy] [351], [(cp),WMe(H)] has been prepared and its reactions studied
[352], and the synthesis and reactions of [ {(cp),MoHLi},] have been reported
in full [353]. The crystal structure of [ (cp),Mo(H)CO] [ cpMo(C0);] has been
determined [ 354] and [(cp)Mo(OO)ZH(L)] (L = Ph(H)P(OCH,CH,),N) has been
reported [ 355].
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7.9 COOMPLEXES OONTAINING ONE OR MORE METAL~METAL BONDS
7.9.1 Higher okidation state complexes

Several of the molybdenum(V) dimeric complexes reported this year formally
involve a single Mo—Mo bond across a di-p-oxo or -sulphido-bridge; these
include [pyH], [Mo,0,(NCS)¢] (Mo—Mo=2.582 X) [261] and the [NMel.]+ and
[NEt.,]+ salts of [Mo0,0,8,(8;),] 2- (Mo—¥o = 2.828(2) R) [269]. Similar
metal-metal bonding considerations would appear to apply in the anions of
[NH.] 2 [ (82:M0(S2):Mo(8,),] .2H,0 [270], [PPhy] 2 [S.WS,W(S)S,W(S)S,WS;)

[214], and [PPh,] zi[SZWSZW(X)Szwsz] "(X=0o0r S) [272], and across two of
the faces of the distorted cubane - like core of [Mo,Og(Me,POS).] [266].

The occurrence of direct metal-metal interactions in the complexes of [MS,] 2-
and in ({M';MS, } (M = Mo or W; M' = Fe, Cu or Ag) [194 - 213] also seems likely.
The Mo—Mo separation of 2.730(4) & in [PPhy], [Moa2(iy - S2)(Hz - 80;)~

(CN)g] .6H,0 implies the existence of a single metal-metal bond between these,
formally, molybdenum(III) atoms [ 324] and the possibility of a tungsten-~
tungsten bond of fractional order (e.g. 2.5) in the tungsten(III,IV) compound
[ (Me,S)CL,W(SEt)3WC1,(SMe,)] [298] seems a realistic possibility.

The description [356] of the metal-metal bonding interactions in
{MIVgXYa}n+ (M=Moor W, X=a uz-atom; Y = a uz -atom or group) has gained
general acceptance. Further examples of this class reported this year include,
[WsO(0Ac) (H20)3] [CF3803] 4 [293], [Ws0sCl5(0Ac)(P Bus)s] [294],
Ks[Mo3S,(CN)s] [296], and the W;0,; cluster identified in the six-electron-
reduced metatungstate Ro,Huy[ HoWy2040] « ~ 18H,0 [292] .

7.9.2 Complexes with a metal-metal triple bond and their derivatives

The generalized molecular orbital approach has been used to investigate
the bond energy and conformational preferences of Mo=Mo bonds. The results
obtained lead to the conclusions that, in the hypothetical complex [ Mo,He} ,
D(Mo=Mo) = 526 * 63 kJ rml_l. Also, subsequent to predictions [357], based
on extended Hiickel calculations, that Mo=Mo and W=W systems would prefer to be
eclipsed, it has been pointed out that this preference is slight (ca.

4.2 kJ mol—l) and only obtains if correlation effects are neglected. When
correlation is ihcluded, this small preference vanishes and thus, the
conformation of MpLs (M = Mo or W) complexes should be determined solely by the
ligands [ 358]. More details of the UVPES of [Mo,Le] (L = OCH,(Me;, NMe,, or
CH,SiMe;) have been given and the results interpreted with the aid of Xa-SCW
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calculations. The results of these calculations have been used to further
dispute the proposal [ 357] that the eclipsed rotational conformer should be
preferred to the staggered conformer for small ligands [359]. The diamagnetic
anisotropies of the metal-metal triple bonds in [M;(MMe:)e] (M = Mo or W)

have been estimated as —142 x 10 °° and -156 x 10736 m® (molecule)™t, from

'H NMR measurements [ 360] .

A valuable experimental contribution to the continuing debate concerning
the conformation of ligands in M,L, dimers is the definition of an eclipsed
geanetry for [ Mo, (MeNCH,CH,NMe);], over the Mo—Mo separation of 2_.214(3) 2
[361]. Also, the synthesis of 1,2-] Mo,X,(CH,SiMes),] (X = Me, Otli’r, or OtBu),
1,1-[ Mo, (NMe: ), (CH,SiMe;)4] , and 1,1-[Mo,(NMe, )(O,CNMe, ) (CH,SiMes).] , have led
to the first direct observation of rotation about Mo=Mo bonds and alkyl
transfer between molybdenun atoms in these dimers [362]. The reaction of
hexane solutions of 1,2-[ Mo,Br,(CH,SiMe;).] with LiNMe, or HNMe, gives 1,1~
or 1,2-fMo,(NMe,)(CH,SiMes )], respectively, which once formed do not isomerize
readily [363].

[MOz(OtBu)s] reacts with CO at room temperature and 1 atm. to form
[Mo(C0)¢] and [Mo(OtBu)u] ; the reaction proceeds via the slow and reversible
formation of [ Mo, (OtBu)s(u—OO)] which involves a Mo=Mo bond of length
2.489(1) 2 . This complex has been characterised by a serigs of spectroscopic
measurements [ 364]. The analogous carbonylation of [Moz(OiPr)e] also yields
[ Mo(OO).s] but proceeds to give the dinuclear molybdenum(IV) complex
[MOZ(O'LPr)e] ; this and related chemistry has been described and discusseq
[325]. A full account of the preparation and some rea.ctions: of [CrMo(O’LPr)s-
(NO),] has t?een published [ 365], and the synthesis of [sz(inr)e(}Ndez)z(l\K))z] R
from [ Mo, (OlPr)s(NO)Z] and HNMe, has been desc_:ribed [366].

[M,R,(NMe,),] (M = Mo or W; R = Me, Et, “Pr, "Bu, 'Bu, or CH,(Me;) have
been prepared and their thermal stabilities and 'H NMR spectra investigated;
the complexes appear to be stable with respect to B-elimination. In hydiocarbon
solutions, all of the campounds react with CO, to give selective insertion
into the M-N bond; the molybdenum camplexes afford the quadruply bonded dimers
[ Mo, (0,CNMe, )] but the corresponding reactions proceed differently for the
tungsten systems to give, as yet, uncharacterised products [ 367] .

[Mo,Cle] 4~ reacts with (F,P),NMe, to give [Mo,(F,PN(Me)PF,),Cl,], which
involves four u» - phosphine ligands and two axial chloride ligands bonded to
an Mo, centre, with a metal-metal bond of length 2.470(1) 2. This molecule
is of a new, and so far unique, type with a Mo-Mo triple bond arising from
molybdenum(I) atoms, each forming a moderately strong axial bond to a chloride
ligand [ 368] .
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7.9.3 Complexes with a metal-metal quadruple bond

The standard enthalpies of formation of [Mo;(OAc),], [ CrMo(OAc),], and
[ Mo, (OAc).(acac),] have been determined by solution reaction calorimetry and
the values used to obtain an estimate of D(Mo=Mo) as 334 kJ mol * [369] .
Calculations of the electronic structure and the Mo=Mo bond energies in
[Mo,Cls] ¥~ and [Mo,(0,CH).] have been published [ 370]. The assignment of the
UVPES spectra of [Mo,(mhp),] and [ Mo, (mhp),(0Ac).] (Hmhp = 6-methyl-2-
hydroxypyridine) have been aided by carrying out an ab init<
for the enol form of 2-hydroxypyridine, Clear evidence was obtained for the
existence of a stronger Mo=Mo bond in [ Mo,(mhp),], as compared to [ Mo,(OAc),]
[371]. The crystal structure and polarized, low-temperature electronic
absorption spectrum of [Mo,(I~leucine),]Cl,(pts)..2H,0 (Hpts = 4-toluene-
sulphonic acid) have been reported; the conclusion reached in this study is
that the § — &* assignment of the lowest energy absorption of this and
related camplexes is consistent with all relevant experimental data [372].

A new, convenient, and efficient route to the formation of M024+ camplexes
has been described, involving: (i) electrolytic reduction of molybdenun(VI)
in HC1 to form [MoCls] 3™, (ii) condensation of this anion to produce
[ Mo,Cl,) 3', and (iii) quantitative reduction of the latter by a Jones
reductor to produce the Mo,** species [373]. The synthesis and structural
characterisation of camplexes containing the Moz4+ moiety continues unabated.
This year, these characterisations include the relatively straightforward
compounds, [pipH] 2 [MooBrs(H,0)2] (Mo-Mo = 2,123(2) &) [374], [Mo,(0,CH)4] .H.0
(Mo-Mo = 2,091(1) % in the anhydrate and 2,100(1) % in the dihydrate) [ 375],
and [Mo,(OAc),] .NaOAc . HOAc (Mo-Mo = 2,093(1) X) [376].

[Mo2(0.CCF3 )] catalyses the anti-Markovnikov addition of CF3;00.H to
propylene in benzene at 50 °C, with a selectivity of >90% at optimum conditions
[377]. The unique capacity of the Moz4+ cation to form complexes with
polypeptide ligands, in which only the carboxyl terminus is coordinated and
the rest of the zwitterionic molecule is left conformationally free, has been
described. This principal has been illustrated by the isolation and structural
characterisation of [Mo;(glycylglycine),]Cl,.6H0 (Mo-Mo = 2.,106(1) 8) [378].

The reactions of [M,(mhp),] (M = Mo or W; H mhp = 6-methyl-2-hydroxy-
pyridine) with gaseous HX (X = Cl or Br) have been investigated and the
reaction products included [Mo,Xsg] 4- and W,X, (OMe),(MeOH), [379]; [Mo,Cl,(2,6~
dimethylpyrazine),] has been Iprepa.red [380] and the crystal structure of
[Mo,Cly (Et2S),] (Mo-Mo = 2.144(1) ) has been reported [381].
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The reaction of [Mo,(OAc),] with the anion of N -(2-pyridyl)acetamide
gives [Mo,{(CsNH, )NC(O)Me},] ; this compound involves the ligands coordinated
through two nitrogen atoms and possesses the shortest MoEMo bond length,
2,037(3) R, so far observed [ 382]. Other such dimers which have been
structurally characterised by Cotton et afl. include, [Mo,{PhNC(O)Me},] (Mo-Mo =
2,086(2) 2) [383], [Mo:{(2,6-xylyl)NC(O)Mel},] .2CH,Cl, (Mo-Mo = 2,083(3) R)
in which the CH,Cl, molecules occupy axial positions [ 384 ], [Mo,{2-xylylNC(0)-
H}.] .2thf(Mo-Mo = 2.113(1) R) with axial thf molecules, [Mo,{PhNC(0O)Me;}s]
(Mo-Mo = 2.070(1) R) [385], [Mo,(OAc),{PhNCMeCHC(O)Me},] (Mo-Mo = 2.131(1) %)
[386] and [Mo,{Me,P(CH,).},] (Mo-Mo = 2.082(2) 3) [387]. Cotton et al.
have also reported the synthesis and structural characterisation of the
homologous molybdenum and tungsten complexes [M,(chp),] (Hchp = 6-chloro-
2-hydroxypyridine; Mo-Mo = 2.085(1) R and W-w = 2.,177(1) X). These metal-metal
bond lengths are significantly longer than in the corresponding mhp complexes,
suggesting that inductive effects may play an important role in determining
such M-M bond lengths [ 388]. [W,(dmhp),] (Hdmhp = 2,4-dimethyl-6-
hydroxypyridine) reacts with Ii[(PhN),N] to form [W,(dmhp).{(PhN),N},], which
has been structurally characterised as its thf solvate (W-W = 2,169(1) 8)
[389]. A breakthrough in the preparation of ditungsten(IIl) complexes has been
achieved, by reacting WCl, suspended in thf at -20 °C in the presence of
phosphines, to yield [W,Cl,(PR;3),] compounds. These materials are stable in
air at room temperature [ 390] and the complexes for (PR3), = (PMes),, (dmpe),,
or (dppe), have been structurally characterised and the W-W distances range
from 2.262 to 2.314 8 [204].

The complexes [ Mo,(0,CCF;),(L),] (where L = MePh,P, Ph;P, (cych);P,
tBuaP, (Me;Si); P, Me;PO, quinuclidine; Mes;P, or Me,PhP) have been prepared
and classified according to whether the ligand L is axially (first group) or
equatorially coordinated (second group), on the basis of *!'P{'H} NMR
spectroscopy [ 391]. Similar spectroscopic studies have led to the assignment
of the stereochemistry of [Mo,(0Ac),(NR;)(PR'3),] (R, = (SiMe;)., (SiMe H),,
or (SiMe;) (Me); R'; = Me;, Me,Ph, or Et;) [392]. The crystal structure of
[Mo2(0Ac),(SiMe;),(PMe;),] has been reported, the Mo-Mo separation found to be
2.0984(5) 1 [393] and the stereochemistry seen to be in agreement with the
H, '3c{'H}, and *'P{'H} WMR conclusions of Mainz and Anderson [ 392].

[ (Me;P)sHMo(u - H) ;MoH(PMe3)3] has been shown to have a Mo-Mo separation of
2,194(3) R, suggesting the presence of a quadruple metal-metal bond, in
addition to the dihydrido-bridge [345].

The nature of the green product, obtained from the reaction of [Mo,(OAc)]
with K[ S,00Et] , has been reinvestigated and, according to 'H NMR and
conductometric studies, the complex should be formulated as a tetramer (A+) 2=



[Moy (S,COEt)10] (A = [AsPhu]+ [PPha(PhCIiz)]+); related camplexes have been
prepared [394].

7.9.4 Metal Clusters

MogCl, , and MogBr;,.2H;0 may be prepared conveniently by the high
temperature conproportionation reactions of molybdenum metal with MoCls and
MoBr,, respectively, in the presence of NaCl and NaBr, respectively [395].
SW-Xo. calculations have been performed to interpret the XPES spectrum of
[MogCls]Cly [396]. Substitution by sulphide into [MogCls) 4- has been achieved;
compounds containing the [MogSCl,] % and [MogSsCls] cores have been isolated
and structurally characterised, e.g. [ pyH] 3 [(MogSCl;)Cle] .3pyHCL, [ pyH]s-

[ (MogSC17)Cls] , and [MogSeCly(py)s] . This last compound is the first example
of an MogXs cluster which has < 24 electrons in its metal-metal bonding
orbitals [ 397].

Chevrel phases, Z.e. ternary molybdenum chalcogenides, MxMOsXa (typically
M = Pb, Sn, or a rare earth element; X = S or Se) are of particular interest
because of their physical properties - high superconducting critical
temperatures, high critical fields, and coexistence of magnetic order and
superconductivity [ 398]. Considerable flexibility in composition exists for,
in addition to the variations indicated above, the ratio of Mo:X can be
increased from the ideal 6:8 value. The relationships between the structure
and physical properties of these phases have been reviewed [399] and ab initio
calculations accomplished for MMosSs (M = Eu, Gd, or Sn) and SnMogSeg [ 400].
The effect of doping rare earth ions into SnMogSs on the superconducting
properties of the material has been investigated [ 401] and the heat capacity
of molybdenum chalcogenides with different Sn:Ga contents has been measured
[402]. The effect of chalcogen non-stoicheiametry on superconductivity in
the SnMogSs phase has been assessed [398] and the relationship between
superconductivity, magnetic susceptibility and crystal structure in
PbMo (S;-x Sex)s phasés has been detailed [403].

Mo¢S¢Br; has been shown to be isostructural with Mo¢Segs [404]. The
oxygen—containing Chevrel phases MxMosssoz (Mx = Co,, Ni,, Cu,, or Pb) and
Mo¢S:0, has been synthesised and their physical properties examined [405].
MxMquG (M = K, Rb, or Cs) and M;M;5S,, (M = K or Rb) have been prepared [ 406]
and the crystal structure of Tl,Mo¢Ses has been determined [407]. InMoeSes
crystallises with the PoMoeSs structure and In,Mo,sSe;s contains MogSeg and
MogSe,; building blocks [ 408]; this latter type of structure is also found for
K,M0, S, and M,Mo;s8e;3 (M = K, Ba, or T1) [409]. MMo:X3; (M = In or T1;

X = Se or Te) have been synthesised and their crystal structure shown to

193
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involve infinite chains of face-condensed Mos clusters [410]. The structure
of MoMooS,: (M = K or T1) is characterised by the presence of a completely
new building block, Mo;»S;,, in addition to the MogSg unit; Mo;»S;y can be
considered as a one-dimensional condensation of three Mog octahedral clusters
[411]. The crystal structure of Fe,MosS; has been described [ 412] and shown
to be different from that of the low temperature modification of

Cu;.sMogSs and the nature of the 270 K phase transformation of the latter

has been described [413]. The homogeneity range of the Chevrel phase of

the OuxMossg system has been found to be 1.8 <x< 4 at 850 °C [414], and solid
solutions of PBCuxMOGSa (z = 0-0.3) and other Chevrel phases have been
prepared and investigated [415].

7.9.5 Carbonyl and organometallic complexes

The v(M-M) stretching frequencies of [NEts] , [M2(00);4] (M = Mo or W)
have been reported as 140 and 115 cm'-l, respectively [416]. The crystal
structure of { (cpMo),(u - 0,n5 - CsHy)2] has been determined and the average
Mo-Mo distance, in the two crystallographically independent molecules, is
2.885 & [417]. up-Alkylidene complexes of tungsten carbonyl dimers have been
prepared and characterised; these include (18) which involves a W-W separation

Megp C MeZ

CH

/
C
/H \\
(00 ,W———WI(C0),

(18)

of 3.140(1) 8 [418]. The dimetallocycle [ (cpW(CO)2)z{n—nZ, nZ - C(O)C,(C0,Me)s]
involves a W-W bond of length 3.017(1) & [419] and [(crMo(00);),{u - CH.CH.CMe,}]
a Mo-Mo bond of length 3.106(1) ] [420].

[ {cpMo(00)2)1},] (Z.e. [(cp):Mo2(00),]) continues to attract much
attention in view of its novel carbonyl bridged structure and its remarkable
reactivity. The electronic structures of the [ cp,M,((0).] complexes, with
M = Cr, Mo or W, have been discussed by Hoffman et al. with the aid of extended
Hiickel MO calculations. They concluded that not much of a metal-metal triple
bond exists in these molecules but two nice, low-lying acceptor orbitals exist
and provide a seat of electrophilic activity [421]. Several of the following
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studies exemplify this behaviour.

[ cpMo»(C0),] reacts with one equivalent of CN to give the [ cp,Mo,(CO)y-
(u-CN)]~ adduct; the cyanide ion bridges the Mo-Mo bond (3.139(2) R) in a
c,nz—fashion, whérein two electrons are donated to one molybdenum fram the
carbon o-orbital and two electrons are donated to the other molybdenum from
the CN 7m-bond [ 422], [cp2(Mo,(00),] reacts with either diphenyl- or
bis(4-tolyl)diazomethane in CH,Cl, at room temperature to form the
corresponding green digzoalkane adduct [ cp,Mo,(CO),(N,CR;)]. These camplexes
possess the structure (19) (Mo-Mo = 2.987(4) g), they are fluxional in
solution, and can be thermmally decamposed in benzene at 60 °C with loss of
N, to afford the stable, red u-diaryl-methylene complex, [ (cp).Mo(00)4(CR2)]
(20) (Mo-Mo = 3.087(2) %) [423].

Rz
€
N
| %
N
(CO), cp Mo /’r)o cp (CO), {COL,cp Mo ,r;d’o cp (CO),
c , ,
\ / d \/,
0 0
(19) (20)

Ph;PS reacts with [ cp:M;(00)s] (M = Mo or W) to produce [ cp.M,(C0), (Ph3PS).],
which can be considered to possess a metal-metal single bond [ 424]. Elemental
sulphur reacts with [ ¢p,Mo,(00),] to give [ cpsMos(C0)eS) + [ cpMo(Q0) 3] ~, the
cation possesses the structure (21), with Mo—Wo = 3.085(21) & [425].
Complexes of the formula [(Me)ncsHs_,nMo(S)SH]z (where n = 0, 1, or 5)
have been prepared by the reaction of H, with several different cyclopentadienyl-
molybdenum derivatives containing sulphido ligands. These complexes have
interesting reactivities including the catalysis of HD exchange between H,
and D,, as well as betwee H; and D,0, and the reduction of elemental sulphur
to H,S; C.l, and C;H, displace hydrogen from the SH ligands and form
derivatives with bridging dithiolate ligands, and alkyl and aryl thiols
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(CO), ¢p Mo Mo cp(CO),
\§57
Mo cp (CO)z

(21)

- react to form H,S and derivatives of the formula [Me,CsHs—,Mo(S)SR].
Spectroscopic information indicates that the latter have the same

structure as the SH complexes and the structure of the n = 1, R = Me derivative
has been determined (22); the molecule is centrosymmetric, with Mo-Mo =
2.582(1) 8, Mo-S = 2.352(2) and 2.479(2) &, and the four sulphur atoms form

a plane perpendicular to the Mo-Mo vector, with S-S = 2.758(3) and 3.014(3) 2
[426]. The characteristics of the equilibria: [ MeCsH,MOSC,H,S]; + »RNC &=
[(MeCsHyMo) 2 (SC2HyS) 2-n(S,CNR),] have been determined for n = 1 or 2 and

CHs

CH,

(22)

-R = Bz, Other dimeric molybdenum camplexes with bridging dithiocarbonimidate
ligands, [cpMoS;CNR], (where R = Me, Bz, "By or Hx) have been synthesized,
characterised, and their reactions with MeOSO,F, HOSO.F, 00, and reducing
agents described [427].

The complexes [cp,Mo,(CO)4 (1 -SR),] (R = Me, "Bu, Ph, or 4-tolyl), which
do not contain a metal-metal bond, decarbonylate readily on heating to produce
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[ cpaMo, (CO),(n - SR),] which contain a formal double metal-metal bond (Mo-Mo
2.616(2) R for R = 75Bu) [428]. Studies on other complexes containing
u-thiolate ligands spanning a formal metal-metal bond reported this year
include:

[ (n"~C7H7 )W(u - SR)5 (C0)5] and [ (n"-C7H7W( - SR)3W(yt - SR),W(CO);] (R = Et, Bu,
or Ph) [429] and [ (n°-RCeHsCN)Mo(y ~ SMe ) Mo(n®-RCeHs)]" (R = H or Me),

the latter may be converted into the corresponding m-cyanoarene derivative
by a two-electron oxidation-proton elimination process [430].

Complexes of the formula [(ns—CsH.‘R' )Mo (00), (R,CS)] (M = Mo or W;

R' = Hor Me; R = 4-X-CgH,; X = OMe, Me, F, H, NMe,) have been synthesised by
a facile reaction of the thicketone with [(n5-CsHl.R' )oM2(00)4]. The crystal
structure of [ cp,Mo;(C0),{4-Me-CsHs)2CS}] has been determined and the molecule
seen to involve one semi-bridging carbonyl ligand, and a Mo-Mo bond of length
3.145 & which is involved in a metallathiocyclopropane moiety [ 431].

Reactions of these complexes with PR; and P(OR); molecules have been described
and discussed [432]. The hydrogenation of bridging alkyne ligands in

[ cp2Mo,(C0)4 (RC,R)] and related complexes has been developed, in a study which
included the preparation of [ cp,Mo,(C0O),{P(OMe;)}(RC,R)], a catalyst pi‘ecursor
for acetylene hydrogenation to cis-olefins [433].

The crystal structures of [(n7—C7H7 )Mo(u-GMe)gMo(CD)z(na-Cym )] and
[ (n°~C7H; )(00) (1 - GMe) (00 »(n*-C;Hs] have been reported, and their
Mo-Mo and W-W separations found to be in the range consistent with the
presence of a single bond [ 434].

The presence of metal-metal bonding interactions in the
crystallographically characterised u-hydrido-camplexes [ u - H(Mo,(CO)sPPh;] -
[342], [ (u-H)(u~PMe;){cpMo(00),}2] [344] and [cp,W(u-H),Rh(PPh3),] [346]
has been commented upon in Section 7.8.

Hetero-nuclear metal-metal bonds, involving molybdenum or tungsten have
been identified in a large number of complexes reported this year. These
include:

[M' (14 ~ AsMe, YFe(CO) 3(u — AsMe ) ;Mocp((D)s] (M' = cpFe((0)., cpFe(CO)(PMe;), or
cpM" (C0); = Cr, Mo or W) [435], [Rus(CO)n (u - AsMe;)Mcp(C0)s] (M=Moor¥W) and
[ (OC)4Ru(n - AsMe )Mocp(00) 2] [436], [(OC)sW{u - C(QMe)Ph}Pt(PMes)>]

(W-Pt = 2.861(1) X) [437], [cp(C0),W{u - CCsH,Me-41}Pt(PMe,Ph),]

(W-Pt = 2.751(1) 8) [438], [Pt WL - C(QMe)Ph}(CO)s (P BusMes)s] (23)
[439], [ (n®-MesCs)(OC)sCr(y - CCoHyMe~4)W(C0)2cp] .CHzCL, (W-Cr = 2.941(1) B)
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Ph OMe

A
C

(Me Bu, P) (OC)Pf/ PH(CO) (P Bu, Me)

\/

(CO),
(23)

[440], [FePtW(us ~ CCcHiMe—4)(00)¢ (PEts)cp] (24) (W-Pt = 2.775(1) 2,
W-Fe = 2.784(3) ) and [ FeRhW(13 - OCsHMe-4)~(12 - 00)(C0) scp(n°~CsHz)]

CeHs ~4~Me

(Et3P)(0C)Pt< \
\ >w cplCO),

Fe
(C0),

(24)

(W-Rh = 2,760(1) X, W-Fe = 2.772(1) X) [441], [ {PdMe,CH,CsHy )} u-{Mocp(CO);s}-
u-Cl] (25) (Mo-Pd = 2.788(1) and 2.832(1) R) [ 442], and [ Net,] , [ MoFe;C(C0O); ]
(Mo-Fe = 2.915(2) %) [443]. Cathodic reduction of [PtL,{Mcp(Ds}, ] (L = “BulC,
M = Mo or W) complexes leads to the paramagnetic platinum(I) complexes,

whereas the corresponding mercury(II) and gold(I) systems undergo metal-metal

bond cleavage [444].



7.9.6 Metallic moieties

As indicated in the introduction to this review, new aggregates of
metal atoms containing molybdenum or tungsten, have been prepared and
spectroscopically characterised and further calculations of the electronic
structure of such species have been reported. These theoretical studies
include presentations of the potential energy curve for the 12g+ ground state
and detailed descriptions of the nature of the sextuple bond in Mo, [12,13],
and an interpretation of the optical spectrum of the MoNb molecule [16] .

The electronic spectrum of tungsten atoms isolted in an argon matrix has been
presented [ 17], and the bimetallic AgMo [18], Mo,, and CrMo,and trimetallic
Mo;, CrMo;, and Cr;Mo clusters [ 19] have been trapped in inert gas matrices
and characterised by optical spectroscopy. Unimetallic and bimetallic metal
clusters can be anchored efficiently to liquid poly(methylphenylsiloxanes);
manipulation of the experimental conditions can lead to the formation of other
species, including the bis(ns-arene) metal camplexes of molybdenum and
tungsten [ 14,15].

7.10 MISCELLANEOUS BINARY AND TERNARY PHASES

The standard heat of formation of W;Bs has been reported as 93 * 9 kJ mol !

[ 445] and the new boride WB;. has been prepared [446]. The crystal structures
of the complex nitride Mo(Ta,Mo)N, [ 447] and the phosphide Mo,Nig¢P; [448]

have been determined. The thermal decomposition of Mos;Sby [449], the
formation of W, Nb;_;Se, [450], and the catalysis of 0O hydrogenation over
Mo,C [451], have been investigated.
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7.11 HETEROGENEOUS CATALYST PRECURSORS

Molybdenum and, at the moment to a lesser extent, tungsten are used
widely in industrial catalysts. The majority of these materials are prepared
by the incoporation of a compound containing the metal onto or into an
oxide lattice, followed by suitable pre-treatment. ’I‘hey importance of these
materials has stimulated many chemical studies, aimed at duplicating the
properties of these heterogenous phases in homogeneous systems, and these
are described in other sections of the review. This section considers the
progress made in understanding the chemical nature of the molybdenum
(or tungsten) centres in these catalyst precursors.

Hydrodesulphurization is a catalytic process used industrially to remove
sulphur from petroleum feedstocks and coal. The comercial catalysts used
in this process are generally molybdenum supported on activated alumina,
with various promoters such as cobalt or nickel added to improve catalyst
performance. These oxides require sulphurization for dehydrosulphurization
activity. The physical studies of such systems accomplished this year are
extensive and only a selection will be presented here. One theme has been
to investigate how molybdenum interacts with the oxide support. ESCA,

XPS, Raman, and low-energy ion-scattering spectroscopy have been used to
characterise a series of MoO;/y-Al,0; catalysts and three distinctly
different molybdenum species have been observed. At low concentrations, an
interaction species, possibly resulting from the reaction of molybic acid
with surface hydroxyl groups was found; this appears to involve both
octahedrally and tetrahedrally coordinated molybdenum atoms., After monolayer
coverage had been reached, Al,(MoO,); was formed and, at higher concentrations,
the formation of bulk MoO, was observed [452]. The results of other
spectroscopic studies characterising MoOs;/y-Al1,0s; systems have been presented
[453] and a large number of similar studies have been accomplished for
CoMo/y-A1,0; materials, at various stages of preparation. These indicate
that the molybdenum oxide layer appears to be formed on top of the cobalt
oxide layer [454] and the corresponding sulphide systems appear to involve
MoS, and CosSg phases [ 455]. The vibrational spectra of hydrogen-sorbed

by MoS: and MoS:/A1,0; suggest that the hydrogen is bonded to »one sulphur
atom [ 456] and the hydrodesulphurization activity of MoS; samples has been
correlated with their oxygen chemisorption capacity [457].

Catalysis of the hydrogenation of 0O to alkanes by materials derived
from [Mo(Q0)e] on Al,0; has been discussed in terms of the Mo(00);-
(dehydroxylated alumina) units forming molybdenum clusters, on heating to
500 °C in a He atmosphere [458]. Binuclear molybdenum centres with catalytic
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activity are considered to be obtained when [ {Mo(OEt)s},] reacts with

Si0, [459]). Well defined pairs of molybdenum centres are formed when

[ Moz(ns—CgHs)..] reacts with Al,Q; and SiO,; these act as excellent catalysts
for ethene hydrogenation at 200-293 K [460]. These materials also catalyse
the partial oxidation of propene, by O, or N,O and, in this case, the presence
of coordinatively unsaturated cZs-dioxomolybdenum(VI) centres are held to be
crucial for activity [461]. Oxidation of propene on oriented and non-
oriented catalysts shows a specificity for the reaction of the MoO; crystalline
faces; catalytic sites for acrolein formation are located in the [ 020 ]‘
direction [462]. Other studies of the oxidation of hydrocarbons over Mo-O
catalysts have been described [ 463], with particular attention being devoted
to Bi-Mo-O phases [ 464] which will also catalyse the oxidative ammonolysis

of propylene [465]. The relationship between the oxygen exchange reactivity
and catalytic oxidation ability of 3d-transition metal molybdates has been
discussed [ 466].

Silica supported MoO; is photoreduced on irradiation at ca. 350 nm,
provided that water vapour is present during the thermal treatment carried
out at high temperature prior to irradiation; molybdenum(V) and, under
certain conditions, molybdenum(IV) centres appear to be formed [467]. These
oxidation states have also been identified by XPS for a series of MoOs/SiO:
catalysts, obtained by calcination of [Mo,(0O.CR).] /SiO. (R = H, Me; CF; or Ph)
mixtures, the measurements being undertaken before and after reaction with
NO or QO [468] .

The acidity of various MO;/Si0, (M = Mo or W) systems has been measured
by NH; adsorption [469] and gaseous hexamethyldisilazane has been shown to
quantitatively and irreversibly poison the Brgnsted acid sites on WO; /8i0,,
without affecting the Lewis acid sites [470]. Reactions in which these
Brgnsted acid sites have been proposed as active centres ipclude the
metathesis of propene; stereoselectivity in the metathesis of but-2-ene has
been observed on MoOx/ B-TiO, [471].

7.12 'MOLYBDOENZYMES AND SCME REILATED CHEMICAL STUDIES
7.12.1 Oxo enzymes

The oxomolybdenum enzymes, principally xanthine oxidase and dehydrogenase, '
aldehyde and sulphite oxidase and nitrate reductase, constitute an important
sub-group within the family of molybdoenzymes. These enzymes are linked by
a common molybdenum-containing cofactor and exhibit very similar molybdenum(V)
EPR signals. The title of this sub-group appears apt, since each enzyme is
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involved in the net transfer of one oxygen atom between substrate and product,
this behaviour clearly being related to the presence of one or more Oxo-groups
in the coordination sphere of the molybdenum(VI) centre (as detected by EXAFS

" studies) and the (probable) protonation of one oxo ligand upon reduction to
molybdenum(V) or (IV). An additional molybdoenzyme has been identified in
microbial sources, carbon monoxide oxidoreductase [ 472] and this reviewer has
tentatively classified this as an oxo enzyme, pending further characterisation.

The detailed understanding of the catalysis which is accomplished at
the molybdenum centres of these enzymes, and the development of authentic
chemical analogues of these centres, are hampered by the lack of a definitive
characterisation of the molybdenum cofactor (Moco). A major, and surprising,
development in the characterisation of this entity is the identification of a
reduced pterin as an integral component of the active cofactor [473]. Details
for the isolation of Moco from the nitrate reductase of lupine bacteroids and
milk xanthine oxidase have been described and a partial analysis of the
amino acid content (aspartate:threonine:serine:glycine:alanine = 2:1:5:3:1)
of Moco has been obtained [474]. Moco would appear to undergo some chemical
modification from enzyme to enzyme, perhaps explaining the different redox
potential of the molybdenum centres in the various enzymes. Such chemical
modification is important for xanthine oxidase; thus, desulpho (and inactive)
xanthine oxidase has a molybdenum(VI) centre, MoOz(SR)x (x = 3-4), very
similar to that in oxidised sulphite oxidase, whereas active xanthine
oxidase possesses and MOVIO(S)(SR) . oentre [65].

Active xanthine oxidase is converted into the desulpho form on treatment
with CN*, this involves the formation of CNS~ and the conversion of MOO(S)2+
to M0022+ ; this behaviour is also encountered on cyanalysis of xanthine
dehydrogenase and aldehyde oxidase. However, a different process occurs upon
cyanolysis of sulphite oxidase and subsequent reactivation of this enzyme
can be achieved by [ Fe(CN)e] 3~ oxidation [ 475].

The nature of the sites of interaction of oxidising substrates with
xanthine oxidase and dehydrogenase and aldehyde oxidase have been reviewed
[476]. The spectrum of the "rapid" Mo(V) EPR signal of xanthine oxidase,
dissolved in ®’O-enriched H,O, is indicative of strong hyperfine coupling
of one oxygen atom to the molybdenum centre. A clear possibility exists
that the oxygen is present in a MOV—G{ group, the proton of which is also
strongly coupled in this EPR signal [477]. Another type of "rapid" Mo(V)

EPR signal has been observed for milk xanthine oxidase, which shows strong
coupling to two protons; the signals were obtained either at pH 8.2 in the
presence of borate or at pH 10.1-10.7 with or without this anion. The
relationship between the two types of 'rapid" EPR signals has been discussed;



they may represent coordination isomers; or the latter may arise from the
presence of two hydroxide ions in the coordination sphere of the molybdenum(V)
[478]. The oxidation/reduction potentials of the various prosthetic groups
in native and desulpho chicken liver xanthine dehydrogenase have been
determined by potentiometric titration, for samples dissolved in 0.05M
K;PO, buffer at pH 7.8; the values obtained were Mo(VI)/Mo(V) and Mo(V)/Mo(IV)
native, -357 and -337 mV respectively, with corresponding values for the
desulpho enzyme of -397 and -433 mV [ 479].

For chemical studies of possible relevance to the structure and function
of these enzymes, the reader is referred to Sections 7.1.2 (especially
references [64-71], 7.3.2, and 7.4.3.

7.12.2 Nitrogenases

Procedures for the isolation and characterisation of nitrogenases have
been reviewed [ 4807] and a large scale, rapid, high-yield purification for
Agotobacter vinelandii nitrogenase proteins has been developed [481]. This
latter study also included a description of the procedures for the isolation
and concentration of the iron-molybdenum cofactor (FeMoco) of the
molybdoferredoxin protein, and isolation procedures for this entity have been
reviewed [ 482].

57Fe Mtssbauer and EPR studies of the molybdoferredoxin of
Clostridium pasteurianum have been reported and, except for small differences
in the hyperfine parameters, the results obtained were essentially the same
as published previously for the A. vinelandi protein. Thus the thirty Fe
atoms are partitioned into, two identical FeMoco centres (M, each probably
containing one Mo and six Fe atoms), four P-clusters (each containing four
Fe atoms) and one Fe atom (labelled S). The spectra were analyzed in terms
of three oxidation states for FeMoco; Mox, M‘N (native, having the § = ° / 2
EPR signal) and MR ED [483]. The redox properties and some complexation
reactions of FeMoco have been investigated. Addition of edta eliminates the
S = 3%/, EPR signal characteristic of dithionite reduced FeMoco to give a
species which appears to be different frum the EPR-silent substrate reducing
M) dye-oxidised (M°*) forms [484]. The molybdoferredoxin of A. vinelandii
has been shown to undergo a ij—electmn oxidation by various dye oxidants,
with full retention of initial activity. Subsequent reduction, by dithionite
or controlled potential electrolysis, indicated the presence of two reduction
regions, at -290 and -480 mV, each requiring three electrons for complete
reaction. Selective reduction at -290 mV caused development of the § = */,
EPR signal, whereas reduction at —480 mV produced a change in the visible
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spectrum but no change in the EPR signal or its intensity [485].

FeMoco has been suggested to contain coenzyme A [486] and its location
in the molybdoferredoxin has been studied using 2-phthalaldehyde [ 487].
Oxidative inactivation of the molybdoferredoxin of C. pasteurianum nitrogenase
by [ Fe(CN)s] 3- has been shown to release most of the metal and sulphur atoms
from the protons; incubation with a mixture containing thiols, sulphide,
[Mo0,]2”, and Fe'll
inactivated protein [488].

FeMoco has been shown to catalyse the electrochemical reduction of
C,H, to C,H, [489].

produced an EPR spectrum similar to that of the air-

7.12.3 Iron-molybdenum—sulphur clusters

The preparation and characterisation of complexes containing an Fe-Mo-S
core has proceeded rapidly, following the isolation and molybdenum K-edge
EXAFS investigation of FeMoco. As indicated in Section 7.1.6, these complexes
are invariably prepared from [MoS.] 2-, and an iron salt, and may be subdivided
according to whether they contain (Type I) an {MoS.}, tetrathiomolybdate,
moiety coordinated as a bidentate ligand to one or two iron atoms, or (Type II)
one or two Fe;MoS, cubane - like clusters.

Several developments in the chemistry of Type I systems have been
reported this year, including the comprehensive description of the syntheses,
structures, and spectroscopic properties of the [ X,FeS,MoS;] 2- (X = SPh or Cl)
ions. The stability of these ions, the short Mo-Fe distance (2.756(1) and
2.716(1) X, respectively), and the °’Fe isomer shifts, all suggest that the
bonding of [MoS;] 2- to iron(II) involves some net transfer of electron
density to the former from the latter [194]. A conclusion which extends to
other camplexes of this type. [NEts]s[ (PhS).FeS,MoS;] has been prepared by
the reaction of [NEt.]:[ Fe»S,(SPh),] with [ NEt,] ; [MoS,], in MeCN at room
temperature, and characterised by optical, 'H MMR and MSssbauer spectroscopy,
magnetic susceptibility and electrochemical oxidation and reduction. The

LR (5 = ®/;) centre,

results obtained were interpreted in terms of an Fe
antiferromagnetically coupled to a formally {FeIISZMOVISZ} (5 = 2) unit, to
give a net S = } ground state [195].

An important basic unit in Fe-MoS, chemistry, [ Fe(MoS.),] >~ has been
isolated and characterised previous to this work, the simple complex formed
between iron(II) and [MoS.] 2~ was considered to be [ Fe(MoSy )2 ] 2- [4901,
however, this dianion still awaits conclusive identification. [Fe(MoSu),] 3-
has been prepared by reacting [NEt,], [MoS,] with FeL, (HL = l-piperidine-
carbodithioic acid) 2:1 [196], or [Fe(S,00Et);]  [197], and the crystal
structure of [ (Ph;P),N],[NEt)] [ Fe(MoS,),] has been determined. The IR,



UV/VIS, and EPR spectra of this trianion have been recorded and the last is of
special interest since the ground state has § = 3/, and g values of 4.6, 3.3
and 2.0.- The electronic spectrum is identical to {:hat previously reported
for [FeuMo.,Szo]G' [491] , and thus negates the existence of this tetramer.

The cyclic voltammogram of [ Fe(MoS, )] 3- shows a quasi-reversible reduction at
ca. -1.8 V, and an oxidation at ca, -0,10 V which is irreversible and thus
further challenges the existence of [ Fe(S;MoS;)»]2% .

The reaction of [PPhy] 2 [ (PhS),FeS;MS,] (M = Mo or W) camplexes with
FeCl;.6H,0 (1:2) in dmf, results in the oxidation of PhS~ to PhSSPh and the
formation of iron(II); the compounds [ PPh.] ; [ Cl,FeS,MS,FeCl,] crystallise
upon addition of Et,0. A crystal structure determination for the molybdenum
salt has indicated that the anions have a nearly linear Fe-Mo-Fe array
(Fo—Mo = 2.775(6) R), with distorted tetrahedral MoS, and Cl,FeS, fragments.
°7Fe Mdssbaver data suggest. that the two iron atams are in the +II formal
oxidation state. This study also included a comprehensive documentation of
the dimensions of Type I, Fe-Mo-S clusters [ 198]. [PPhy][ (PhS).FeS,MS,]

(M = Mo or W) react with C;H;SSSC;H; in warm dmf to form [ PPh,), [ (Ss)FeSMS,].
These anions possess the structure (26); in which the two metal centres give

(26)

rise to a net 5 = 2 ground state, with the 57Fe Mdssbauer spectrum indicating
that the iron atom is in an oxidation state intermediate between +II and +III
[199].

A full account has been published describeing the synthesis of the Type 1I
Fe-Mo-S clusters, [FecMo,Ss(SR)s]>™ (R = Et, Ph, C¢H,Cl4, or CeH.Me—4),
[FeeMo,Se(SPh)s (OMe)s] 3~ and their tungsten counterparts, [FeoWoSe(SEt)s] >~
and [FegW2S5(SPh)g((Me)s] 3 g Nm spectra of these anions provide a clear
distinction between bridging and terminal ligands and, within each set of
bridging or terminal ligands, only one resonance is manifest for each
chemically different proton; "thé bridging ligands exhibit much smaller
isotropic shifts than for the corresponding ligands in terminal positions
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[200,203]. 57Fe Mossbauer parameters of the majority of the complexes have
been obtained and are seen to be very similar to those obtained for
[Fe,S,(SR),] 2- canplexes; thus each iron atom is considered to have a net
oxidation state of ca. 2.5, implying that each molybdenum or tungsten atam
has an oxidation state between +III and +IV. Electrochemical reductions of
these trianions to the 4-,5-,6- and, in some instances 7-species have been
observed and, rapid scan, staircase cyclic voltammetry showed that only the
first two reductions of [FegM,Sz(SEt).] 3- (M = Mo or W) in MeCN solution,
approached good electrochemical reversibility [201,204]. The similarity
in structure and electrochemical behaviour of these last two camplexes has led
to the reason for the inactivity of tungsten substituted (fbr molybdenum)
nitrogenases [ 202]. The complexes [ FeMo,S3(SR)q] 3- (R = Et, CH,CH,CH, or
CH,Ph) react with PhCOX (X = C1 or Br) to form the corresponding
[ FegMo2Sg (SR) 5Xs] 3- complex in good yield, with selective substitution of the
thiolato groups attached to the iron atoms [ 205].

The full details concerning the structure of the iron-bridged 'double-
cubane' cluster complexes [Fe;Mo,Ss(SEt); 2] 3= and [ Fe;M2Ss(SBz )1 2] 4-
(M = Mo or W) have been published [ 203]. [FesM;Ss(SR);2] 3- (M =Moorw
clusters undergo their initial reduction at the central iron(III) atam, to
generate the 4- anion with a central iron(II) atom [204]. An important
development in the reaction chemistry of these clusters is the quantitative
dihydrogen evolution which occurs when PhSH is added to [ FeMo,Ss(SPh)s] °~
[208].

A cluster, which is claimed to involve a FegMoSg unit, has been obtained -

on a polystyrene support [207] and, if so, could be of a considerable interest.
7.12.4 Dintitrogenyl chemistry

The other important aspect of inorganic chemistry especially relevant
to the function of the nitrogenases, involves the preparation, characterisation,
and reactivity of dinitrogenyl camplexes.

Ab initio MO calculations have been reported for [Mo(N;),(NHs)s],
[Mo(N,)(NH;)s] , and [Mo(N;),(PHs),] and the results obtained indicate that
the gfl%’five polarization of the bound dinitrogen molecule is in the sense
Mo—N—N [492]. A comparison of the bonding interactions for end-on and
side-on coordinated dinitrogen has been.made and the former preferred to the
latter, principally because of the good o-donating ability of the ligand [ 493].
The resonance Raman spectrum of [ {Cl(PMe,Ph),Re(N,)},MoCl,] indicates that
the intense absorption at 23,300 cm™' should be assigned to an e <+— ¢,

i g u

Ay, 1A19, transition of the axial w-system of the linear chain; the



principal geametric changes within the complex on undergoing this transition,
are a lengthening of the Re-N and a shortening of the N-N bonds [ 494].

[ Mo(N,)C1l,(bipy)] has been obtained as one product of the reaction
between [MoCl,(bipy)] and an excess of Me;SiNj; in CI1CH,CH,Cl,, but its
structure is unknown [220]. ‘The crystal structure of [Mo(N,),(Et,PCH,~ '
CH,PPh,);] has been determined [495]. The effect of the wavelength of
light upon the extent of N, exchange in {Mo(N,),(dppe).] and [M(N,).(depe).]
(M = Mo or W) has been investigated [496] and the photoinduced elimination
of H, from [MoH,(PRs;)4] (PR; = PEt,Ph, PPh,Me or 0.5 (dppe)) has been shown
to produce the corresponding trans-[ Mo(N;).(PR;),] complex [ 339,497]. New
camplexes, including trans-{ M(Q0):{P(cych);}2(N,)] (M = Mo or W), have been
synthesized by the reaction of [Mo(00);(cycloheptatriene)] with P(cych); under
dinitrogen; the binding is reversible and N, can be removed by flushing with
argon at 40-60 °C, to form the apparently five-coordinate { M(CO);{P(cych);}s]
species [498]. The preparations of the complexes trans-{M(N,)X(dppe)a]

(M = Mo or W; X = SCN, (N, or N;) have been described. Relationships

between Eiox and v(N-N) of thesé complexes and those of [ M(N,)(NCR)(dppe),]
(with reference to the standard series [Cr(00)s(L or Y )] [499]) have led

to the identification of the labile ammine complex [ Mo(N,)(NH;)(dppe).] in
thf, and to the prediction of Eiox and v(N-N) for related but, as yet,
unsynthesized complexes. Furthermore, in a most informative documentation,
aspects of the reactivity of the coordinated dinitrogen ligand have been
oorrelafced with the "electron - richness' of the complex (as measured by Eidm),
with particular reference to: (a) inner-sphere versus outer-sphere electron-
transfer alkylation, and (b) protonation of the [M(N,)(NCR)(dppe):] complexes
to. give the new hydrazido-salts, [M(Nsz)(NCR)(dppe)z] [ HSO4] 2, with
retention of the trans~-RCN ligand [500]. The 'oxidation of trans~[ W(Ny),-
(dppe).] with tcne or FeCl; has been achieved and trans-{ W(N,)2(dppe):] *

salts isolated [501].

An important clarification of the protonolysis of [M(N,),(PR;)y] (M = Mo
or W) has been accomplished, in that, for the first time, the fate of the
metal has been determined. [Mo(N,){PhP(CH,CH,PPh;),}(PPh;)] reacts with
HBr (2:8) to produce 2[NH,]Br, 3N, 2PPh; and 2 [MoBr;{PhP(CH,CH,PPh;).}] .
Thus the six electrons required for the reduction of N to 2NH; are supplied
from the 0% to Mo™™! conversion [502]. Treatment of cis-[ W(N,),(PMes—
Ph),] with 2-propanol/KCH yields N,H,, whereas use of normal alcohols instead
of 2-propanol gives NH; [503], and the formation of NH; and N.H, has been
detected subsequent to the reaction of this complex with acidic hydridometal
carbonyls, H,Fe(CO), or HFeCo3(00);:,, and treatment with aqueous KOH [ 504].
The reduction of N, to N.H, by Na/Hg in MeCH, as catalyzed by a molybdenum(V)

207
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complex, has been investigated [505]. A reaction mechanism has been presented
for the reduction of N, to N,H, and NH; by a Ti(OH;)/Mo(CH); system [ 506 ]
and the electrolytic reduction of N, in a TiIII/MoIII

been described [ 507].

/guanidine system has

7.13 COMPLEXES OF ORGANCDINITROGEN AND RETATED LIGANDS

Reactions of the coordinated dinitrogen, of molybdenum or tungsten
phosphine complexes, to form carbon-nitrogen bonds are well known, with the
formation of diazenido (-N=N-R) and hydrazido(2-) complexes being obtained
as in the following sequence:

N
[MON)2(dppe)s] k= M) (ppe)sl  * N

[M(N2)X(dppe).] + R- —— [M(N:)(XR)(dppe):]

k
[M(N.R)X(dppe),] + BRX . [ M(N2R»)X(dppe).] X

Dinitrogen loss is the rate-determining step (%;) in the primary alkylation
forming the diazenido complex, whereas the secondary alkylation (k;) to form
the hydrazido(2-) complex has been shown to be a typical SNZ reaction [ 508].
Diazenide derivatives seem likely to be the stable analogues of the
first intermediate, -N=N-H, in the reduction of dinitrogen to ammonia; also,
these ligands are formally isoelectronic with the nitrosyl group and manifest
interesting variations in their modes of bonding, [Mo(N,Ph),(TPP)] involves
N,Ph groups that are "half doubly bent', with Mo-N-N = 149.1(9) ° and
N-N-C = 128.6(9) ° [509]. A further report of the crystal structure of
[Mo(N,Ph)(S,C\Me; )3] , accompanied by that for [Mo(N,CgH,NO;-4)(S,C\Me; )]
[510], agrees with the singly bent (linear Mo-N-N) arrangement obtained
earlier for this compound. The same geometry, Mo-N-N = 177(1) and N-N-C =
132(1) ° , has been confirmed for [MoI(N,cych)(dppe),], in a reinvestigation
of the crystal of the benzene solvate [ 511]. The materials formulated as
[Mo,(NoPh)(S,CNR;)y] [512] have been shown, by 'H MMR and cyclic
voltammetric studies to be a mixture of the compounds [Mo(N,Ph)(S>CNR;)s]
and [ Mo(N:Ph),(S,(NR;),] [513]. The complexes [ cpM(00),(N.Me)] (M = Mo or W)
react with [ Cr(COs(thf)] and [ cpMn(C0),(thf)], via coordination of the basic
nitrogen function, to yield, respectively, the trinuclear [ cpM(C0),{N,MeCr-
(C0)s}] and [ cpM(C0), (N MeMncp(C0)s}] complexes [514]. The potentially
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chelating bis(aryldiazenate) ligands (2 ) (R =H or tBu) = L have been

/N

R 0 0 R

N

\ V)

N+

+,

(27)

prepared and their reactions, leading to the formation of the binuclear
complexes [ L{cpM(00),}3] (M = Mo or W) and [ L{cpMo(00)(PPh;)};] , have been
investigated [ 515].

[Mo(N,),(dppe)>] reacts with MeBr, "BuBr, and Me;CCH,CH,Br, to form the
corresponding 2-alkyldiazenido-¥ derivative [MoBr(N,R)(dppe).] ; whereas, the
analogous reaction with 6-bromo-l-hexene yields the cyclopentylmethyldiazenido
complex, thus providing additional support for the formation of the diazenido
complexes via an alkyl radical pathway. Protonation of these alkyldiazenido
complexes by H[BFy], in which the proton is attached to the carbon-bound
nitrogen atom. [MoBr(Nanu)(dppe) 2] reacts with Na]BH,] or NaCMe, in C¢H¢-MeCH
solution at an elevated temperature, to produce almost equal quantities of
"BuNH, and NH; [516]. The reactions of trans-[M(N,).(dppe);] (M = Mo or W)
with Br(CH: )nBr, under irradiation in C¢Hg, yield products, the nature of which
is a function of n. For n = 3, [MBr{N,(CH,);Br}(dppe),] is obtained and for
n=4orb5, [MBr{NIE(CHz)n_iCHz}(dppe)z]Br is formed; for n = 6-12 two series
of conplexes, [MBr{Nz(Cﬂz)nBr}(dppe)z] and [{u—Nz(CI‘Iz)nNz}{MBr(dppe)z}z] are
produced and both of these can be protonated reversibly to hydrazido(2-) forms
[517].

The hydrazido(2-) complex [ WBr,(NNH,)(PMe,Ph)s] reacts with HC1 (1:1)
to form the hydrido hydrazido(2-) complex [ WHC1Br(NNH, )(PMe,Ph);] Br, as
confirmed by IR and NMR spectra and X-ray crystallography. Anion exchange
with Na[BPh,] gives the novel diazenido complex [ WHC1Br(=N=N(-BPh;)H)(PMe,Ph);].~
CH,Cl, in low yield, in addition to [WHC1Br(NNH,)(PMe,Ph);][BPh,] the crystal
structure of which has been determined by X-ray analysis [ 518]. [MoO,L;]

(L = S,(NR,; R = Me, Et, or Phyor R, = (CH:)s; or L = 8-O-quin) react with
hydrazines (R';NHp; R',= Me,,(CH,)s, or Ph,) to form the corresponding
hydrazido(27) complex, [Mo(MNR',)OL»] . A crystal structure determination for
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[ Mo(NNMe )O(S,CNMe, )] has shown the molybdenum to have a distorted

octahedral coordination gecmetry, with the hydrazido ligand bonded linearly in a
position eis to the oxo-group [519]. [MCl.(PR;3).] (M = Mo or W; PR; = PPhs
or PMePh,) react with an excess of Me;SiNHNMe,, in MeCN at room temperature
to form [MCL(NNMe,),(PR31),] [BPhy]; use of one equivalent of Me;SiNHNMe,

gives [ MC1;(NNMe; )(PRs)2) . The analogous reactions of [MCl4(PR3),] with
Me;SiN,Ph  (1:2) produces the corresponding [MCL,(N,Ph)(Pr;),] complex [520].
[ W(NNH, )(dppe).X]Y (X = F, Br, or CF;00,, respectively, for Y = BFy, Br or
H(O02(CF3);) react with 2,4-dinitrobenzene to yield the 2,4-dinitrophenyl-
diazenido (=L) conplexes, [ WL(dppe).X]. Spectroscopic properties of these
complexes have been obtained [521] and a general consideration of the '°N MMR
spectra hydrazido(2-) complexes of molybdenum and tungsten have been published
[ 5221]. The preparation and some reactions of hydrazine ([ cpMo(NR,NR;)-
(NO)X; 1), hydrazido(1l-) ([cpMo(NRNR;)(NO)X]), and hydrazido(2-)

([ »-NNR;{cpMo(NO)X}:] ) complexes have been described [ 523], and the crystal
structure of [y - NNMe,{cpMo(NO)I},] has been shown to comprise molecules with
an unsymmetrically bridging dimethylhydrazido group (Mo-N = 1,907(5) and
2.070(6) &) [524].

[ Mo(NNMePh ), (S.CNMe, ) ;] reacts with HC1 (1:1) to form [ Mo(NNMePh)-
(NHNMePh ) (S.(Me» )2 ] +; an X-ray crystal structure determination of the
[ BPh,] salt has shown that the complex is seven-coordinate, with the
coordination of both end-on hydrazido(2-) and unsymmetrically (Mo-N = 2,069(8)
and 2.175(9) X) side-on hydrazido(l-) groups [525]. The complex [ (cp),WH-
(DW(H)CGHL.F—4)]+, prepared by the insertion of [ 4-FC¢H,N,] * into one W-H bond
of [(cp),WH,] below -20 °C, has been shown, by an X-ray crystallographic
study of its [PFs] salt at -100 °C, to contain (formally) a 4-fluorophenyl-
hydrazido(2-) ligand with a distinctly bent (W-N-N = 146.3(6)° ) skeleton
[526]. Repetition of this synthesis at ca. 0 °C, or stirring solutions of
[(cp)zWH(NI\IHAr)]+ (Ar = Ph or X-XC¢Hs, X = F, Me or MeO) near this temperature,
produces an isomeric product, [(cp)ZW(HZI\NAr)]+, which contains an
arylhydrazido(1-) ligand bound to the tungsten through both nitrogen atoms
[527]. 1In the case of [ (cp),W(H,NNPh)] * an X-ray crystallographic study of
its [BFy] salt has shown that the two W-N bonds are inequivalent (W-N =
‘2.156(9) and 2.034(9) R), with the shorter distance corresponding to the
phenyl-bonded nitrogen atom [ 528].

A relatively recent development, in the reactions of coordinated dinitrogen
leading to the formation of nitrogen-carbon bonds, has been the synthesis of
complexes containing the diazoalkane (=N-N=CR'R) grouping. Thus, treatment
of [M(N2).(dppe)2] (M = Mo or W) with MeBr in thf affords, after protonation
of the product, [MBr{=N-N=CH(CH,);0H}(dppe).]Br. These materials were
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originally considered to contain the tetrahydropyridazido-ligand

r . . .
(-N-N=CH-CH,-CH,) [529], however, further investigations, including
.determinations of the crystal structures of [ WBr(N-N=CHCH,CH,CH,OH)(dppe).] ~

[ PFg].0.5CH,C1, and [ WBr (N-N=(Me, ) (dppe) »] Br.0.5MeCH [ 530] have clarified
this situation. This study also explained the unusual 'H and !°C NMR
parameters of these complexes and difficulties encountered in the preparation
of diazoalkane complexes, where R and R' groups are larger than methyl.

The reactions of trans-{ W(N.):(dppe),] with gem-dibromides, Br,CRR', to yield
the trans-{ WBr(N,CRR' )(dppe),] Br diazoalkane complex, have been described.
These complexes do not react with protonic acids, but the unique diazoalkane
carbon atoms are attacked by nucleophiles, such as LiMe, to yield diazenido-
camplexes, some of which cannot be obtained by conventional means. The
reactions of trans-{ Mo(N,).(dppe),] with germ-dibramides are more complex,
and diaziocalkane complexes are, at best, minor products [ 531]. [WBr(N,H,)-
(dppe).]Br reacts with CXCl; (X = Br or H) in the presence of a [Ph21]+ salt
and an agueous base, to form the dichlorodiazomethane camplex [ WBr(N,CCl,)-
(dppe)2]+. This cation has been characterised by X-ray crystallography as
its [PFs]~ salt (W-N = 1.75(2) &, N-N = 1.35(3) &, N-C = 1.28(3) &, W-N-N =
1.69(2) °, N~-N-C = 122(2)°) ; the cation has been shown to undergo rapid
reaction with nucleophiles to give a range of interesting organodinitrogen
complexes. These included the vinyl diazenido complex [ WBr{N,C(C1)C(CN),}-
(dppe).] , by reaction with [ CH(CN),] , and the structure of this complex has
been determined [ 532]. Trans-{ W(N,).(dppe).] reacts with MeBr in thf and
related solvents, to produce diazenido-complexes which undergo reversible ring
opening with protic acids to yield substituted-diazoalkane complexes.
Similarly, N-methylpyrrolidine and tetrahydrothiophen form diazenido-
derivatives, which react with acids to form hydrazido(2-) complexes and do not
undergo ring opening [ 533]. The complexes [MoX,(NNH,)(PMe,Ph)i] (X = C1 or
Br) react with aldehydes or ketones to form diazoalkene complexes, [ MoX,-
(NN:CRR')(PMe,Ph);] [534].

The preparations of [W(Q0)sL] (L, = MeNHNHMe; cie~ or trans-- MeN:NMe)
and [ trans- MeN:NMe{W(C0)s}.] have been described and preferential oxidation
of the coordinated hydrazine to the eis - diazene has been observed [ 535].
Monameric and dimeric complexes, involving M(CO)s; and M(O0)y (M = Mo or W)
moieties with diazirines have been synthsised [ 536]. The complexes
[ MoOC1(P-P)] +[ MoOCla’(RLXI\IZPh)]_ (P-P = dppe or dppee; R = Me, Ph, 4-C1C¢H, or
4-MeCCgH, ) have been obtained by reacting the hydrazines RCONHNHPh with
[ {MoOC12(P~P)}.], or [MoOCl;(P-P)], in refluxing MeOH. A crystal structure
determination, for P-P = dppe and R = 4-C1C¢H,, has shown the anioh to have a
distorted octahedral geametry, with an ¥,0 bond diazene ligand [ 537].
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Treatment of [Mo(XC¢H.CSN,H),] (X = H, 4-Me, 4-QMe, or 4-Cl) with acetone,

in the presence of dilute acid, yields the complexes [Mo(4-XCgH,CSN)-
(4-XCgHy SN, H)(4-XCcH,CSNMMe,; ) ] possessing a condensed hydrazonide ligand. The
crystal structures have been determined for X = 4-Me or 4-Cl; these molecules
involve a coordination polyhdron intermediate between trigonal prismatic and
octahedral and (for X = 4-Me) the chelate rings involve Mo-N dimensions of
1.786(5) 2 and 142.8(3)° for the diazenido(l-) ligand, 1.967(5) ' and
131.6(4)° for the diazene group, and 2.216(5) R and 116.9(4) ° for the
hydrazonide ligand [ 538].

7.14 NITROSYL COMPLEXES

The interaction of NO with molybdenum(IV) centres on SiO, [ 539] and
Al1,0; [ 540] have been investigated, and the latter considered to involve
a dinitrosyl complex. A mechanism, whereby molybdenum-nitrosyl complexes
could catalyse the formation of HCN, from NH,OH and HCHO has been described;
this mechanism is considered to involve the initial coordination of NH,OH
[541] . The structure of (hydroxylamido-0,N)nitrosyl complex [Mo(phen).-
(NO)(ONH, ) ]I, .H,O has been determined and several new, related camplexes
have been synthesised [542]. Reduction by Zn/Hg of [Mo(ttp)Cl,] in CgHg
(Hzttp = meso-tetra-4-tolylporphyrin) under NO leads to the formation of
two complexes [Mo(ttp)(NO);].CeHs; the structures of both of these compounds
have been determined. The former involves a cis-arrangement of the nitrosyl
ligands, with the Mo-N-O groups significantly bent (average bond angle
158,0(8)° ) towards each other; the latter possesses a trans arrangement of
the MeOH and an essentially linear Mo-N-O (bond angle = 179.8(4)° ). group
[543]. An excess of [NO]Y (Y = BF, or PF¢) reacts with [Mo(C(0);] in MeCN
to form the paramagnetic salt Mo(NQYXNMe)s] Y, which reacts with NO gas to
produce the diamagnetic cis-{ Mo(NO),(NCMe),]Y, compound. The reactivity of
these compounds has been explored and several new nitrosyl complexes isolated,
these include: [Mo(NO)(NCMe)(dppe);] Ym (m=1o0r 2) and
[ MoC1L(NO) (dppe),] Yn (n=0o0r 1) [544]. [MoH.(dppe).] reacts with [NO][PF¢]
in CeHe/MeOH solution to form the protonated nitrosyl complex [ MoF(HNO)(dppe).}
[PFg] , and the normal nitrosyl complex trans-{ MoF(NO)(dppe),} .0.5CsH,; the
reactivity of these complexes has been investigated and other nitrosyl
derivatives prepared [ 545] .

A full account of the preparation and reactivity of [CrMo(OiPr)s(NO)z]
has been publ'ished [365] and the synthesis of [MOz(OiPr)s(I'Meg)z(No)z] ,
from [Moz(07’Pr)5(N0)2] and HN\Me,, has been described. This new molecule is
centrosymmetric and the lcoal geametry about each molybdenum is that of a



distorted octahedron; comprised of two u. —OiPr, one terminal OiPr and
HNMe, group, and one linearly (Mo-N-O = 179.4(5) °) bound nitrosyl ligand
[366]. The compounds [ (PhsP),N]s[ Na{Mo3(C00)c(NO)s3(uz—0Me)s(us~0)1:]
and [NMey] [Mo3;(00)s(NO)s(u2 -CMe)a(pa —(Me)] have been synthesised by
refluxing [Mo(00)s], NaNO,, NaCH in MeOH and adding the appropriate cation.
The crystal structure of each of these novel materials has been determined.
The anions of both consist of equilateral triangles of molybdenum atams,
with two carbonvl and one nitrosyl ligand terminally bound to each molybdenum;
the non-bonding Mo-Mo distances (3.297(2) and 3,428(1) 8, respectively) are
bridged by u; -~ OMe ligands and a u3; -0 atom or a us ~(Me group, respectively,
caps the triangle; the anion of the former compound contains two such units
linked by a Na' ion octahedrally coordinated by the six oxygen atoms of the
U2 - OMe ligands [ 546].

Coments concerning the hydrazido-complex, [ u - NNMe,{cpMo(NO)X},],
and related monomeric cyclopentadienyl-nitrosyl complexes of molybdenum
[ 523,524 ] have made earlier (Section 7.13). The crystal structure of the
"piano-stool" molecule [ cpW(NO),Cl] has been detailed [ 547]. [cpW(NO)I:]:
has been prepared and shown to react with various Lewis bases (L = PPhg,
P(CPh);, SbPh;, or 00) to produce the monomeric [ cpW(NO)I,L] complex, but
the carbonyl complex slowly reverts to the original reactants. [cpW(NO)I;]:
reacts with T1+ cp or Na+ cp to form the novel, stereochemically non-rigid,
complexes [ (cp).W(NO)I] and [ (cp)sW(NO)] [548]. [cpW(NO)I,{P(CPh);}] and
[ coW(NO)I,] , react with Na[AlH,(OCH,CH,(Me),] to form the hydrido-nitrosyl
complexes, [ cpW(NO)(H)I{P(OPh);}] and [ cpW(NO)(H)I],, respectively [ 549].
The complexes [ (n®-CsMes)M(C0),(NO)] (M = Mo or W) have been synthesised,
and spectroscopically and structurally characterised; the crystals involve
disordered M(C0).(NO) moieties, in which the ligands are C- or N- bonded to
the métal in a linear fashion [550]. The reactions of [ cpM(NO)(CO)PPh;]
with HgCl, and SnCl, proceed via electrophilic attack at the metal centre
with retention of configuration [551]. The displacement of carbonyl ligands
from [cpMo(na - CaHs)((I))NO]+ and other allyl-containing complexes has been
discussed [ 552], and the attack of nucleophiles on this type of complex has
been the subject of an extensive investigation [ 553].

7.15 CARBONYL AND THIOCARBONYL COMPLEXES

The polar tensors, effective charges and vibrational intensities of
[M(CO)s] (M = Mo or W) molecules have been considered [554] and comparative
mass spectrometry has been detailed for these compounds and their
monothiocarbonyl counterparts [ 555].  °°Mo NMMR spectra of molybdenum carbonyl
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complexes have been detailed, in an elegant and important study which has
clearly demonstrated the ability to observe °°Mo-X (for X = *!P) coupling
constants in such spectra [6]. !70 MMR spectra of enriched metal carbonyl
complexes, such as eis—{ Mo(C0),L;] (L = PPhs, AsPhi;, SbPh: or PPhMe;) have
been obtained [556] and the synthesis of molybdenum and tungsten carbonyl
complexes enriched in '®C has been developed using the CO-labilizing ability
of ("Bu),PO [557].

The preparation, spectroscopic properties and resonance Raman profiles
of [y - pyrazine{W(Q0)s},] , the preresonance Raman spectrum of [ W(00)s—
(pyridazine)] [558], the resonance Raman, electronic, photochemical
reactivity and MCD spectra of [M(CO)L,_mL{P(C!\de)a}I] M=MoorW; x=0o0r1l;
L = 1,4-diazabutadiene, pyridine-2-carbaldehyde imine, bipy, or phen) have
been described and discussed [ 559], and the MCD spectra alkylaminopentacarbonyl
complexes of molybdenum and tungsten have been presented and interpreted
[560]. The quenching of emission and photochemistry of [ W(Q0)s(4~
cyanopyridine)] by anthracene has been described, this relationship implying
that the emitting state of this molecule is implicated in its photochemistry
[661]. Further studies of the photolysis of molecular molybdenum and tungsten
carbonyl complexes, isolated in an inert gas matrix at low temperature, have
been accomplished [ 562-564]; in 2-methyltetrahydrofuran (mthf) at 77 K,
evidence has been cobtained for the photoconversion of Mo((0)s into
[Mo(O0) (mthf)] [565].

The Mo 3ds/2, C 1s, and O l¢ binding energies of [IMo((0)s] (L = PX; or
(0) compounds have been measured and found to be linearly related to each
other and to the phosphorus lone-pair IP of the free PX; molecule [566] .

The UVPES and !°C NMR spectra of [W(Q0)s(PR3)] (R = CgH;;, Ph, or OPh) have
been presented and assigned by comparison with the spectra of free PR; and
[W(00)e] [567]. The heats of formation of a number of [ M(C0)s—pL,] (M =

Mo or W; L = piperidine, py, pyrazine, pyrazole, or thiazole; x = 1, 2 or 3)
campounds have been reported [ 568] .

[M(C0)¢] (M = Mo or W) have been found to be active homogeneous catalyst
for the water gas shift reaction, 00(g) + H.O(Z) =5 H,(g) + (0:(g), in the
presence of a large excess of sulphides generated by Na,S dissolved in aqueous
methanol {569] . Phase-transfer catalysed nucleophilic reactions of
hydroxide ions at metal-bound carbonyl centres, [M(m)s_xLx] (M = Mo or W)
have been discussed [ 570], as have the requirements for multinuclear centres
to catalyze the hydrogenation of CO [571]. M,[W(C0)s] (M = Li or Na)
salts in thf have been shown to reduce (0, to 00 [572]. Lewis acid
promoted CO insertion into a metal-aryl bond has been observed with [ PhW(C0)s]
[573], and the nature of the catalytically active species, for hamogeneous
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acetylene metathesis, in the [ Mo(C0),] /PhOH system has been discussed [574].
Thiols can be desulphurized in good yield by treatment with [Mo(C00)s]
either in HOAc or when pre-adsorbed on SiO, [575].

The half-wave oxidation and reduction potentials have been determined
for [M(CO)s] (M = Mo or W) and for [W(CO)s.o(MeCN),] (x = 1-3) in various
aprotic solvents [576], and the electrochemical synthesis of [M(CO)¢ ]

(M = Mo or W) and their phosphine derivatives, from suitable metal complexes
in the +III oxidation state, has been developed [ 577].

The crystal structure of [ Mo(Q0)s(phen)(n?-S0,)] and [ Mo(00),(bipy)-
(n?-80;);] have been determined and the n?-S0, bonding has been considered
in relationship to the dimensions observed [ 578]. [NEt,] [(u - CeCLsS){W(O0)s}2]
involves a bent W-S-W (132.1(1) °) bridge and the v(C-0) stretching frequencies
observed in the IR are consistent with this structure [ 579 ]. [W(0C0)4(S,5-
dimethylsulphonium 2-picolinyl(methylide)] has been shown by X-ray
crystallography to involve the ylide coordinated through the pyridine ¥ and
carbonyl O atoms [580]. The syntheses and the structures of [(Ph;P).N] -

[ Na{Mo3(C0)¢(NO)3(uz - OMe)(us - 0)}2] and [ NMey ] [Mo3(C00)(NO); (12 ~ (Me)s-

(M3 -OMe)] [546] have been presented earlier (Section 7.14), Histidinato-
carbonyl camplexes of molybdenum and tungsten have been prepared [581] and the
activation volume for the reaction of [Mo(bipy)((0),] with CN~ has been
measured [ 582]. Tetracarbonylbis(P,P-diphenyl-¥-methylphosphino-
thioformamido)bis(u-P,P-diphenyl-N-methylphosphinathio formamido)dimolybdenmum.
4CH,Cl1, has been characterised by X-ray crystallography, and one ligand found
to be tridentate with the S and N atams coordinated to one molybdenum and the

P bonded to the other molybdenum of the dimeric molecule [583],

The relative stabilities of the geametric isomers of [Mo(CQ0),(PPh;)u]
have been assessed in terms of electronic factors [42]. The new five-
coordinated complexes [M(C0);(P(cych)s)z] (M = Mo or W) have been prepared and
shown to reversibly add dinitrogen, dihydrogen, and other small molecules
[498]. The crystal structure of [Mo{Ph,P(CH,),PPh(CHz),PPH,}(C0);] has been
determined [ 584] and °'P MMR data have been used to assign the structure of
the complexes formed between {(diphenylphosphino)methyl}-ethylenediamine and
molybdenum and tungsten carbonyls [585]. The camplete series of fifteen
compounds of the type Ph,P(X)CH,P(Y)Ph, (L) (X=Y and X # Y for O, S, Se, or
Me+) have been synthesised and their [M(00),L] (M = Mo or W) derivatives
have been prepared [586]. The unsymmetrical bis(tertiary phosphine) ligand,
Ph,PCH,P'Bu, and its mono- and disulphides have been prepared and used as
ligands (L) in [M(0D),L] (M = Mo or W) complexes [587]. Other complexes,
involving molybdenum or tungsten carbonyl moieties coordinated by P-donor
ligands reported this year, have included: [M(CO)s(PX;)] (M = Mo or W;
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X = Cl or Br) [588], [ (OC).,Mo{PhPH(CH,);PPhH}] and its oligomers [ 589],
eis— {RPCH,PR, IM(C0O)s] (M = Mo or W; R = Me,CHO or Me,N) and [ {RaP(S)-
CH,PR, },M0(Q0),] [590], [M(CO);L] (where M = Mo or W; L = 2-Ph,PCeH, CH: CRCcH, -
PPh;, R = H or Me) [ 591}, [(OC)mMo(PhP(H)PRz)n] (m=4o0rb5 n=2o0r1l,
respectively; R = Ph or tBu) and [ (OC) sMPPhHPPhPPhHMo(CO)s] [592]. The
crystal structure of [ Mo(CO),(dppe).F] [PFs] has established a seven-
coordinate geometry for the cation [ 593]. Reactions of the ligands of
eis-[ Mo(C0)y(Me,PLi),] [594], [ (OC)sMoPPh,Cl] and eis- (OC)yMo(PPh,Cl),]
[ 595] have been explored and the photochemical ligand substitutions of
trans-[W(CO)LL'] (L # L' = "PrsP, Ph;P, (Me;N):P, (*Pro)sP) have been
categorised [596]. The reaction of [ (OC)sWPPhCl,] with Hacac results in
substitution of the Cl by the oxygen atom of the enolized dione [ 597]; the
modes of coordination of (PXNR), (X = F or C1) to metal centres, including
M(CO)s, (M = Mo or W) [598] have been investigated and 3,5-dimethylpyrazolyl-
phosphine has been shown to coordinate as a mono- bi-, or tridentate ligand
in molybdemm and tungsten carbonyl complexes [599]. Phosphole [2+2] and
[ 4+2] dimerisations have been observed around molybdenum and tungsten carbonyl
moieties [ 600], and the coordination of P,(SiMe,); [601] and di- and
triaza-c?-phosphole [ 602] to these and other metal centres have been
investigated.

Molybdenum carbonyl complexes with three new tertiary-arsine-containing
macrocycles have been prepared and characterised [603] and extensive
studies of the productions of the reactions of phosphine, arsine, and stibine
donor ligands with molybdenum and tungsten carbonyl complexes have been
accomplished [604]. New germylene [605] and stannylene [606] camplexes
have been described and novel gallium-containine lisands have been prepared
and reacted with organo-molybdenum carbonyl complexes [ 607 ].

Other carbonyl camplexes of these metals have been described in earlier
sections, including those dealing with : molybdemun(II) and tungsten(II)
(7.6 [ 326-329, 332, 333]), hydride camplexes (7.8 [ 342-345, 355]), metal-metal
bonds (7.9.5 [ 416, 418-425, 428-444] ), organodinitrogen ligands (7,13 [ 513-515})
and nitrosyl complexes (7.14 [ 546, 550-553]).
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