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7. MOLYBDENUM AND TUNGSTEN

C. D. GARNER
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INTRCDUCTION

The material included in this review was obtained from the reports
published in primary research journals during 1980 and/or velumes 92 and 93
of Chemical Abstracts. As has become the practice with this series, the
emphasis for this article is the ce-ordination chemistry of molybdenum and
tungsten. Thus, although the organcmetallic chemistry of these elements is
undergoing significant develcpments, this area is not covered camprehensively
here and the reeder is referred to specialist reviews in organametallic
chemistry for further information, The material follows on fram 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 considerzble amount of interesting
and relatively new infarmation, 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 techhique for characterising diamagnetic molybdenum
complexes [(6]. The ratio of the quadrupole moments of *°Mo and *'Mo,

[0 M0)/Q(?*Mo)], has been determined as 11.4 * (.3, from relaxation time
for KoMoQ. (ag.) [7]. Bond-strength, bond-length relationships have been
presented for Mo-N [8] and Mo-5 [9] bonds.

The characterisation and understanding of the electromic structure of
simple mplecular species conteining melybdenum or tungsten continues to
attract attention. The dissociation energy of MoO has been estimated as
580 ¥ 26 WJ ml_l [10]. MoO and McN molecules produced in a hollow cathode
discherge 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'®0 were 1040 and 894 an ©, respectively.
Absorptions attributed to Mo, were also cbserved in this study {il]j. The
bonding within Mo, and the potential energy curve for its ‘Ea+ ground state
have been discussed with the aid of detailed molecular orbital calculations
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[i2,13] . BSeveral other studies, reporting the isclation and characterisation
of small metal clusters containing molybdenum or tungsten atoms, have also
been published [14-197.

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

Reviews concerned with [WFe], [MoF;] 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 [°°MoFg],
[9°MoFe] , and ['?°MoFe] [21]. SCFP-Xa calculations, including estimations
of the ionization potentials, for {MoF¢] and [WF] have been reported [22]
and the extent of electren attachment to these molecules has been measured
(23]. The photolysis of [MoFg], isolated in an Ar metrix, 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(®Me)s Pt is formed when ircn metal reacts with [MoFsl or [WPs] in
MeCH {26]. Me3Si{N;), azidotrimethylsilane, reacts with an excess of [WF:] to
form (the potentially explosive} material [WF;{N;}], the corresponding
reaction with [MoF:] vields a yellow solid, assumed to be [MoFs{N;)], which
decomposes at -10 °C, The [WFs(N;)] molecule has an essentially coctahedral
coordination about the metal, with W—F = 1.84(4) R, W—N = 1.58{2) R, and the
W—N{1}—N{2) angle is 157(2)° [27].

Monothiolate derivatives of tunsten{VI) chloride, [WC1ls;(SR)] (R = Me, Et,
cych, %Bu, "Bu, Ch,Ph, or Ph) have been fourd to be wnstable, with at least
two modes of degradation. 1If R+ is relatively stable, the preferred pathway
is heterolytic cleavage of the C—S bond to generate a carbonium iron, which
abstracts Cl , to give WSCl, and RC1. The intermclecular elimination of R,S;
is the alternative route and is the exclusive degradative pathway for R = Ph.
Thus, the isolation of [WC1s(SR)} caompounds is difficult and only those for
vhich R = Me or Ph have been isolated in a pure form [28].

7.2.2  Ozo 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 atars (Mo—Cl = 2.32 £), an apical oxygen atam (Mo—0 =
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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—C1 =
2.279(3) &, Mo—0 = 1.658(5) %) and with structures found for the related
molecutes [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 resuits interpreted with the aid of SCF-Xa calculations
[31]). The formation of WOCl,, and other oxychlorides has been siudied in the
system WO,~—WCls [32].

XeF, forms adducts with the weak fluoride acceptor species, [MoOF,]
and [WOF,], of composition XeF,.nMOF, (n = 1 or 2; M =¥o or W); '*F NMR
spectroscopic studies have indicated the occurrence of equilibria involving
higher chain length species (n = 1 ~ 4) in S0.CIF 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 XeFs;, than their MoOF, analogues [33]. The formmtion
of salts containing [WO.F.127, [#;0.F;)%, and [H,W.0,F,]*” ions has been
described for reactions involving WO;.xH:0 and an orgabic base, in 40% HF
solution {34). 'H MMR spectroscopy has been used te moniter the products of
the reactions of {WAF,] (4 = O or 8) with 2,3-butanediol (H,L} in Me(N [35]
and [WI.] (X = F or Cl1) with aliphatic amides and monooximes [36]. In the
former study, two diastereoisomers of corposition WAF;(HL) were obtained and
their reactions investigated; in the latter study 1:1 adducts were obtained.
The state of molybdenum(VI} (0.2 - 2.1 moles 1_1) in agueous HF have been
monitored spectroscopically {37] and the crystal structure of [NEt,] [{MoD(O;)
{pydca}}.F] {pydea = pyridine-2,6-dicarboxylate) has been described [38].
[WOCL,(py):] has been reported [39] and the crystal structure of [MoD,Cl.{phen)]
detemmined by X-ray crystallography [40].

Extended Huckel calculations have been accomplished [41] for the Mc:022+
moiety {(and for camparison, U0,>'), and the conclusion that the maximum
utilisation of the vacant 4d orbitals for r bonding with oxygen lone pairs, as
suggested previously, has been confirmed. The calculated potential energy
cure for dsp bonding, has a minimm for 0—Mo—O for ea. 100°, in good agreament
with structural data obtained for the majority of ezs—dioxomolybdenum{VI}
complexes, Similar oconclusions have been reached for the hypothetical camplex
eis-{ MO0 (PPhs:),] [421.

Molybdemm{VI} and tungsten{VI} diperoxoc camplexes are of initerest hecause
some of them are reagents for the oxidatian of varicus organic substrates such
as sulphides, aliphatic amines, ketones, and olefins., Furthemore, peroxo
caomplexes of molybdenum are claimed to be involved as key intermediates in the
hydroperoxide oxidation of olefins catalyzed by salts of this metal. New



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, i-butene,
trang—2-butene) can be achieved with stoicheiametric guantities of ¢1), in
which L represents the chiral bidentate ligand {5)-¥,¥-dimethyllactamide, A

-
0
M

(n

- 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 axide, tertiary phosphine axide, 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 essentizlly an 0—0 stretch, varies samewhat with
the nature of L. The energy of activetion for loss of dioxygen fram the dry
or disscived cooplex is independent of whether L is a phosphine or arsine
axide but is lower for a pyridine axide camplex. The camplexes stoicheiometric—
ally oxidize olefins to epoxides and catalyze the epoxidation of olefins by
tert-butyl hydroperoxide [47]. Formation constants for diperoxymolybdate and
diperoxytungstate camplexes 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(Q:) (pydca)}.F] {(pydca = pyridine-2,6-
dicarboxylate) determined [38]. Photolysis of bisperoxc-molybdemm{Vi)
porphyrins has been shown [50] to produce the related eis-dioxo-molybdenum(IV)
complex which, in the case of tetra-4-tolylporphyrin, has been characterised by
X-ray crystallogrephy. The Mo—O bond lengths are 1.709(9) and 1,744(8) g,
two seis of Mo—-N distances are cbserved, 2,246(8) and 2.157(10) g, and the
Mo lies 1.095{9) 2 cut of the mean plane of the carbon atams of the porphyrin
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ring which shows a significant "horse-saddle’ deformetion [31]. Dioxygen
has been transferred fram cobalt to molybdenum according to the reaction (2);
[MoO(0, ){CN},1%~ may also be prepared by trestment of [{(NC)sClMo0},0]%", in
CH,Cl, at —40 °C with Ne.0: [52].

- OHZ TS‘ B a42-

CH, C1, ~
T C g /l““o (CN),

| oo R A
(2)

{NC)s Co00 Mo {CN)s

Spectrophotametric studies have identified the formation of 1:1 complexes
between molybdenum(VI) and MePO{OH),, (EtO)YPO(OH), and H,PO,” and the
stability constants at pH 3.06 have been determined {53}. The formation of
[MoDs(tta),], during solvent extraction of molybdenum{VI} from halide solutions
by tta in OCl,, has been reported [54] and [MoDz(MeCOCH»(00;Et}:} has been
isolated [55]. 'H HMR spectroscopy has been used to monitor complex formation
between lactic acid and molybdenun(VI) or tungsten{Vi} {56], between L-malic
acid and tungsten{VI}) [57], and partially deuterated thiamalic acid and
molybdemam({VI} [58]., Eperimerization of aldchenmses and -pentoses, to the
corresponding C-2 epimers, proceeds more rapidiy when catalysed by [ MoOx{acac):]
in IMF than by agueocus melybdic acid [59].

The extraction of molybdenum({VI) from acidic media by diethyl phthalate
has been reported J160] and stability constants for the complexes formed when
400,72 or [W0.]?™ 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 catechcols (see [1] p. 119). Electrochemical reduction of [Mooz(cat)z]z_,
in aguecus buffers pH 3.5-7, occurs by sequential cne- 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 2 coordinated H:O molecule [63]. Such coupled proton/electron
transfer to Mo'! = O 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 reductsse, An interesiing
development in the mxdelling of the redox behaviour of these enzymes has been
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accamplished with the complexes (3, [MOVOL]_, for which one-electron

0
S\G " S
Mo
N NN

\ /

(H—CH

||

R R
R=H or Me

(3)

" oxidation results in the binding of another owo-proup and the protonation of
ligand L to form the previously isolated camplexes [MoG;HH;]. These
molybdemm{VI) canplexes underpo a two—electron irreversible reduction to a
molybdenum( IV) complex [64].

EXAFS studies of the molybdenum centres in the oxidised forms of sulphite
oxldase and active and desulpho xanthine oxidase {see [1] p. 149, with the
latter studies being reported in more detail [65]) give stimilation and scope
for the preparation of chemical analogues for these centres. Two complexes
worthy of special mention in this respect are [MoO:{N-methyl-4-tolylthio—
hydroxamate),] { = [MoO,(4-MeCiH,C(S)N(Me)D)2]) [66] and [MoD.(SC(Me) CHNMe), ]
i87]. The former représents the first example of a HOVI022+ canplex involving
‘two 5,0 cheletes and has an unexceptional structure at the metal (within the
17%0,%* group, Mo—0 = 1.71 ], 0—Mo—0 = 104°; for the chelates Mo—0,
each of which is essentially ¢rgns to an oo group, = 2,14 3, ¥o—S = 2,46 §)
whereas the latter, representing another example of a M0V1022+ camplex
involving two 5, ¥ chelates, has an unmusual structure, The donor atans are not
arranged in the customary octahedral manner and there are no atoms trans to
any Mo-—-0 bond; the largest angle for any O,—Mo—X group is only 122 ° and
that is for X = 0. The georetry is best described as a2 skew-trapezoidal
bipyramid, with the N;S, donor atoms forming a plane and the O atoms 1.49 %
above end 1.52 & below this plane, Further unusual features of this structure
are the 5—Mo—S angle of 69.8 ° and the 2.76 % separetion of the sulphur atams,
the approach being sufficiently close for the existence of a significant
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S....5 bonding interaction to be postulated. This unique geametry apparently
arises as a consequence of the unfavourable steric repulsions between the

two N-Me groups which would occur in the normal sis—dioxo coctahedral structure.
[Mo0,{8:(NEt,):], originally reported as involving abnormally short Mo—O
bonds has been shown to have norml dimensions for the Mo022+ moiety

(Mo—0 = 1,703(2) R and O—Mo—0 = 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 Mo0,Cl; to cbtain
peptide complexes of molybdenum(VI}, The tripeptides seem to function as
tridentate ligands and the molybdemm(VI) is reduced by Ph;P to molybdeman{ IV});
the original complex can be regenerated by oxidation with NaNO;. Thus the
molybdenum{¥I} camplex behaves as a model of an oxidase enzyme [692]. A series
of camplexes containing aming acids (f-alanine, glycine, cysteine, serine, or
lysine) or edta coordinated to the W20u4+ core have been reported [70] and
the electrochemical reduction characteristics of [{Mo0D;}, edta] a- have been
investigated {71].

The coordination behaviour of molybdenun{VI} towards diols and
aminoaleohols 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 z{s—dicom-Mo0; core and two
monodeprotonated ligands. {ii) Yellow vicinal diol derivatives, [Mo:0:;{(HL}:L:],
with an OtMOObMDO . core; the generic structure having been established for
H;L, = pipaccol, and an IR absorpticn at ca. 750 ar ! is characteristic of this
core, {iii} A class having an (Ot)zhbob MD(Ot)z core, as typified by the
nitrilotriacetate camplex in Na, [Mo:O:(Hnta).].8H;0. {iv) Compounds such as
[{MoO, (npg) (OH>)};] (H:npg = necpentyl glycol), with a cfs-MoO.>" group and
six-coordination being achieved by bridging by a iigand oxygen atam {72].

Stability constants and the thermodynamics of formation of molybdenum{VI)
complexes with DlL—a-aminobutyric acid have been reported [73] and some new
molybdeman(VI} complexes with triazene 1-oxides (HL), of composition [MoOsL:],
have been isolated and their vibraticnal spectra recorded [74]. Spectrophametric
and analytical information has been obtained for the 1:2 complexes formed
between molybdeman(VI) and 2-hydroxy-5-chloro- and 2-hydroxy-5S-hromoacetophenone
oximes [75]. 'The 'C NMR spectra of 8-quinolinol, 4-methyl-8-quinolincl
(Hmg) and [MoO,(m3).] 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 molybdemums-ligand oxygen interaction has
significant covalent character [76]. Several camlexes of some ¥,o donor
ligands, including MoG,IL1, (L = PhCONHNH:, 2- or 4- HNCgH,CONHNH.) and
MoO,L'Cl (HL' = 2-HOC:HORHNH,, 2-(H,NNHODC Hy N . CHC H OH-2 | 4-%C Ky ORN
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CHCH,(H~-2, X = H, NH,, or MeC( :NCH)(Me:NNHOOCsH,B-2, R = H, CH, or Ni:)
have been prepared and characterised by IR and UV spectroscopy [{77].

The camplex of N,F-diethylhydroxylsmine (HL) [MoO,L,] has been
structurally characterised [78] as have the hydroxylsmine complexes
[MOOCH(Me INO ), (HNC(S)N(Me)0)) and [MoO(H{Me NO){HNC(S }N{Me 0) (HNC(83N(Me O] .
H:0. These latter caomplexes were prepared in the course of a study of the
reactions of [Mo0.]% in aqueous solution (pH ~6) with ¥,W-substituted
hydroxylamines, the colourless camplexes [MoO,{RR'ND};] (RR' = H(Me}, Me.,
Etz, Bz:) are formed, in which the ligands are ¥,0-bonded, The deprotonated
N-methyl-¥-hydroxylthiourez camplexes were cbtained from related reacticns
in the presence of NS and both camplexes inveclve a pentagonal bipyramidal
coordination geametry at -the metal [79].

The camplexes ofs-do0;1L' (L = EtCH or dmso), of the potentially
tridentate Schiff ‘bases (4) { = H;L', X = H, NO:, Br, or ¥e() have been

OH HO

CH==N

(&)

prepared and their electronic spectra and redox potentials measured [B0]. A
large number of bidentate, tridentate, and tetradentate Schiff base ligands
containing 0,¥, and S danor atoms have been employed as ligands for the efe-
HJO22+ centre and the structures of the resuliani complexes discussed with
reference to their IR and 'H NMR spectroscopic properties [81}. The
preparation of MoO;Lz.nH;0 (ML = isonicotinic acid hydrazide or <ne of its
derivatives) [B2] and WOCL,L: {L = nicotinamide, iscnicotinamide acid
hydrazide or one of its derivatives) [83] have been reported. The thiocyanate
ligends in [MoO>{NCS):(hmpa):] have been shown to be ¥-bonded by X-ray
crystallography [84] and molybdenum(VI) thiocyanate complexes shown to be more
stable in HOAc, as compared to agueous solution [85].

Although a metallo-carbene seens 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 WOCle, in
camination with main group metal alkyls, provides a oonsistent source of an
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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..CEt; characterized [86], The conplexes MoCl-—
{neopentyl); (M = Mo or W} have been isolated from soluticns which are active
in clefin metethesis and, although inactive alone, these species can be
converted into very active catalysts; MO(necpentyl), complexes have also been
reported [87]. The oxo alkylidene complexes, [WO{CHMe;)(PEt;}C1;] ¢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 pecmetry sbout the tungsten shown to be a distorted

{5}

trigonal bipyrami@, in which the oxo ligand (W~0 = 1.661({11} %) C, and C, of
the neopentyl ligand (W—Ca = 1,882{14} 3) and the chloride iigand {(W—Cl =
2.382(5) 2) 2ll lie in the equatorial plane [B8]. Potential energy profiles,
for clefin metathesis and epoxidation involving oxo-complexes of chromium and
nolybdemum, have been produced using accurate ab fnitfe mulecular orbital
rethods., The results cbtained 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 constanis for the WO,
molecule hes been presented, on the basis of a structure with Cau symmetry [90]
and a mass spectrometric study of the vapour over WO; has indicated the
presence of W;0s, W40y2, and Wi0ys [91]. An electron diffraction study of
these vapours has suggested that the trimer and tetrameric species are
predaminant, at ca. 80% and 20% levels, respectively; ¥:Qy is composed of WO,
tetrahedra linked by u-oxo atoms to form a puckered ring [92]., Spectral
sensitizatian by metal-free phthalocyanine films has been observed on various
semicanductor electrodes, including single crystals of »n-W0;, and the oxidation
of several sclutions species achieved [93].
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The nature of water in MD; »H,O (M =Moo or W; n = 1 or 2} has been
studied by 'H MMR spectroscopy. For half of the H;O mplecules, the
interproton separstion is 1.58 2 and for the other half it is 1,38 S; the
latter was attributed to the interaction of the protons with bridging oxygen
atons [94]. A stable nickel{II)- rubeanic acid coordination polymer, prepared
in the interlayer space of MoDj;, has been separated by dissolving the MoO;
layers in boiling [NH,}C1 solution [95].

The results of SCF-Xo calculations of the cne-electron cross section for
K-shell photoabsorption of [P.bO.,]z_ have been used to explain the profile of
the X-ray absorption spectrum above and below the molybdemum 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 a2 bound state
of primarily metal d character, the transiticn being allowed becanmse of mixing
with oxygen p orbitals {96]. The identification of this and other transitions
for [Ml;]z_, and related species, marks a sipgnificant improvement in the
understanding of the processes responsible for X-ray sbsorpticn edge structure,
informaticn which can be a useful fingerprint of the chemical nature of a
particular atam.

The kineticsof the substitution reaction between [W0,)%” and cis-
[Co(en)»(H;0),1>", to form [Cofen).(CH)(WO,)], have been measured and
interpreted [97]. The system H+f_[McO=.]2" has been investigated by Raman
spectrcscopy. However, contrary to earlier reports, evidence for species
intermediate between {Mq]z- and [MmOga.]e_ could not be obtained and the
amownt of any such species was estimated to be <3% [88). Nevertheless, the
results of a potentiametric investigation of the equilibria between
molybdenam{VI) species present in agqueocus acidic medie have implied the
existence of a dimeric HMo,0; species under certain conditicns [98]. **Mo
NMR spectra of a- and B—[L.‘baozs]q_ in Me(M exhibit the same single narrow
rescnance at roam tenperature, inplying an exchange of ail the molybdenum
atams, A new interconversion, consistent with this and other observations for
these and related polyenions, 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 [1001,
[WeO1o 12~ has been characterised by X-ray crystallography, in the [( Bunc),W]>"
salt obtained fram the reaction of K;{W.Cls] with excess tBu.NC which is
pramoted by a small quantity of HxO, The a.nian has neer perfect octahedral
symmetry with dimensions similar to those reported earlier for this moiety
[101].

As an extension of previous elegant work defining polyoxamlybdate—
carbony) interactions, [OHCCHM,OpH]2™ has been shown to react with some
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acids, HX, to yield [HOTHMo.O0;:X] 3”. The product {6) contains a polycentric
anion binding site capable of eccommodating anicns, ¥, having a variety -.

(6)

sizes and shapes; the systems for X = F and HOC, have been characterised by
X-ray crystallography [102].

7.1.4 Termary oxtdes and heteronuclear polyanions

The crystal structures of Li,W0,(IV), the most dense phase amongst the
four polymorphs, {103] and CsLiW0, [i04] have been determined, The Raman
spectrum of Na,W,0; has been assigned with reference to its crystal structure
1105] and X-ray diffraction studies of Na,W:0:; glass have been interpreted
in terms of a chain structure consisting of WO, tetrahedra and WO, octahedra
[106]. IR and mass spectra of NaMDy (M = Mo or W) have been examined [107].
Studies of the formation and structure of [Mo;0:127, [#.07127, and [CrMo0,3%”
have been reported; force-field calculations for the mixed-metal anion
suggest a value of 125 ° for the Cr—O—Mo angle [108], The conditicns for
formation of Mg:Mo;0;; have been investigated [109] and the state of H:0 in
K:W0¢ .ZH,0, Mgt . 3H0, and MoMe(WO0: ), ,wH,0 (m = 3 or 4, M=K; n =0, 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 Cs3T1,Cl, [111], the
thermodynamic characteristics of Ba;W0., Ba,W0,, and BaW), have been
determined [112] and Raman spectre. have been obtained for Na,MO, and M'MO,
(M = Mo or W; " = Ca, Sr, Ba, or Pb) at high pressure [113], Revised
crystallographic data have been presented for Cag[al;;0:,] (W03 [114], the
synthesis and same physical properties of [pyH]+ salts of [Gaf{CH)eMo04sl 3-
have been reported [115], and a new heteropoly tungstate anion, tentatively
formulated as [(GaOs)szOz,,]e_, has been isolated as its guanadinium salt
{116], The crystal structure of Tl.W.0;:; consists of corner sharing chains of
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W octahedra and the hexagonal and pentagonal tunnels bound by these cheins
are occupied by Tl atoms [117]. The X-ray smorphous compounds MIn{MoD ), .nH,0
{n =235, M= Ag, T1) and MIn(W0, }. .4H,O have been prepared fromn agueous
solutions of MNO;, In{N0;);, and Na:MoD, or Na.WD, [118].

The structure of the [SiMo;;0. 1% ian has been determined in a lattice
of its guanadium salt [{119] and H,SiMo;2Q4s . 13H,0,in which the hydrate
envelope contains H502+ and H703+ ions [120]. The structure of K, [B-SiMoW;Oyw]
\9H,0 is isomorphous with that of K, [B-SiW;»04 ].9H.O, 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 reparted for molybdosilicic acid
[i22].

Conditions and the mechanian for the solid phase synthesis of lead(II)
molybdates, including the preparation of PoMo0s; crystals, have been described
(123]. PbsM;MoD, (M = Ni, Fe, Mn, or Sc), Ph,MMoO; (M = Fe, Mn, Ca, or Hg),
and Pb:MW0s (M = Ca or Hg) have been prepared from their respective oxides
at 35 — 50 kbar and <700 °C [124].

1!y MR chemical shifts have been demonstrated to be extremely
sensitive to envirommental end structural perturbations therefore, inter—
pretation of these data, in temms of charge distribution arguments, can only
be made when a close structural apalcgy is maintained. This statement has
been well illustrated for the ioms [WeOi]> , a- and A— [SiWy Owl®”, o-
[P9,2043 2", and a- [(n5-CsHs) Ti(PW:10:5)1%"; a trane bond altermaticn
mechanism for the charge transmissions inm this last anion has been proposed
to interpwet the '°7W MMR chemical shifts observed [125]. Ky M[PW)10s ]2.mH,0,
Ki7 M {P:W:70¢,)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 camlexes of the type [(RIPO;):Mos0;5] -
{where ROPO;H, = 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 [P;MosOn]® [127]. 1Ion, exchangers, which have a marked
selectivity for alkali metal ions, have been prepared by precipitate formation
between crown ethers and phosphomelybdic acid [128]. In sftu IR measurements
have shown that rapid and reversible !®*C exchange occurs between H0 vapour
and all of the bulk O atams of 12-molybdophosphoric acid, with the exception
of O atams attached to phesphorus [129].

The full details, including neutron diffraction data, of the crystal
structure of [(N,Hg]: [Me,AsMo,OysH] . H.C have been published [130,131]. The
anion comprises two face- and two edge-sharing Mo(, octahedra, in an almost
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flat rectangular array, capped by the tetrahedral Me.AsD; proup. The oxygen
atom that is asymmetirically shared by all four moiybdenum 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 fram the hydrogen. The anion of
[CN3H: ]2 [MefAsMog0.; {H,0):].6H,0 is an assenbly of six MoO: octzhedra and a
tetrzhedral MeAs(; group. These six octuhedra constitute a2 ring with alternate
edge— and corner-sharing and the MeAsO; group shares its oxygen atoms with
the ring., PBach molybdemm atom has two terminal oxygen atams mutually cfe and
is also cocordinated by a weter molecule [131]. The anions of Na;[NMe.],;
[MMogAs,0.63 . TH0 consist of six MoO; octzhedra, joined in a hexagonal ring
by edge-sharing, with one As(, tetrahedron attached on each side of the ring
1132].

No heteropolymolybdates containing tetrahedrally coordinated molybdenmum{ 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
[Ph;Bi{Mc0, ) 2]2_ and [Ph;Bi(MoO. )] s the former probably involves & trigonal
bipyramidal geametry at bismuth, with phenyl groups occupying equatorial sites
and unidentate tetrahedral oxoanions occupying the axial sites, and the latter
appears to contain PhyBi®* units iinked together by bridging Mo0,>~ groups
[133]. Crystallographic data have been reported for BizMh: (M = Mo or W)
[134] and sclid state syntheses have been described for Bi.MoD; systems [135].

Rb,;®Mo:0;3 has been prepared and the anian shown to inveolve double chains
of MO, octahedra, with three ncighbouring octahedra having common vertices
with an 80, tetrahedron [136]. MgTeMoD; has been reported and the properties
of the corresponding Fe?* and Ni®® materials have been examined (1371.

A new flucrotungstate, H[H.W,3 FeO:s], has been synthesised and
characterised by "*F and 'H MMR spectroscopy. Its MMR 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 pattemn and properties leed to its
classification in the 2-18 series {138]. The crystal structure of
K; [IMogOss ] . BH;0 has been determined and the anion is a typical Anderson - type
hetercpolyanion [139].

Advances made by Klemperer et al. and Noth in preparing no-
cyclopentadienyltitanium polyoxoanions of molybdenun and tungsten, amitted
from this review last year, were included in the titanium review by Fay [140].
fon exchange properties of zirconium{IV) molybdates and tungstates have been
studied (141], The preparation and same properties of Rb;M{(MoO,); and
FbgM(MaO, )¢ (M = Zr or Hf) have been described [142]; Cs:Hf(MoD,); has been
shown to involve three non-equivaleni tetrahedrally coordinated Mo atoms [143].
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Details of the preparation and the unit cell of [NH,]s [MoVg0:4.12H.0
have been given [144], procedures leading to the formation of {Mo,V:0:5H3] 3_,
[m3V301gH512_, and [H02V4019H7]3_ described [145]1, and the structures oif
[MOuVs03e] ™ [1461 and [MogVsOw] |~ determived [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]. FPR and magnetic data for camplexes of this
type, 0-1,2 [SiV,W,004 1% and a-1,2,3-[SiVsW,0.cH]%", have been cbtained and
these show that the unpaired electrons of these anions are restricted to twoe
or three oxygen-bridged vanadiwn atans [151], The preparation and some
spectroscopic pmperties of several phosphorus-vanadium-molybdentm or
tungsten hetercpoly compounds have been published {152] and the campounds
TesMo,V,0;; and TeMoV,0,, identified in the TeO,-Mo0,-V,0, system [153].
Hexagonal perovskites with cationic vacancies in the lattice, including
Ba,Nb.W0;, and Ba, M, ¥W0,» (M = Nb or Ta) have been characterised by X-ray
crystallography [154] and the behavicur of Hg [SiWeNb0y ] in agueous solution
has been studied [155]. Phase relationships in the Cr—W—O0 system and
thermodynamic properties of CrW0, and Or.W0. have been reported [1561;

_ RbzCr0, .McO; and Rb,Cr0,.Crz{Mo0, }; have been characterised by their powder
diffraction patterns [157], A new Cr'''as’Mo'! heteropolyacid has been
clzimed 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 stimmlated a study
of metal carbonyl units bound to the oxide surfaces of polyoxcanion clusters.
The first adducts of this type, [(OC):M{Nb,W,0is}] 3= {M = Mn or Re), have been
prepared by refluxing a solution of [N("Bu),] [Nb,W,05,] and [(OC):;M{NOME};]-
{PF;] for 2 h in Me(, '70 MMR and IR spectroscopic studies indicate that
these anions conprise M{(D); moieties bonded to a triangle of oxygen atoms on
the surface of the [Nb,W.O;a]"” anion [159).

The enthalpies of formation of MnWD, and FeW0, have heen determined ({160}
and the crystal structure of Fe.(MoDy}: described [161,162]. Magnetic
susceptibility measurements on this last compound indicate that it is an
antiferromagnetic material with an ordering tamperature below 8C K. The
relationship between the structural order and the oxygen stoicheiometry of
Sr:;WFe;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:0s leads to substoicheiometric axides
and a structural evolution [166]). M:[COMo 0y, ()] .nH0 {M = Na, Fb or Cs)
have been obtained [1671 and the crystal structure of [NHg J23 -

[ HH, A5, Wy O 002 (H203.] .nH,0 (18 <7 < 20) reported, The anion of the



188

latter campound consists of four AsWe0;3; subunits linked by four extra WO,
octahedra, with the ageregate forming a cryptate (eight oaxygen) site for

the [NH;.]+ ion; two Coz+ 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).]; H[Co,I50:,H;z].3H20 has been determined

and the results used to propose characteristics atoms mist have to becane
heteropolyanion addends; these arguments were reinforeced with reference to
other available structural data, a.5. Ks{ CoWy304c].20H,0 [169]), Ko [NiW,705F, J-
.33H,0 has been isolated [ 17¢] and phase relationships in the CuO-Cul-Mo0;
system have been detailed | 171]. The electron exchenge at the tetrahedral
copper centre in [CuWi2Ow J° /% has been shown to be slow, probably as a
conseguence of the different sterecchemical. regquirements of copper{I) and
copper(II) in this enviromment [ 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(Il) rare earth tungstates
[175}, LaY{MoD,)}. [ 176], Ba,la.ZnW,0,, [ 177], BaNd,; (MoDy), [ 178], Nes;In{M0,),
M=Mo, Ln =Tb or Lu; ¥ = W Ln = Lu) [ 179}, polarized IR and Raman spectra
of KDy(MoOy); single crystals, with a demonstration of the Mo — '""Mo
isotope effects [ 180], and the crystal structure and magnetic properties of
B-Tb,{McO, )3 [181]. The crystal structures of CdTh{McO,); [ 182], U0,McO,

{ 183] and o-UO;MoD, .2H,0 [ 184] have been reported., UsWyOs [ 185],

M { U(As,W:50:5)2]) (M = K, NH,, Cs or T1) [186], and M'(UD;)3(McO, ), .BH0 [ 187 )
have been isclated and the cawplexes formed between neptunium, plutonium, or
anericium and molybdates [ 188] or phosphotungstates [ 1891 have been investigated.

7.1.5 Thiohglides

The preparation and sone properties of MoS.Cl; have been reported [ 190].
[ AsPh,] [W5Cls] has been prepared by the reaction of WSCL, with [ AsPH,[Cl in
CH,C1,; the [WSCls] anions have Cév symnetiry in this lattice and the structural
trans effect of the sulphido group is found to be rather small [ 1817.

7.1.6 Sulphur chemiatry

K, M00;5] has been prepared by reacting Na.fMoD.,}.2H,0 with KM in
aqueous solution, followed by treatment with Me(¥ and a powerful stream of
H,8 gas, and IR and Raman spectra and X-ray powder diffraction data have been
obtained [192]. This synthesis is valuable because [Mo0;S]% is the only ion
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of the [LbDnS 4—::]2_ {x = 0-4) series which has been difficult to isclate in
a crystalline solid. Kinetic studies have been reported for the formation
and aguation of these anions; aquation becames 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 successiully accounted for the energy separations and relative cross
section both below and above the molybdenum K-shell jonization threshold of
[MoS, 1% [96].

M5,]%" and, to a lesser extent, [Mo S, ]°” (M =Mo or W; z = 1 or 2)
salts are widely used as starting rraterialws‘i; the syntheses of a number of
interesting complexes with other motal{M'} centres; the typical products

2

either contain cores ocmprising M'Szmrsz_x {x =0, 1 or 2) groups or ¥';M5,
{or related} cubane-like moieties. As last year [1], the principal developomts
have cccurred for M'_ = Fe, stimilated by the search for a better understanding )
of the nature and properties of the Fe—Mo—=S centre (the iron-molybdenum
cofactor or Feldoco} of the nitrogenase enzymes, The developments in this ares
will be discussed in Sectiom 7.12.3, alongside considerations of the nitrogemase
enzymes, however, these may be summarised as follows., For tetrathiomolybate
camplexes, achievements include full descriptions of the preparations,
structures, and properties of { S;MoS,Fe(SR)z]2™ (R = Ph or CsHe—4-Me) and

[ S:M0S,FeCl,]12” complexes [ 194], the isolation and spectroscopic
characterisation of [ (PhS),FeS,FeSMoS,]> [195], the preparation and
structural characterisation of [Fe(Szbbsz)z]a- [196,197], [CleeszlkﬁzFeCh]z_
[198] and | SsFeS:M0S;]%” [199]. For Fe.MS, (M = Mo or W) cubate - Like clysters,
full aceounts of the synthesis, structure, spectroscopic and redox _
characteristies of [ FeeM;Ss(SR)s1> (R = Ph, CoH.—4-C1, CoHs-4-Me, or Et),

[ FeoM,35(SPh); (Oe)s]°", [MoFesSe(SEL) 7] ° and [MePesSs(SCHPh)12 1% complexes
have been published [ 200-204). The terminal, irom-bound thiolates of the
camplexes | Feebo,Sa(SR)s1%" (R = Et, CGH,CH,CH, or GH,Ph) can be exchanged for
halide by reaction with PhIXX (X = C1 or Br) [205] and quantitative dihydrogen
evelution ccours upon reacting [Pe;,lrk)zsg(SPh)g]s- with PhSH [ 2068]. A polymer-
baund Fe,MoSs cluster has been claimed but not fully characterised [ 207].

The syntheses of [Pd(MoS.);]2", [Pd(WS,).12", and [ Pt(MoS,);}2” have been
achieved and improved methods for the preparation of the nickel analogues and
[Pt(¥S,),]%" have been developed. These anions undergo electrochemical
reductians; two well-separated cne—electran reversible reductions are seen for
the nickel complexes, these reductions are cloger together in the palladium
species and the second reduction becomes irreversible, and only one reduction
wave is observed for the platinum coamplexes but appears to be an overlap of
two different electrode processes [ 208). The reaction of [ (PhsP)PtCl;] with
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PhsP and {PhylMe] | W0;5;] has been shown to produce [ (FheP)PtWS.] and [ (FhP),-
PtWOS.[; [ (Et.P);PtWS.] was similarly prepared from (EtsP).PtCl; and its '
structure confirmed as involving an approximately tetrahedral WS, unit botded
at one edge to (EtyP).Pt [209],

[ {(PhaP)Culs MO(5)8,C1] ¢7) has been prepared by extracling an agqueons
solution of [ NH.J: [MoS,] with a8 solution of CuCl,.ZH,0 and PPh; in (1,CL;
{210], This complex has added interest because of Cu—Mo—8 interactions
which can have profound effects on the metabolism of mny organisms,
particulariy runinent animels. The rcloted conpourd | {{Ph,P)XulMo(Q)S,C1],
with 2 terminal oxo in place of the sulphido ligand in (7) has also been
cheracterised [ 211], [ {PhaP)ApS WS, Ax(PPh; )] has been prepared by reacting
Ag{NQa], PPhy, and [N,z TWSW} in a CHoCl, - HaO syatem and the structure (8)
of this compound determincd [ 212)]. 4 third strueturel type [ {(Ph;P)Cul, (WO}, -
Sy] has been identified as a product of these facile reactions [ 213].

[Sﬁ.,]z_ coordinated to tungeten(IV) hws been identilied in [whsu]z',
prepared by reacting [ PP, ). [WSy] with H3Ac in (H,Cl; for three days. ‘fthis
anion consists of two central edge-linked WS square based pyramids, Jjoined
over o base edge, each also sharing a hasal edge with a Lerminul WS, tetrahedroh
{214]. The structure and properties of amorphouws MSs: (M1 = Mo or W) have been
investigated. W8z is comsidered to involwve W8, clusters, as in crystalline
WS, [215]. MoS; cathodes in 1lithium cells react with < 3.8 Li per MoS; under
constant, current. conditions; Lhis type of cell has a hipgh theorelical energy
density and good reverslbility [ 416].

The camploxes [ MoO{S:CMRz):z] (R = Me, Et, or Ir) react with elemental
sulphur smoothly in refluxing Me,00 to give [ MoO(S,(NR,Y,;(S.)] [217); an
alternative procedure involves the reaction of [Mo,0:(S,NR;}s] with Ne 8, in
acetone, 'These camplexes react with nucleophiles (e.y. P(OEt)s, PPh., MeNC,
CN, and [3)3]2_) and in ench case the sulphur addended pucleophilc and
[MoD(5.CNRz }2] are produced, Reaction of [MoO(S.(NA:)(S.)] with MeSO;F has
produced the new complex [ MoO(S3Me }(S;0NR, )z?+, containing a persilphide
ligand [218].

7.1.7 Nitride, nitrene and imide corplerss

[ AsPh,] [MoNF,] has been prepared by the reaction of [AsPh,] [MoMCLe]

with AgF in Me(N and its crystal structure has been determined; Me—K = 1.33 R,
N-MeF = p8,8 ° [212]. The reaction of [ McCl,(bipy)] with an excess of
Me3SiN; in CICH,CH,CL results in the formaticn of a mixture of [MaN(N;)(bipy)]
and Mo(N;)Cla(bipy}. The =tructure of the former is comosed of monomeric
units with the molybdenum heving a distorted octahodral coordination; the threc
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azide groups located ois to the nitride ligend {220]. The crystal structure
of [AsPh,], [W2NCly J, B u-nitride complex containing tungsten{VI} and (V)
has been reported; the campound was obtained as a by-product of the
preparation of [AsPh,] [WNC1,] [221]). A new preparative route to WNCl: fram
WCl¢ and IN; has been described and [ WRC1;(PCGC1;)]..2POCl; prepared by the
reaction of WNU1, with an excess of PFOCl;. The structure of the latter
tungsten comlex contains planar and almost sguare W.N, eight-membered rings,
with alternating W-N bond lengths; the distorted octahedral envircnment of
each metal atom is camleted by three terminal chloride ligands and the oxygen
atcam of a PCCl; which is coordinated trans to the shorter W-N bond [ 222].

MoCls in POCl, reacts with CICN and OCl3;CN, in the presence of Ci, or
NC1:, to give [ (CIPO)C1,MoNCCL:] 2nd [ (C1;POYC1,MaNC,Cls], respectively [ 223}
and the [AsPh;,]+ salts of the corresponding [ ClsMoNR]™ (R = OC1; or C,Cls) icns
have been reported [224]. Reaction of WCl; in POC1; with CI(W cor Cl:(N has
been shown to lead to the formation of [(Cl:POYC1,WNR] (R = OCl; or C.Cls,
respectively); subsequent reaction with [ AsPh,JCl produced the corresponding
{ AsPh,] [ClsWNR] salt and the crystal structure for R = C,Cl: has been
determined (W-N = 1.68 ﬁ) [225]. WWCl; reacts with (CN), diluted with N., and
MoCls reacts with (CN), and Cl,, in POCl; to yield the corresponding
{ (C1,;POIMCY 4 (NOCL 20CT o NMCL, (OPCL; )] complex [ 2258].

Stable nitrene camlexss of the type [ Mo{NPh)X;(S,(MEt;).;] (X = C1 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) ﬁ supgests that this interaction should be described as
a triple bond [ 228].

The reaction of Mo0O,Cl; with ¥—(l-adamantyl){trimethylsilyl)amine has
been shown to form tranme-{ (AdNH) . Mo(CSiMe;).], the structure of which has
been determined by X-ray crystallography (Mo-N = 2.057(3), Mo—0O = 1,906(3) ﬁ)
{ 229%.

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

7.2 MOLYEDENUM(VI)/(V) AND TUNGSTEN(VI}/(V) (XIDES

The erystal structure of WO0.;.s has been reported [ 230} and the properties
of an intermediate blue oxide W0..g.2.s investigated [231], X-ray studies
have _stum that the blue material, isolated following the photo-reductian of
[NH;“Pr)s [M070;.] in aqueous solution, contains [Moi;Owo]s (L1Mo'® + ZMo')
and | Hudo: :0401%7 (Mo'") ions both having the Keggin structure, randomly
distributed over the anion sites in 1:2 ratio [ 232].



1H MR relaxation times and spectra have been reported for the hydrogen
molybdenum bronzes Hy.7iMoOs; and Hy. 3sM00s3; both coampounds 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 axides
hes been examined, with reference to the use of these materials as cathodes
for lithium cells [235]. HNMR studies of Nax‘ma {r = 0.22 - 0.84) [236] have
been described.

The results of EPR studies of Mo' centres in CaMoO, [ 237], [ NBuJu-
[ P03:04¢1 [ 238] and the products of the reduction of HiP;a0yo.oH20 by
ascorbic acid [ 239] have been reported. The reduction of the [PoMo;e0s21%”
anion by two electrons resulis in the mixed valence molybdenum form; use of
1p and !'70 NMMR high resolution spectroscopy has established that these
electrons are trapped on two adjacent molybdenum atams with 2 dismagmetic
species being produced. For the one—electron reduced anion, [PoMoye0sz]
EPR spectra reveal the delocalizgtion of an electron over an extensive part
of the structure [240]. EFR studies have indicated localized electrons on
molybdenum(V) in the reduced hetercpolyanions [ ASMOW),0,¢] ™, [ ASMO Wi,-.Ouo] 3=
{(z=2, 3, or 4) [24]] . 8&b;Mo;,0;; and SbyMoD:, have been prepared [ 242 and
the crystal structure of the former determined and the SbIII atom is shown to
possess a stereochemically active lone pair {243], The preparatiop and optical
properties of a molybdotungstoselenite camplex have been described [ 244] .

The EPR spectrum of Mo' in rutile has been obtained [ 249 and this
spectroscapy used to establish that vanadium-molybdenum or -tungsten hetercpoly
blue anicns involve reduced vanadium centres [ 148 - 151} .

7.3 MOLYBDENIM(V) AND TUNGSTEN(V)
7.3.1 Molybdenum pentafiworide and thiotrifiluoride

[MOFs] has been identified as the first product of UV photolysis of
[MoF;] in an argon matrix; IR spectra were consistent with =2 € av structure for
this molecule [24 ]. The thermodyamic stability of gaseous [MoFg] have been
investigated and conpered with those of [MoFg] [25] .

A study of the species formed in the gas phase over MoSF3 has shown that
the predominant species are (MoSFa)x {x = 2 or 3), with the monamer (z = 1}
being only a minor constituent [ 2461 .
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7.3.2 Monomeric complezes containing a terminal oxo growp

SCF-Xo MO caleulations have been carried out for [MoOCL,) and [MoOBr.j
and the resuits used to interpret the chemical bonding and electronic spectra
of these complexes [247) . The crystal structures of [ AsPh.] » [MoOCl,] -

{ MoOCE, (MeCN)] [224] end [ WOCL:{Ph;P0);] [248] have been determined. Single
crystal EPR studies of this latter campound and [ A=Ph.] [WOCl,(H.0)] ,

diluted in the corresponding niobium analogue, have been accomplished and these
data for [WOCL;{PPh;0);] , and previcusly recorded EPR deta for [MoOCl:L.]

{L = Ph,;P0 or bmpa), have been interpreted with the aid of an angular overlap
model [ 2481, The preparations of [ MoOCL,(NCPr),l [249] , [HoOCls(py)s [39]
and [ WOC1,(NCR);) (R = Me, Et, or Pr) [250] have been reported. This last
material hes been used in the synthesis of complexes such as [WOCIL] (H,L =

2 - CeHyN=CHCgH.,—2—(H) { 260] . 'The preparaticn and erystal structure of
{MoOC1,L'] {L' = 2-HOC.H,CONHN=CHR where R = 2-pyridyl) have been reported;
the complex has a distorted mer—octahedral geametry with L' being bidentate
(¥,0) [2511,

The camplexes (3), [MoOL] , have a very interesting redox behaviour; they
undergo both cne—electron oxidation and reduction, at a Pt electrode in dmf,
and the corresponding oxidised products have been identified as [ MoO,1H:].

The unusual stability of this ponameric molybdenum{V) centre is undoubtedly a
ccnsequence 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 wic the temminal glycine to a polystyrene matrix.
These camplexes are oxidised by [NOs]~ {69].

The UV-VIS spectra of several oxo(5,10,15,20-tetraphenylporphyrinato)—
molybdenum(V) complexes {MoO(TER)X ] (X = C1, CMe, OEt, O'Pr, O°Bu} have been
re-examined and the positions and intensities of the abscrptions found to be
extremely sensitive to the nature of the axial ligand X. The X = (H complex
has been prepared by reaction of the X = C1 camplex with aqueous Na(H and
characterised by IR spectroscopy. The hydroxy camplex reacts with CH;N; to
afford the X = (Me conplex and concentration of (H.Cl, solutions of the former
in the presence of arcmatic solvents preferentizlly 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, (H, or OEt described and discussed [ 254].
Oxomolybdenum{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 accamplished [ 256].



7.8.3 p-Oxe and p-sulphide complexes

A method has been described which allows precise isotropic analysis of
the less labile oxveen atams in the first coordination sphere of molybdermam(V)
in aqueous media. Rapid conversion of MY {ag.), as generated by Hgo
reductions of Mo'" in ca. 3 EC1 solution, to [Mo,0.(edta)] 2 in 190 1sbelled
H,0, shows no appreciable transfer of solvent oxygens to the product ion.
M020|52+ {ag.) contains 1.98 * 0,03 slowly (t% ~100 h at 40 °C) and 2.04 * 0.6
rapidly (t% ~ 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 MMR chemical shifts of the cxo ligands of
molybdenmum{V) and (IV} coplexes are a useful means of comparing the relative
Mo-O n-bond strengths, as previcusly established for molybdenum(VI) cavplexes,
However, the effect of the lower oxidation states of mplybdenum, upon the
170 chemical shift, appears to be larger than the opposite to the effect due
to increasing Mo-0 bond miltiplicity. For [Mo:0:{Etcys},] ., the terminal and
bridging !0 resonances occur at B77 and 544 pgn (ve. H,0), respectively, and
for { Mo,0,(Etcys},] the corresponding values are 850 and 530 ppm [258].

Interconversion of the momonuclear [ MoO(SR).] ™ (R = aryl or alkyl) (10}
and the binuclear [Mo,0:(SR)sZ1  (Z = OMe, CEt, or SCH,Ph) (11) anions has
been shown to occur via redox process involving both the molybdenum and the
ligand thiclate redox centres. The anions (10), R = alkyl, spontaneously
convert into (11) at 25 °C [259] . Dimerization to the di-y-oxo species

0 R 0
RS SR S /
\Mo / RS-—‘—>104S> Mo —-SR
-~ R
/ \ RS /
RS SR Z

(10) M)

[ Mo,0, (cat), (H0)2] 2~ (Hacat = catechol) occurs after [MoOz(cat)s] >~ undergoes
a one—electran/twe proton reduction, according to the followlng stoicheiometry
[633; 2{MOO(H0)(cat),] —+ [Mo0x(cat)2(H20),] = Z2H;cat. Kinetic studies
of the aguation of { W.O,{edta)] 2 40 W20¢.2+ {aq.} have been reported; the

175



1786

process proceeds to completion in HC1 3 2 mol 17t [WgO.,(edta.)]B* is a

much stronger reducing agent than [MOZOA,(edta)]z- and oxidations of the former
with [IrCle] >, [Fe(phen)s1%*, [Fe(@N)e] 2™, and [Co(bipy)s] >* have been
investigated [260]. Electrochemical reductions of [Mo,O.{edta}] 2- have been
reported {71]. The crystal structure of [pyHI, (Mo.0,(NC3}s] has been
described and the anion involves a Mo—Mo separation of 2.582 8 [261]. The
crystal structures of this campound and the [pyH ]+ salts of [Mo,0;{NCS},—
(C204)2) %7, [M0705(NCS)s (HO0,)21 %7, and 30,0, (NH,CH,P(¥e O, H) (NCS).] ©~

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) tripelyphosphate complex

[ 40,04 (P5014 ) H ] "8 has been identified in a *'P NMR study ({264} and 'H MMR
spectra reported for |Mo.O.(cvs).]Z” [265).

The tetranuclear complex [Mo,Os(Me,P0OS),] has been prepared by reacting
MoCls with Na{Me,POS) in CHCL;/(Cl,. The complex consists of a highly
distorted Mo,0, cubane - like cluster, with each Mo atom having a terminal axo
group and the Me.P0S ligands are bidentate; the Mo atams form two Mo: pairs
through ¥o—Mo bonding interactions. Partial substitution of the Me,POS
ligands by Me,P0, has been achieved [266}.

The (D spectra of fifteen p-X-p-Y - his[oxo-molybdemm{V)] (X = Y = O or §;
X =0, Y =28) core complexes involving optically active ligands, such as
{5)-cysteinate, its alkyl esters, {fA}-penicillaminate, {S)-histidinate, and
(R)-propylenediamine tetraacetate have been recorded. These spectra manifest
two distinctive peaks with opposite signs at ea. 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
p—oxo-u~-sulphido-bis(i, 2-dithiosquarate-5,5 yaxamwlybdate{V} has been determined
with [NBu., ]+ as the counterion; the anion adopts the syn configuration with a
Mo—Mo separation of 2.700(1) K.

2-
The structure of [M0,0,52(S;)2] °~ (12) has been determined for its {Ne,] '

0
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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 asympetrically bonded
(Mo—5 = 2.424(5), 2,432(5), 2.384(6), 2.390(5) £) whereas in the latter the
asymmetry is slight (Mo-S = 2.409(1), 2.3¢4(1), 2.390{1), 2.381(1) ﬂ)_ The
Mo—Mo distances are 2.825(2} and 2.828{1} R, respeciively. Full details of
the crystal structure of [NH,].; [(82):Mo(B.):M0(S,).] .2H,0 have been published;
Mo—Mo = 2.827(2) 8 {270]. This campound has been shown to be a useful
synthetic intermediate for the preparation of complexes with the {Mo,S, }2+
127 is acidified, these
ions condense and reducticn of the central atan(s}) is observed. Thus,
[S2WS,W(X)S:WS;) 2™ (X = 0 or S) have been isolated and characterised (272].
Alsc, [FPPh.) ;[WS,] reacts with HOAc in CH,Cl, over three days to give

[PPh.j. [S.¥' 'S, (S)S,¥ .5,], the anion may involve a W— W' interacticn
over the separation of 2.95 8 [214].

core [271]. When an aqueous solution containing [WS.

7.3.4 (omplexes with metal-mitrogen multiple bonds

The crystal structure of [AsPh,]), [W:NCl,4] 2 p~nitrido cowplex containing
tungsten{VI} and (V) has been reported [221)] and several conmplexes containing
W-N maltiple bonds have been identified as products of the reaciion between
[WFs] or [WFs(OR)] (R = Et or Ph) with [Et,NH,]" (Et,NH] [273].

The nature of the reaction between [MoO(S,P(CEt),),] and HN; has been
discussed. The decawposition of a purple intermediate, thought to be
Mo,0; (NHY(S.P(OEt ), ),] , Tesults in the formmaticn of [Mo,0:(NH){S,P{QEt};):];
the latter involves bridging oxo and imido ligands. Reaction of this complex
with HX (X = C1 or 5;P{0Et);) produces the corresponding [Mo:0,(NH:)X-
(S:P(OEt):},;] derivative, by protonation of the imidc ligands [274]. The
paramagnetic molybdenum{V) complexes [Mo(NRYX({S,P(0Et),);] (X = Cl or
$,P(OEt),; R = Ph or tol) have been prepared from [Mo{CD).Cl,], [MH,]-
[S:P(CEt):], and the corresponding aryl azide; these arylimido groups are stable
to protonetion. The EPR spectra of these complexes are notable, since every
ligand donor atam (**N,*'P, and ' *’Cl) manifests a coupling to the 4d '
electron. [Mo(Ntol }(S.P{0Et),);] reacts with H,S8 to produce the tetranuclear
camplex [Mo(Ntol)S(S,P{CEt);}]., which is believed to involve a Mo,S, cubane -
like core, and dissociates to the dimeric camplex [275].

7.3.5 Cyanide complexzes

The crystal structure of Cs;[Mo{(N)q].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) ) [276] . The single crystal Q-band EPR spectrum of the

n anion of [ NBu,]; [Mo{CN};] has been determined at roam tamperature. The

s:ise of the anisotropy in g valuss (g// > gJ_) contradicts predictions based
upon simple crystal field theory and possible reascns for this have been
discussed [277]. EPR evidence has been presented for the formation of
paramagnetic intermediates in the photolysis of [Mo{(N)s] 3" in MeOH solution
f278] and the kinetics of reduction of this anicn by [ 8;04] 2- have

been investigated [279] .
7.4 MOLYBDENIM( 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,[[WC1s] {R = Ph or Cl, 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 campounds
have been obtained [ 281] .

7.4,2 Complexes with O-domor itgande

Mo(OFEt ), has been isolated as a product of the reaction between MoCl: and
KOEt in EtOH. The presence of u-0Et groups was proved by 'H NMR spectroscopy
and magnetic susceptibility and electronic spectral data have been interpreted
in terms of octahedrally coordinated molybdenum(IV) [ 282]., [Mo{lMe;),] reacts
with l-adsmantancl (13) in Et,0 at room temperature to form, on standing,

OH
(13)

dark green crystals of [Mo(l-adc) (NiMe),}. The crystal structure of this
camplex involves molecules with a distorted trigonal bipyramidal environment
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at the molybdenum, ane alkoxo-group and the smine ligand ocoupying the axial
sites, The difference (0.066 3) between the Mo-O(axial) distance (1,963 %)
and the mean Mo-O{equatorial} distance (1.897 3) is sliphtly less than that
{0.1 3) fand between terminal axial and eguatorial Mo-O distances in
[Mo:(0°Pr)e] . The magnetic moment of [Mo(l-ado),(NiMe,)] in the solid state
approximates to the spin-only value for a & system [2831.

New oxides containing molybdenum{IV) have been reported { 284] and the
structure of Sn;W:s04¢ has been described and discussed [285].

7.4.3 Oxe and sulphido complexes

The !’0 MMR spectra of oxo-molybdenum complexes are useful in providing
a measure of the Mo-0 bond miltiplicity and measuraments have been extended
to include molybdenmen(IV); [ MoO(Et.dtc):] and [ MoD{Et.dtp).] {dtp =
dithiophosphinate) exhibit rescnances at 820 and 842 ppn (referenced to
Hz'70) [268].

Reaction of [ MoO(S,CNRE2)d (R = Me or Et) with various acetylenes C:R'R'’
has been shown to produce the corresponding 1:1 complex [ MoO(S.CMRz)(C:ER') 1.
The reactions have equilibrium constants in the range ~20,000 Mt {for
R' = R'' = COzMe) to ~20 M ! (for R' = R'' = H). On the basis of their IR
spectra, the products are better described as camplexes of molybdenum(VI},
formed by oxidative addition of the acetylenic bond to molybdenum{IV). This
conclusion is supported by the structure of [MoO{S:{CHMe: ), {C,{C0C:H.—1-¥e):}] ;
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 ). Some
reactions of these camplexes have been described [ 286]).

[ MoO(SCH,CH,PPh, )2] has been prepared by the reaction of [ Mol;(acac)»]
with an excess of PhPCH,CH,SH in MeOH or toluene and the coordination geametry
shown to be intermediate between trigancl bipyramidal and square pyramidal,
The axo-proup can be protonated with anhydrous H[BF.] in benzene to give
[ Mo({OH: }{(SCH,CH2FPh; ), ] but does not undergo condensatian- type reactians with
hydrazines even under forcing conditions [287].

The syntheses and electrochemical characteristics of same new
molybdenum{ IV) complexes, including MoOCl:L{McPPh:) (L = bipy or phen} and
MoOL' (MeFPh: ) (H.L' = B8-hydroxy- or 8-mercaptoquincline), have been described
and all, except the last system, undergo essentially reversible one-electron
oxidation | 2881.

M' of MO{CHY{CN) ] .0 (M = Na or K; M = Mo or W} have been prepared by
protonation of the corresponding M7,[MO.(CN).] sait and the campounds
characterised by vibrational and visible speciroscopy, DTA, and TGA.
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Corresponding salts containing the [ Mo03({N)s] 8= anion have been isolated
also [ 289] . Resonance Ramen studies of [ W (Br) ] 4" have been reported and the
m—+n* transition of the W—0-W system shown to be axially polarized; the high
value of the W-O stretching force constant is indicative of multiple bond
character [290] .

{M:XY, V" M =Mo or W; X=gps-atam e.g. O, 8, or F; Y = ay,-atam,
e.g., Oor 8, ar group, =2.¢g. Me(D; ar 522_) moieties are now established as
inmportant structural elements, having a considerable integrity in
molybdenumnf IV) and tungsten( IV) chemistry. Further examples reported this year
extend and enhance the ccourrence of these cenires, Mow(aq.) in 1-3 HC1 or
MeS0;H (cobtained by reactiion of [MoDy) 2~ with [MoClg] 3_, followed by ion
exchange separation) is suggested to contain the [Mo:O, (H»O)sl i+ ion (14}, on
the basis of results cbtained from experiments using HZISO. The u:- and
U3-OXO-graups Are very slow to exchange and appear completely (% 2%) in the
[Mo30l.(N(E)a]5" carplex, precipitated by the addition of NaSCN and [MNMe.] SCN
to an aguecus soluticn containing Mo {ag.) at 0 °C {291). A w”;on
cluster has been suggested to occur in the six—-electron-reduced form of
metatungstate, Bb,Hef HaW, 20u 5] . ~ 18H0. This reduced anicn exhibits the
Keggin structure, but the tungsten atoms cccupy two different positions in the
WO, octahedra, with statistical disorder. Nine of the tungsten atams 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 Wi0,; group [292], The crystal
structure of [ WyO(0Ac)e(H;0):) {{F:50;]. has been determined; the tungsten
atoms form an equilateral triangle (W—W 2.747{1)} ﬁ), with two u.-acetato
bridges per edge [293]). The first example of a us;-chloride atam occurring
in this type of structure has been identified, in [W303C15(0Ac)(PnBus)3]
This complex, cbtained upon treatment of {W,Cl,(F'Bu;).) with an excess of
HOAe in a glyme-type solvent at 160 °C, involves a central {W;ClO;} core
(F—W = 2.609 3) and the distorted octahedral coordinaticn of these metal stams
is achieved by one yz-acetete, three phosphine and four chloride ligands [ 284].
The spectroscopic (XBS, UV/VIS,., IR, and Rsman) and cyclovoltanmetric properties
of {Mo;S(Sz)s]zﬁ have been reported and interpreted in terms of a simple MD
scheme involving a single Mo-Mo bond over each edge of the Mo; triangle {293] .
This anicn reacts with KON through nucleophilic attack by (N on the three
bridging Szz_ ligends, resulting in cleavage and S transfer; the final product
of this attack, Ks[MoiS(CN)s} has been isolated and characterised [ 2961,



7.4.4 Complexes with S-donor ligands

[NEty] 2 [Mo(tdt)s] (Hptdt = 3,4-dimercaptotoluene} has been prepared by
the addition of [MoOCL,(MePPh;};] in MeCN to H,tdt in the presence of Et;N,
followed by precipitation with [NEt,]Cl [288]. Reaction of MoCl: with
(HSCH,CH: )28 {mes) yields [Mo(mes)z] (15), which possesses a trigonal prismtic
geametry at the molybderwm(IV) with coordination of both mercapto and thioether

H,0 e yd e
2
HzO\HO/OHz / S
. CH,{—5
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H,0 OH, \
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H,

—
Hzo 0“2 CHz

(14) (15)

groups. This camplex undergoes a reversible ong—electron oxidation at + 0.53V
and a reversible ane—electron reduction at -1.07V [ 2971,

WC1, (e, } reacts with Me,8i8Bt (1:2) in (H:Cl. to form [ (Me,S)C1,W(SEt)r
WC1,{Me;}] , a tungsten{III, IV) dimer, possessing a confacial bioctahedral
molecular structure with three symmetrical p,-thiolate ligands, The W-W bond
length is 2.505(1) 2 and a short non-bonded contact {3.094(8) ﬁ) between two
of the pe-sulphur atams occurs. The compound is EPR active {g = 2.00) [ 298],

[Mo{dte).] has been prepared by refluxing [ (n°-C7H, Mo(0D);] with
{Et.NCS;}; in toluene under dinitrogen in the dark {299].

7.4.5 Chaleogenide phases
The dichalcogenides of molybdenur 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 intercatelation superconductors,
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and possible electrodes for photoelectrolysis. Therefore, the physical
properties and the practical performance of these materials continue to attract
ouch attention.

Electrochemical deteminations of the free energy of formation of MoS:
and WS, have been acoamplished { 300] and the magnetic properties of MoS:
investigated f301), X-ray emission spectra and valence-band PES of MoS: have
been interpreted using a simple MO model besed on the MoS, (D%) moiety 302
and the band structures of MoS; and «-MoTe, have been interpreted [ 303].
Crystal data for the full solid solution series MoSz_xSe‘r (0< x <2} have been
reported; a continuous series of solid solutions can be prepared, all having
the same iwo-laver hexagonal structure [ 304].

n-Type MoS: and MoSe;, have a direct band 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 Me(N 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 cantaining a number of redox couples have been investigated [ 307] and
other assessments of these materials as photoanodes have been canmpleted | 306,308]

7.4.€ Compleres with ¥- and N,0-donor ligwmide

The UVPES of { Mo(NR;).] (R = Me or Et) contain a low energy ionization
{~ 5.3 eV}, which has been attributed to ionization frem the essentially pure
metal 4d$2_y2 orbital {309].

A polymer, bis{b,7-dichloro-8-quinolinclato)-5,8-quinoxalinediolato-
tungsten{IV), of average molecular weight 40,000 - 30,000 Daltons has been
prepared from the quinoxalinedione and 2 tungsten{II) intermediate, This and
related systems, including molybdenum containing species, appear to have

potential applications for energy-transfer [ 310].

7.4.7 Ootacyano complexes

[Et:NH], [HaQ]: [Mo{(N):] contains anions with a coordimation polyhedron
which is about half-way a dodecahedron and s bicapped trigonal prism; the
corresponding tungsten salt is isamorphous; the anions of [ CsHgNOp) 4 —

{ Mo(CN)s] , and the isomorphous tungsten derivative, have a dodecahedral
structure [ 3117,

A series of rare earth salis, Lnuf Mo ((N):].»H.0 (Ln = rare earth},
have been prepared by neutralisaticon of Hu[Mo((N}.] .6H : 0 by
the respective rare earth carbonate [312]. The pH dependent photolysis



of [W{CH);s] 4_, leading to the formation of [ W(CN)s{H,0} ?_ and its
protonated and deprotonated forms, has been investigated [ 313].

7.5 MOLYBOENIM(III) AND TUNGSTEN{IiI)

The material in this section will be crganised according to the donor
atam of the ligand considered to be of principal interest in the study,
without subheadings and excluding coeplexes 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;Cls) >~ and the electronic spectra of
[szgln_(M =Moor W; X =CI or Br, n = 2, or 3) have been interpreted,
f3147. A seriesof mlybdeﬁmn(III) camplexes has been examined by EPR
spectroscopy and, at a temperature between 5 and 80 K, mononuclear six-
coordinate systems with CI, 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 (z,y) and 12,2 ¥ 0.5 (2) mK. Complexes with
sulphur atoms which are part of an extended m-system (dte, 2-aminothiophenolate,
and B-mercaptoquinolinate) have ntypical EPR spectra, with all g values near
2 [ 315].

A pas chromatographic separation of the facial and meridional iscmers of
trta{l,1,1-trifluoro-2,4-pentanedionato )mclybdenum({ 1I1) has been achieved, thus
providing further evidence for the substitutional inertmess of this metal
centre { 316], [Mo(H.0):(cat);]  hes been cbtained by electrochemical reduction
of [Mo0:(cat)z] 2™ in aqueous media pH 3.5-7; pyridine substitution at these
aquo sites occurs and [ Mo(H,0)(py)(cat)z}~ and [Mo(py),{cat),)~ have been
identified [63]. The camplex [ Mo,(u-0){u - C,0,)(alinate)s(H,0).] .2H:0 has
been prepared and characterised and isotopic exchange with [13C,0,] 2"
investigated [ 317].

[Mo(S:QVEt, )5] has been prepared by refluxing [ (n°~C7HsMo(CD)s) with
{Et,NCS;); in tcluene under dinitrogen in daylight [299]. The synthesis of
[Mo(S,P{0EL}2};] fram [Mo(C0).Cl,], HS.,P(CEt),, and aryl azides has been
described. This caompound reacts with azocbenzene in Et;O containing HCI to
form [ MoC1(S:P{OEt},;),;] and benzidine rearrangement products, and with
azobenzene in MeGH to produce [Mo{OMe);{8,P(CEt).] and hydrazobenzene [ 318].

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

[ (Me,S)C1,W{SEt) NC1,{8Me,}] , has been prepared by the reaction of‘mla.{u_ezs)z
and Me;SiSEt (1:2) in CH,Cl. solution (se¢ Section 7.4.4) [298], This coampound
forms part of an important study of the degredation of thiclate tungsten helide
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camplexes (see also [28) and Section 7.1.1), and a more extensive account of
this type of reaction has been given. Thus, WCl.l; (L = Me,S or
tetrahydrothiophene) reacts with MeSiSR (R = Me, Et, Ph(H:, ?‘Bu, or “’Bu)

in CHCl; to form WC1:(SR)L:; these camplexes could not be isclated and,
except for R = 1‘l;Bu, three products were obiained, che of which was

[WC1,(u - SRYL] . [329].

Details of the crystal structures of [ MoX;{pic);j .0.5pic (X = C1 or Br;
pic = 4-methylpyridine) [320] and [pyH] [WBr.(py).] [321] have been reported.
Molybdenun{I1I} forms the trischelated camplexes [Mo(LH);]X; and the salts
[ Mo{IH) X;] * [ Mo(LH)X,) ~ with 2-(2'-pyridyl)benzimidazole (LH) in the presence
of anions {X = C1, Br, or NC8} [322].

The crystal structure of NaK;[Mo((N);].2H;O involves the molybdenun(iII}
in a relatively undistorted pentagonal bipyramidal cocordination geametry,
with #o—C = 2,160(3) ﬁ. Spectroscopic studies indicate that this geametry
is maintained in aqueous solution, however, the symmetry of the anion may be
lower in the lattice of K.[Mo(CN);] .2HO [323]. Aerial oxidation of
Ks[ Mo2S5: ()] .4H,O in HoO0 has been shown to lead to the formation of the
diamagnetic, purple camplex [Mo(u, -Sz) (W2 -S0;) ((W)g] 1~ (16). In this
camplex, each molybdenum has a distorted pentagonal bipyramidal ccordination

- 0, b
S

{CN), Ho Mot[N},,

4

(16)

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

7.6 MOLYBDENUM(II) AND TUNGSTEN(IL)

A5 with the previocus 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 muitiple (typicelly quadruple) bond between a palr of
molybdenmm{ 11} or tungsten{II) atoms, will be included in Secticn 7.9.3.

Carbonylation of [Mo:(0'Bu}s] under mild conditions has been shown to
lead tc the formation of the green, air-sensitive campound [Mo(OtBu)z(py)z -
{00);1. This camplex involves mutually frans 0’Bu and nutually eie py and (O
groups and is remarksble in that the vw(C-0) stretches appear at 1908 and
1768 cm 15 the aversge w(C-0) values (1838 an ') is the lowest so far observed
for a pair of ecis—carbonyl groups ccordinated to a molybdenum(I1) centre [ 323].
The geametry of this camplex has been included in an MO analysis, using
extended Hickel c¢alculations, of the electronic factors which influence the
geametry of six-coordinate M(Q0),L, and M(NO).L, camplexes. These
calcu]_.ations have been stimlated by the novel observation that [Mo(00).-
(Szc}lT'Prz)z] hes a trigonal prismtic coordination geametry, previously unknown
for metal carbonyl derivatives and with ne obvicus inter-ligand interactions
favouring such a structure [326]. The crystal and molecular structure of
W(OD)(S(NMe; };] has been determined; the tunpgsten has a seven-coordinate 4:3
"piano-stool" geometry with two carbonyl () and two dithiccarbonate {S) donor
atams in one plane and one carbonyl (C) and two dithiocarbamate {5) in the
other. Dynamic !°C MMR studies of [W(Q0):{S:(NR:)2] {R = Me or Et) have
revealed two distinet intramolecular rearrangement processes, the nature of
which have been discussed with reference to the structure of [W(C0),; (S (0%e;},]
in the solid state [327). Tungsten alkyne complexes of the type [ W(OD)(R'CECR")-
(8,(N¥R;):]1 (R = M2 or Et) have been prepared for R* = R = H, Me, Et or Ph, and
R' = H, R" = Ph, by allowing the [W(0D};(8,(NR;);] canmplex to react with the
appropriate alkyne in toluene at a ambient tepperature, C:;H, does not react
with [W(00):{8.(NR:):] under these conditions and phosphine (PPh;, FEL,;
F'Bu;, and P(OEt)s;) displace only one €O growp, to form the corresponding
[ W(QO0),L{S:(NR2)Y;] product. With Ph,PC=CFPh;, the reaction proceeds in two
steps ; the initial one involves phosphorus ligation with the displacement of
one (D group and, subsequently, snother (D group is lost and n’-alkyne
coordination occurs. Deteiled 'H and !'*C MMR studies have been accomplished
for these complexes and the characteristics of alkyne rotation have been
defined; also, a correlation of the *3C MMR chemical shift and the bonding of
the alkyne ligand in these and related complexes has been noted | 328] .

[ cp4{C0);CL | and [M(CO)a2(PPh;)Cl,] (M = Mo or W) react with SPPh:H to
form [ cpM(00}2(n*~8PPh,)] and [M(0D),(PPhy) (n’-SPPh2):] , respectively.
An X-ray crystallographic study has revealed that [ Mo({0D){PPh;}{SPPh;):] has
a seven-coordinate, pseudo-pentagonal bipyramidal geometry [ 329 ). Nitrobenzene
reacts with [Mo(Q0)(S.NEt,},] in CH:Cl: to yield the previously reported



186

compound, [ MoG{QNPh }(S,(NEt;),;] . Beduction of this compound with FPh; yields
[ Mo(QNPh ) (S, (NEt; )] , which may also be prepared by reacting nitrosobenzene
and { Mo{00).{8,(NEt,),] . This new campound can be considered to be a valence
isaner of the molybdenum{Vi) camplex [ McO(NPh){S,NEt,).] [ 330].

The structural camplexities of seven-coordinate camplexes imvoplving both
hard and scoft donor ligands have been illustrated by the determination of
the crystal structures of [ W(00);C1{dcq)(PPhs)] and { W{00}:{dcq).(FPh,}]

{deq = 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 [MIE(CD)s{PhZP(CHZ)nPth}] 2CHCl; (M=Mo, n=2, x=1;
M=Mo, n=3, =0, M=W, n =1, r=0) have been determined. For the
compounds with » = 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,
i,e. a capped trigonal prism with the bidentate ligand spanning one of the
prism edges. For the compound with » = 1, the amll ligand bite leads to a2
novel sterecchemistry, a pentagonal bipyremid with the bidentate ligand
spanning one of the pentaganal edges { 332). The molecular dynamics of

[ MoI{O0};{Me,PC;H,PEt;,);] I have been investigated by '*C and ‘P MMR
spectrescopy and the results seen to be consistent with a non-dissociative,
polytopal mechanism of interconversicn between the two fornm of the capped
trigonal prismatic ecation (17) [333].

cis trans

{17}
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7.7 TUNGSTEN{O}

Carbanyl, dinitrogenyl and other formally molybdenum(() and tungsten(C)
camplexes will be described in subsequent sections,

The new campound [W{P((Me);}¢] has been prepared by agitating a mixture
of WClu{py)>.2py in C¢H; with K/KI at 80 °C for 2 h, removing the solvent
in vacuo and adding an excess of P(CMe) 3. This material is analogous to the
previcusly reported molybdenum compound but is much more susceptible to
phosphite dissociation, and photolysis of hexane solutions in a dihydrogen
atmosphere has yilelded three new tungsten hydrides (see Section 7.8) [ 334].

7.8 HYDRIDE OMPLEXES

The products of hydrogenolysis of [ Wde,] in the presence of a tertiary
phosphine are dependent upon the size of the ligand. Thus, while Pth.Prz an Fiif’r3
yield the corresponding [ WHe(PR;};] conplex as the principal product, PMe,Ph
affords mainly [ WH,(PMe,Ph}.]. [WH {DPPh'Pr,);] has been shown by °'P NMR
spectroscopy and X-ray diffraction to have approximate sz syrmetry in the
so0lid apd in solution f 335].

The crystal structures of [ WH,(PEtPh;),] [3361 and {Wﬂn{P(Oz.Pr)g}q] [337]
have been determined and vibraticmal spectre 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 3H; to form trona-{Mo{N;)}.{diphos}),] and trane-[Mo{N;).(F¥e,Ph}],
respectively [3321].

Photolysis of hexane solutions of [W{P(Me);}e] in an atmosphere of H,,
rapidly vields a mixture of three new higher coordinate tungsten hydrides,

[ WH; {P(CMe);}s] , and [WHy{P{OMe);}s], and a very small amount of {probably)

[ WH, [P(CMe)s}s{P(CMe),};] [334]. The crystal and molecular structure of
[MoH{P{(M2},}{0;CF;)] has been reported and the molybdenum atom found to have
an approximate pentagonal bipyramidal cocrdination gecmetry, with the hydride
ligand occupying an equatorial site. The molecule is stereochemically non-
rigid and the dominant process appears to involve a non-pairwise exchange
between inequivalent phosphorus sites [ 340].

[ MoCl,{thf};] reacts with PMe; in Et,0 or thf to form [MoCl;(PMe;),]
vhich reacts with NafBH, ] to yield [McH(EH, }{PMe;),] , whose structure has been
determined by X-ray crystallography. The molecular unit involves a distorted
octahedral epvircnment at the molybdenum, with the bidentate [BH,]  group
considered to occupy cne vertex, and Mo—H = 1.63 % [347).



188

[ 1 -H{Mo(QD),FMePh; };]  has been cbtained by reacting [ p-H{Mo(0D)s}.) "
with a ten-fold excess of PMePh; and its structure detemined for the
{NEL,]) * salt; the Mo....Mo separation in the three-centre, two-electron
hydride bridge is 3.443(1) &, significantly shorter than that (3.7436(1) £)
in [ u-H{Mo;{00)sFPh;}]  and only 0.02 g longer than in [u-H{Mo(OD)s}.]™
{342]. IR and Raman spectra of [u-H{M(CDs;},]  and [} -H{M;(C0)s (MO}
(M = Mo or W) have been reported [ 343). A caombined structural and
spectroscopic study has been performed to examine the sterecchemical
consequences resulting from the deprotonation of the bent Mo-H-Mc bond in
{ (u-H) {u-PMe;){cplMo{C0);},]; the most significant structural change is
the reduction of the Mo—Mo separation from 3.262(2) 2 in the hydride to
3.157(2) % in [ (n-DP¥e;){cpMo{00),),] [344). The interaction of [Moz(OCHe)]
with Na/Hg in thf, in the presence of an excess of PMe; under H, {3 atm.),
vields [ (u-H),{McH{PMe;);},] ; the Mo-Mo separation at 2.194¢3) R is typical
of a quadruple bond. This compound reacts readily with alkyl halides, (D,
olefins, acetylenes, and H,8 [ 345].

f(cp):MH;] (M = Mo or W) reacts with ]| RhH,{(PPh;);(Me;00};] in Me,(0 or
(H,Cl; at roan temperature to yield the correspanding [ {cp)M{u - H):Rh{PpPh; )}
canplex. The crystal structure of the tungsten derivative has been detenmined
and the W—Rh distance shown to be 2,721(8) 3; large metal-H coupling constants
to both metals are manifest in the 'H MMR spectrum and confirm the structural
assignment of two bridging hydride ligands [346). [ {(cp):MoH,] reacts with
MX; (M =2Zn or Hg; X = Cl or I} to produce (cp).MoH. MX;.3 (S = dmf or thf)
or the unsolvated polymer [ 347]. [Mn.(00};4] catalyzes the exchange hetween
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
anadic oxidation of [{{cp),WH,] yields {{cp.¥}.H:] +; a crystal structure
determination of its {ClO,} salt has revealed an unusually long W—W
distance of 3.628 % end o synmetrical conformaticnal distortion about each
cp-¥-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 intc arcmatic and aliphatic C-H bonds has been developed using
[ (cp)WHz] [351], [{cp),We(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)COD] [ epMo(C0),;] has been
determined | 334 ] and [(cp}Ho(CO)zH(L)] (L = Ph(H)P{OCH,CH; };N) has heen
reported | 355].



7.9 COMPLEXES OCNTAINING QNE OR MORE METAL-METAL BONDS
7.9.1 Higher oxidation state complazes

Several of the molybdenum{¥} dimeric complexes reported this year formally
involve a single Mo—Mo bond across a di-u—oxp or -sulphido-bridge; these
include [ pyHJ, [M0:0,(NCS)e] (Mo—do=2.582 R) [261] and the [Mde,]  and
[NBt,]" salts of [M0,0.8,(S:).)%  (Mo—W5 = 2.828(2) 8) [268]. Similar
metal-metal bonding consideraticns would appear to apply in the anions of
[NHL] 2 [ (S2:Mo(S8,}.M0(8,),]) .ZH,0 [270], [PPhu] 2 [ S,WS,W(5)S,W(5)S:WS,)

[214}, and [FPhy). [S,WS,W(X)S.WS,] (X = O or 8) [272], and acToss two of
the faces of the distorted cubane - like core of [ Mo,0;{Me.P08),] [ 2661.

The occurrence of direct metal-metal interacticns in the complexes of [MS,] 2-
and in ({M'sMS, } (M = Mo or W; M' = Fe, Cu or Ag) [194-213] also seans likely.
The Mo—Mo separation of 2.730(4) X in {PPhu)« [ Mos (U ~Sa )} (M2 - 80, )~

(W)} .6H,0 implies the existence of a single metal-metal bond between these,
formally, molybdenum(IIT) atams | 324] and the possibility of a tungsten-
tungsten bond of fractional order {e.g. 2.5) in the tungsten{III,IV) campound
[{Me.S)C1,W{SEL):WC1l.(EMe,}} (298] seems a realistic possibility.

The descripticn [356] of the metal-metal bonding interactions in
{MIV3XY3}R+ (M=Moor W, X=a us-atamn, Y = a yz — atom or group) has gained
general acceptance, Further examples of this class reported this year include,
[WO(CAc ) (Ho0)5] [ CF3S03] W [ 293], [ Ws03CLs(CAcHP Bus )5} [294],

Ks[ M08, ((N)o] [296], and the Wi0,; cluster identified in the six-electron-
reduced metatungstate RoyHel HoW)2044) . ~ 18H,0 [ 2027 .

7.9.2 Complexee with a metal-metal tripile bond and their derivatives

The generalized molecular orbital approach has been used to investigate
the bond energy and conformational preferences of MozMo bonds. The results
cbtained lead to the conclusicns that, in the hypothetical camplex { MooHel ,
D(MozMo) = 526 * 63 kJ mol™l, Also, subsequent to predictions [357], based
on extended Hickel calculations, that Mo=Mo and WzW systeans would prefer to be
eclipsed, it has been pointed cut that this preference is slight (ea.

4.2 kKJ rml_l) and only obtains if correlation effects are neglected. When
correlation is included, this small preference vanishes and thus, the
conformation of M;Lg (M = Mo or W) camplexes 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 Xo-SCW
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calculations. The results of these calculations hawve been used to further
dispute the proposzl | 3577 that the eclipsed rutational conformer should be
preferred to the staggered conformer for amall Iigands [359]. The diamagnetic
anisotropies of the metal-metal triple bonds in [M;(MMe:)¢] (M = Mo or W)

have been estimated as -142 x 107 -° and -156 x 10 °° m> (molecule)™, from

'H NMR measurements [ 3607 .

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,(H NMe).] , over the Mo-—Mo separation of %.214(3) b
[361]. Also, the synthesis of 1,2 Mo,X,(CH,SiMe;},] (X = Me, OPr, or OtBu),
1,1-{ Mo {NMe; )2 (CH SiMes).] , and 1,1-[ Mo, (Rie, )(0,(WMe; }{(H,SiMe; )] , have led
to the first direct chservation of rotation about Mo=Mo bonds amd alkyl
transfer between melybdenun atoms in these dimers [ 362]. The reaction of
hexane sclutions of 1,2-{Mo;Br,{CH;SiMe;).} with LikMe, or H¥e, gives 1,1-
or 1,2 Mo,{M¥e,; Y(CH,SiMe; )] , respectively, which once formed do not iscmerize
readily { 363].

[Mo> (OtBu)s] reacts with 0D at room temperature and 1 atm, to form
[Mo(Q0)¢] and {MD(OtBu):.] ; the reaction proceeds viz the slow and reversible
formation of {Moz(OtBu)s(u - 00)]) which invelves a Mo=Mc bond of length
2.489(1) 2. This camplex has been characterised by a serie:s of spectroscopic
measurements | 364], The analogous carbconylation of [ Mo; (OT’Pr)s] also yields
[MO(UJ)_(,] but proceeds to give the dinuclear molybdenum(IV)y complex
[hrioz(O""Pr)g] ; this and related chemistry has been described and discusseq
[325]). A full account of the preparation and some reactions of [ CrMo(O“Pr)¢—
(RO),] has been published | 365], and the synthesis of [Moz(oi’Pr)ﬁ(I-MIeZ)Z(NO)z] s
frem [Mo,(C"Pr)(NO),] and HNMe, has been described [366].

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

Mo, C1 4] #* reacts with {F,P),NMa, 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) ®. This molecule
is of a new, and so far wnique, type with a Mo-Mo triple bond arising fram
molybdemm{l} atoms, each forming a moderately strong axial bond to a chloride
ligand [ 368] .
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7.8.3 Complexee with a metal-metal quadruple bond

The standard enthalpies of Formation of [Moz(04c).], [ Crido(CAc),], and
[ Mo, {CAc):{acac),] have been detemined by solution reacticn calorimetry and
the values used to obtain an estimate of D(MoEMo) as 334 kJ moi~ > [369].
Calculations of the electronic structure and the Mo=Mo bond energies in
[M0,Cls) ¥~ and [ M0,(0,(H).] have been published [ 370]. The assignment of the
UVPES spectra of |Mo,(mhp).] and [Mo,{mhp);(QAc).] (Hohp = 6-methyl-2-
hydroxypyridine} have been aided by carrying out an ob indtio MO calceulation
for the emol form of 2-hydroxypyridine. Clear evidence was cbtained for the
existence of a stronger McEMo bond in [ Mo:(mhp}.], as campared to [Mo{0ac).]
{371). The crystal structure and polarized, low-temperature electronic
absorptian spectrum of [Mo:{L-leucine},Cl,{pts);.2H,0 {Hpts = 4-toluene-
sulphcnic acid) have been reparted; the coaclusion reached in this study is
that the § — §* assigmuent of the lowest energy absorption of this and
related complexes is consistent with all relevant experimental date [372].

A new, convenient, and efficient route to the formationof HO;4+ canplexes
has been described, involving: (i) electrolytic reduction of molybdenum{VI}
in HC1 to form [ MoClg] 3_, (ii} condensation of this anion to produce
[ Mo2Cl ) 3_, and (iii) quantitative reduction of the latter by a Jones
reductor to produce the MD24+ species {373]. The synthesis and structural
characterisation of camplexes containing the Mo, moiety continues unabated.
This vear, these characterisations include the relatively straightforward
compounds, [pipH] ;2 [Mo:Bre(H.0):] {MoMo = 2,123{2) R) [ 374], [Mo2{C.Gl}y] .HQ
{(Mo-Mo = 2.091(1) % in the anhydrate and 2,100(1} 2 in the dihydrate) [ 375],
and [ Mo,(0Ofc)4] Nalic HOAc (Mo-Mo = 2.093(1) %) [376].

[ Mo:{0:(Fs)u] catalyses the anti-Markovnikov addition of CF3C0:H to
propyiene in benzens at 50 °C, with e selectivity of »90% at cptimm conditions
(377]. The unique capacity of the Mo, 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, bhas been
described. This principal has been illustrated by the isolation and structural
characterisaticn of [Mo,(glycylglycine),jCl,.6H.0 (Mo-Mo = 2.106(1) R) [378].

The reactions of [M;{mhp).] (M = Mo or W; H mhp = 6-methyl-2-hydroxy-
pyridine) with paseous HX (X = Cl or Br) have been investigated and the
reaction products included [Mo,X,) 4 and WX, (OMe){Me(H), [379]); [M0.Cl,{2,6-
dimethylpyrazine),) has been prepared [ 380] and the crystal structure of
[M02CLy (EtzS).] (Mo-Mo = 2.144(1) %) has been reported [381].
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The reaction of [Mc:(CAc),} with the anion of ¥ -{2-pyridyl)acetamide
gives [ Mo, { (CsNH, NC(O)Me},] ; tHis compound inwolves the ligands coordinated
through two mitrogen atoms and possesses the shortest Mo=Mo bend lengih,
2.027(3) S, so far observed [ 382). Other such dimers which have been
structurally characterised by Cotton ¢t al. include, [ Mo,{PhNC(O)}e}.] (Mo-Mo =
2.086(2) %) [383], [Mo,{(2,6-xylyl)NC{OMe},] .2CH,Cl, {Mo-Mo = 2.083(3) ﬁ)
in which the CH,Cl; molecules occupy axial positions [ 3847, [ Mo:{2-xylylNC{Q)-
H}.] . 3thi(Mo-Mo = 2.113¢(1) 3} with axial thf molecules, [Mo;{PhNC{C¥ Me;}y]
{(Mc-do = 2.070(1) R) [385], [Mo,(QAc), {PhN(MeCHC(O)Me),] (Mo-Mo = 2.131¢1) %)
[386] and [Mo,{Me,P(CH,),},] {Mo-Mo = 2.082(2) 8) [387]. Cotton et al.
have alsc reported the synthesis and structural characterisation of the
hamicgous molybdenum and tungsten complexes [M;{chp).] (Hchp = &6-chloro-
Z-hydroxypyridine; Mo-Mo = 2.085(1) % and W-W = 2,177(1) 3). These metal-metal
bond lengths are significantly longer than in the corresponding mip camplexes,
suggesting that inductive effects may play an important role in determining
such M-M bond lengths [ 3BB]. [ W.(dmhp),] (Hdmhp = 2,4-dimethyl-6-
hydroxypyridine} reacts with Li[{PhN},N] to form [W.(dmhp},{{PhN):N}:] , which
has been structurally characterised as its thi solvate (W-W = 2.169(1) ﬁ)
[389]. A breakthrough in the preparation of ditungsten{Ii) camplexes ha=s been
achieved, by reacting WCl, suspended in thi at -20 °C in the presence of
phosphines, to yield [W:Cl.(PR;).] compounds. These materials are stable in
air at rcam temperature [ 390] and the camplexes for (PR;), = (PMe;),, {(dmpe).,
or {dppe), have been structurally characterised and the W-W distances range
fram 2.262 to 2,314 R [204].

The complexes [ Mo, (0,0CF: )y {L};] (where L = MePh,P, PhiP, {cych},P,
tBusP, (Me;8i);P, Me PO, quinuclidine; Me;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 [ 3917, Similar spectroscopic studies have led to the assipnment
of the stereochemistry of [Mo,(0Ac) (MR, ){(PR'3)2] (R: = (SiMe;)., (SiMe.H).,
or {SiMe,) (Me); R'; = Me;, Me,Ph, or Etjs) [392]. The crystal structure of
{Mo2{0Ac }>(SiMe; ) ,{P¥es ),] has been reported, the Mo-Mo separation found to be
2.0984(5) & [393) and the stereochemistry seen to be in agreement with the
H, '*C{'H}, and *'P{'H} NMR conclusions of Mainz and Anderson [ 392].

{ (Me;P);HMo(u — H) ;MGH(PMe; 5] has been shown to have a Mo-Mo separation of
2.194(3} ﬁ, suggesting the presence of a gquadruple metal-metal bond, in
additian tc the dihydrido-bridge [345].

The nature of the green product, cbtained fram the reasction of [ Mo, (QAc}]
with K[ S;C0Et] , has been reinvestigated and, according to 'H NMR and
conductametric studies, the complex should be formulated as a tetramer (A+)z—
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[Moy (8008t ] (A = {AsPha.]+ [ PPhs {Ph(H, 317); related complexes have been
prepared [394].

7.8.4 Metal Clusters

MogCl; , and MogBr;,.2ZH,0 may be prepared conveniently by the high
tamperaiure conpacportionation reections of molybdenum metal with MoCl; and
MoBr, , respectively, in the presence of NaCl and NaBr, respectively [395].
5W-Xa calculations have been performed to interpret the XPES spectrum of
[MoeCle]Cly [ 396]. Substitution by sulphide into [MoCl,] 4- has been achieved;
compounds containing the [ MogSCl4] 3+ and [ Mo S:Cl;] cores have been isclated
and structurally characterised, e.g. [ pyH] s [{MogSCL;)YCle] .3pyHCL, [ pyhi]s-

[ (MoeBC17)C1¢] , und [MogSsCl:(py)s]. This last campound is the first example
of an Mo¢Xe cluster which has < 24 electrons in its metal-metal bonding
orbitals [ 397}].

Chevrel phases, {.e. ternary molybdenum chalcogenides, quosxs {typically
M = Pb, 5n, or a rare earth element; X = S or Se) are of particular interest
because of their physical properties - high superconducting critical
tamperatures, 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 fram the ideal 6:8 value, The relationships between the structure
and physical properties of these phases have been reviewed [ 392] and ab initic
calculations accomplished for MMosS; (M = Bu, Gd, or Sn) and SnMog3e; [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-stoicheicmetry on superconductivity in
the SnMogSg phase has been assessed [358] and the relationship between
superconductivity, magmetic susceptibility and crystal structure in
Poio (S;-x Sey)s phases hes been detailed {403},

Mo SeBr; has been shown to be isostructural with MogSes, [404]. The
oxygen—containing Chevrel phases ummsssoz (M:.c = Cop, Ni,, Cu,, ar Pb) and
McoeSe0: has been synthesised and their physical properties examined [ 405].
quo..ss (M = K, Rb, or Cs} and M;M,;:5,;, {M = K or Fb) have been prepared [ 406]
and the crystal structure of T1;Mo:Se; has been detemmined [407]. InMogSeq
crystallises with the PoMocS; structure and In;Mo,sSe,s contains MogSes and
Mog5e,; building blocks [ 408]; this latter type of structure is also found for
KoMO, 55,5 and M.Mo,sSe,q (M=K, Ba, or T1) [409]. MMo:X; (M = In or T1;

X = Se¢ or Te) have been synthesised and their crystal structure shown to
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involve infinite chains of face—condensed Mog; clusters (410}, The structure
of M:MogS,; (M = K or Tl) is characterised by the presence of a completely
new building block, Mo;.8,;,, in =ddition toc the Mo S; unit; Mo;:S;, can be
considered as a one-dimensional candepsation of three Mog cctahedral clusters
{411]. The crystal structure of Fe:MpgS; has been described [412] and shown
to be different from that of the low temperature modificaticm of

CQu; , sMosS; and the nature of the 270 K phase transformatich of the latter

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

the Qu MosSs system has been found to be 1.8 <x< 4 at 850 *C [414], and solid
solutions of PBQAIhbSSa {x = 0-0.3) and other Chevrel phases have been
prepared and investigated [ 415].

7.8.5 Carbonyl and organometallic complexes

The v(M-M) stretching frequencies of [NEt.] > [Ms{C0%; 4] (M = Mo or W)
have been reported as 140 and 115 cm_l, respectively [416]. The crystal
structure of [ {cpMo),(}i~0,n" ~ CsHy )2} has been detemmined and the average
Mo-Mo distance, in the two crystallographically independent molecules, is
2.885 § [417]. p-Alkylidene complexes of tungsten carbonyl dimers have been
prepared and characterised; these include (18) which involves a W-W separaticn

He3P C HEZ

CH
AN

00N Z——=W(CO),

(18)

of 3.140{1} 2 [418]. ‘The dimetallocycle [(ch(CD)z)z{u—na s nz-C(O}Cz(CDQMe);_]
involves a W-W bond of length 3.017(1) 2 [419] and {(cpMo{D);).{n - CH.CH.CMe,}}
a Mo-Mo bond of length 3.106(1) % [420].

[ {coMo(0D)2)}a) (Z.e. [ (cp)oMoa(00),] ) continues to attract much
attention in view of its novel carbonyl bridged structure and its remrkable
reactivity., The electronic structures of the [ cp:M:(00D),] camplexes, with
M = Cr, Mo or W, have been discussed by Hoffman et al. with the aid of extended
Hilckel MO calculations., They ccncluded that not ouch of a metal-metal triple
bond exists in these mplecules but teo nice, low-Iving acceptor orbitals exist
and provide a seat of electrophilic activity [421]. Several of the following
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studies exemplify this behaviour,

[ cp:Mo,(C0),] reacts with one equivalent of (N~ to give the [ cp:Moz(00)—
(p-CNY~ 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 (N n-bond { 4221, | cp;(Mo,{(0),] reacts with either diphenyl- or
bis{4-tolyl)diazansthane in CH;Cl: at moam temperature to form the
corresponding green digzoalkane adduct [ cpMo (O {N(R;)j. These camplexes
possess the structure (19) (Mo-Mo = 2.987(4) R), they are fluxional in
solution, and can be thermally decamposed in benzene at 60 °C with loss of
N, to afford the stable, red p-diaryl-methylene complex, [{cp).Mo{CD},(CR;}]
(20) (Mo-Mo = 3.087(2) &) [423].

Rz
€
N
| %
N
{CO), cp Mo ,l;h tp [CO): l(U)ztp Mo tlo [[0)2
/”f‘, ’J”!,
c// f,/ c/ ’;
\ .r’ \!I
0 0
(19 (20)

Ph;PS reacts with [ cp M, (C00).] (M = Mo or W} to produce [ cp M:{(00),(Ph;PS),],
which can be considered to possess a metal-metal single bond [ 4241, Elemental
sulphur reacts with [ cp;Mo,(00).] to give [ cpsMo,(00)s8) " [ cpMo(0):] ™, the
cation possesses the structure (31), with Mo—Wo = 3.085(21) & [425].
Complexes of the formala | (Me)ncsﬂs_nhb(S)SH]z {whers n = 0, 1, or 5)
have been prepared by the reaction of H; with several different cyclopentadienyi-
molybdenum derivatives containing sulphido ligaands. 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 H8; C.H, and C.H, displace hydrogen fram the SH ligands and faorm
derivatives with bridging dithiolate ligands, and alkyl and aryl thiols
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{CO), cp Mo Mo cpiCOl,
§s7
Mo tp (CO),

{21)

‘react to form H.8 and derivatives of the formula [Me,CsHs_n,Mo(8)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 centrosymeetric, with Mo-Mo =
2.582(1) 8, Mo-S = 2.352(2) and 2.479(2) 3, and the four sulphur atams form

a plane perpendicular to the Mo-Mo vector, with 5-5 = 2.758(3) and 3.014¢3) 2
[426]. The characteristics of the equilibria: [MeCsH.MoSCH,S]: + nRNC =
[(MeCsH.M0 )2 (SC:H,S}z-n(S2CNR),] have been determined for » = 1 or 2 and

CHs

CH,
(22)

-8 = Bz, Other dimeric molybdenum camplexes with bridging dithiocarbonimidate
ligands, {cpMoS:CNR), (where R = Me, Bz, 'Bu or Hx) have been synthesized,
characterised, and their reactions with MeQSO.F, HOSO.F, (0, and reducing
agents described [427].

The camplexes [cp.Moo(C0). (k- SR)z) (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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[ cpaM0, {00 2{u - SR),] which contain a formal double metal-metal bond (Mo-Mo
2.616(2) R for R = f;Bu) [428]. Studies on other complexes containing
p-thiclate ligands spamnning a formal metal-metal bond reported this year
include:

[ (T'I?—C:rH?)W(U - 8R};{C0});] and { (T'I?—C7H7w(l-’ - 8R)3;W(u - SR},W(0);] (R = Et, Bu,
or Ph) [429] and [ (n°—RCsHsCN)Mo(u - SMe) Mo(n®-RC:H;)T" (R = H or Me),

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

Complexes of the formula [(ns—CsH;.R‘)ZMZ{CD);,{RZCS)] {M = Mo or W;

R = Hor Me; R = 4-X-Cgl;; X = (Me, Me, F, H, NMe;) have been synthesised by
a facile reaction of the thioketone with f (ns—CSH;.R‘ 3:M:(C0),]. The crystal
structure of [ cp:Moa{00), {4-Me-C;H; }:C8}} has been determined and the molecule
seen to involve one semi-bridging cerbonyl ligand, and a Mo-Mo bond of length
3.145 X which is involved in a metallathiocyclopropane moiety { 4317,

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

[ epzMa; {00}, {BRC,R)] and related complexes has been developed, in a study which
included the preparation of [ cp,Mo:(C0),{P(OMe;)}{BC,R)], & catalyst precursor
for acetylene hydrogenation to ois—olefins {433].

The crystal structures of [ (n1—CsHy Mo( - (Me) Mo(C0) 5 (n>-C7H7 )] and
[ (n%=CyH; )(00) M(y - OMe)3(C0)2(n"~CsH,] 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 intermctions in the
crystellographically characterised p-hydrido-complexes [u - H{Mo;{00}«PPh:] ~
[342], [ (n-H)(u~PMe;){cpMO(CD),},) [344] and [ cp,W(y - H),Ra(PPh;),] [346)
has been commented upon in Section 7.8.

Hetero-nuclesr metal-metal bonds, involving molybdenum or tungsten have
been identified in 2 large number of complexes reported this year. These
include:

[M'{u ~ AsMe; )Fe(0D) (1 — AsMe ) Mocp(0O0},s] (M' = cpFe((D),, cpFe(CD)(PMde:), or
cpM” (CD); = Cr, Mo or W) [435], {Rus{CO)w (- AsMe: Mcp(CD};] (M=Moor¥) and
[ (OC)xRufu - AsMes Mocp{(D) ;] [436], [ (CC)sW{p - C{Me)PhIPt(PMe; )]

(W-Pt = 2.861(1) &) [4371, [cp(00):W{u - CsHuMe~41Pt({Pe Ph):]

(W-Pt = 2.751(1) £) [438], [Pt W{u- C((Me)Ph}{C0)e (P BusMe:)s]) (23)

[ 4391, [ (n®-MeeCes)(OC),Cr(n - CCoHuMe—4)W(C0)scp].CHoCla (W-Cr = 2.941(1) )
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Ph OMe

F)
’,
L

/ f\
{Me Bu, P)(0C)Pt ——— P#{(0) {P Bu; Me}

\/

(o),
(23)

[440], [FePLW(u; - OCsHuMe—4)(0D)s (PETs)ep] (24) (W-Pt = 2.775(1) 2,
W-Fe = 2.784(3) R) and [ FeRn#(}1; - OC¢H.Me-4)—(i1 ~ 00)(OD) scp(n°~CsHz )]

C5 H{_ -4-Me

C
{Et3Pl!0C)Pr< \
\ ;w cplCO),

Fe
{CO),

{24)

(¥=Rh = 2.760(1) &, W-Fe = 2.772¢1) &) [441), [ {PdMe,CH,CeHy }ap—{Mocp(D)s}-
p-Clj (25) {Mo-Pd = 2.788(1} and 2.832(1) ﬁ) [442], and [ Net,) , [MoFe;C{C0}; -]
(Mo-Fe = 2.915(2) R) {443]. Cathodic reduction of [PtL,{McpO0;}. ]1{L = “Bunc,
¥ = Mo or W) camplexes leads to the paramagnetic platinumi(l} complexes,
whereas the corresponding mercury(I1)} and gold{I) systems undergo metal-metal
bond cleavage [ 444 ].



7.8.5 Metallile moteties

As indicated in the introduction to this review, new aggregates of
metal atans containing molybdemen or tungsten, have been prepared and
spectroscopically characterised and further calculstions of the electronie
structure of such species have been reported, These theoretical studies
include presentations of the potential emexgy curve for the g * ground state
and detailed descriptions of the nature of the sextuple bond in Mo, {12,13],
and an interpretaticn of the optical spectrum of the MoNb molecule [16] .

The electronic spectrum of tungsten atams isclted in an arpon matrix has been
presented | 17], and the bimetallic AgMo [ 181, Mo,, and CirMo,and trimetellic
Mos, CrMo,, and CroMo clusters [ i9] have been trapped in irert gas matrices
and characterised by coptical spectroscopy. Unimetallic and bimetallic metal
clusters can be anchored efficiently to liguid poly{methylphenylsiloxanes};
manipulation of the experimental conditions can lead to the farmation of other
species, including the bis(ns—arme) metal complexes of molybdenum and
tungsten [ 14,15].

7.10 MISCELTANREOUS 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,:; bhas been prepared [446]. The crystal structures
of the camplex nitride Mo(Ta,Mo)N, [ 447] end the phosphide Mo,Ni Pj [ 4481

have been determined. The thermal decamposition of Mo;Shy [449], the
formation of W MNb,_,Se, [450], and the catalysis of 00 hydrogenation over
Mo,C [ 4511, have been investigatsd,

1899
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7.11 HETEROGENEOUS CATALYST PRECURSCRS

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 camound containing the metal onto or into an
axide lattice, followed by suitable pre-treatment. The importance of these
materials has stimmlated many chemical studies, aimed at duplicating the
properties of these hetercgenous phases in hamogeneous systems, and these
are described in other sections of the review., This section considers the
progress made in understanding the chamical nature of the melybdenum
{or tungsten) centres in these catalyst precursors.

Hydrodesulphurization is a catalytic process used industrially to remove
sulphur fram petroleum feedstocks and coal. The comercial catalysis used
in this process are generally molybdenum supported on azctivated alumina,
with various prancters such as cobalt or nickel added to improve catalyst
performance. These oxides require sulphurization for dehydrosulphurization
activity. The physical studies of such systems accamplished this year are
extensive and only a selection will be presented here. One theme has been
to investigate how mplybdenum 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 cbserved. At low concentrations, an
interaction species, possibly resulting from the reaction of molybic acid
with surface hydroxyl groups was foumd: this appears to involve both
octahedrally and tetrahedrelly coordinated molybdemun atoms. After monolayer
coverage had been reached, Al,(MoO.); was formed and, at higher concentrations,
the formation of bulk MoD; was observed [452])., The results of other
spectroscopic studies characterising MoO;/y-Al:0: systems have been presented
[453] and a large mumber of similar studies have been accomplished for
CoMo/y-A1:0; materials, at various stages of preparation. These indicate
that the mplybdenum 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 bended to »one sulphur
atam [ 456] and the hydrodesulplurization activity of MoS: samples has been
correlated with their oxygen chemisorption capacity [457§.

Catalysis of the hydrogenation of (0 to alkanes by meterials derived
fran [Mo(CO}.] on Al,0; has been discussed in terms of the Mp{QD);-
{dehydroxylated alwmina) units forming molybdenmum 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{QOEt};},] reacts with

5i0, [459]. Well defined pairs of molybdenum centres are formed when
[Moz(ns—C3H5}g.] reacts with A1,Q; and 5i0,; these act as excellent catalysts
for ethene hydrogenation at 200-293 K[460]. These materials also catalyse
the partial cxidation of propene, by O, or N.0 and, in this case, the presence
of coordinatively unsaturated efg-dioxamlybdenun{VI} centres are held to be
crucial for activity [461]. (Oxidation of prcpene on oriented and non-
oriented catalysts shows a specificity for the reaction of the MoD; crystalline
faces; catalytic sites for acrolein formation are located in the [020 ]‘
direction [462]. Other studies of the oxidation of hydrocarbons over Mo-0
catalysts have been described [ 463), with particular attention being devoted
to Bi-Mo-0 phases | 464] which will also catalyse the oxidative ammonolysis

of propylene [ 465]. The relationship between the oxygen exchange reactivity
and ecatalytic oxidation ability of 3d-transition metal molybdates has been
discussed { 4661].

Silica supported MoQd; is photoreduced on irradiation at ca. 350 mm,
provided that water vapour is present during the thermal trestment carried
out at high temperature prior to irradiaticn; molybdenun(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 Mo0:/Si0:
catalysts, obtained by calcination of [Mo,(0.CR)]} /Si0: (R = H, Me, C¥; or Ph)
mixtures, the measurements being undertaken before and after reaction with
NG or QD [ 268] .,

The acidity of various MD;/5i0, (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]. BReactions in which these
Br¢nsted acid sites have been proposed as active centres include the
retathesis of propene; sterecselectivity in the metathesis of but-2-ene has
been observed an !-kﬂxfB—TiOZ 471].

7.12 MOLYBDOENZYMES AND SCME RELATED CHEMICAL STUDIES
7.12.1 Oxo enzymes

The oxomolybdemmn enzymes, principally xanthine cxidase and dehydrogenase, '
aldehyde and sulphite oxidase and nitrate reductase, constitute an important
sub-group within the family of molybdoenzymes. These enzymes are linked by
8 commn molybdenum-contazining cofactor and exhibit very similar molybdeman(V)
FPR signals, The title of this sub-group appears apt, gince 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 te the presence of one or more oxo-groups
in the coordination sphere of the melybdenum(VI} centre (as detected by EXAFS

" studies) and the {probabie) protonation of one oxo ligand upon reduction to
molybdemm(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 oxc 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 mclybdenum cofactor {(Moco). A major, and surprising,
development in the characterisation of this entity is the identification of a
reduced pterin as an integral conponent of the active cofactor [473], Details
for the isolation of Moco from the nitrate reduciase of lupine bactercids and
milk xanthine oxidase have been described and a partial analysis of the
amino acid content {(aspartate:threcnine:serine:glycine:alanine = 2:1:5:3:1)
of Moco has been obtained [474]. Moco would appear to undergo same 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, desulphe (and inactive}
xanthine oxidase has a molybdemm({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)x centre [65].

Active xanthine oxidase is converted into the desulpho form on treatment
with CN , this involves the formtion of (NS~ and the conversion of I»!ci:)(S)z+
o M0022+; this behaviour is alsp 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)s] >~ oxidation [ 475].

The nature of the sites of interaction of oxidising substrates with
xanthine oxidase and dehydrogenese and sldehyde oxidase have been reviewed
[476]. The spectrum of the '"rapid'' Mo(V) EPR signal of xanthine oxidese,
dissolved in !’O-enriched H,0, is indicative of strong hyperfine coupling
of one oxygen atam to the molybdenum centre, A clear possibility exists
that the oxygen is present in a Mov—(li group, the proton of which is also
strongly coupled in this EPR signal [477}. Another type of "rapid" do(V)

EPR signal has been cobserved 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” EFR 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 potenticmetric titration, for smmples dissolved in 0,.05M
K.P0, buffer at pH 7.8; the values obtained were Mo(VI)/Mo(V) and Mo(V)/Mo(IV)
mative, -357 and -337 mV respectively, with corresponding values for the
desulpho enzyme of -397 and -433 oV [ 479].

For chemical studies of possible relevance to the structure and functicn
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
Azotobaoter vinelandii nitrogenase proteins has been developed [481]. This
latter study also inciuded a description of the procedures for the isoiation
and concentration of the iron-molybdemum cofactor (FeMoco) of the
molybdoferredoxin protein, and isolation procedures for this entity have been
reviewed [ 4821},

*7Fe Migsbauer 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
atams ave partitioned into, two identical FeMoco centres (M, each probably
containing one Mo and six Fe atans), four P-clusters (each containing four
Fe atoms) and one Fe atom {labelled S). The spectra were analyzed in terms
of three axidation states for Fedfoco; Mox, N {native, having the § = ¥/,
FPR signal) and MBED {483]. The redox properties and scme camplexation
reactions of FeMoco have been investigated. Addition of edta eliminates the
8§ = %/, EPR signal characteristic of dithionite reduced FeMoco to give a
species which appears to be different fram the EPR-gilent substrate reducing
M) dye-oxidised (MOF) forms [484]). The molybdoferredoxin of A. vinelandi
has been shown to undergo a six-electron oxidation by various dye oxidants,
with full retenticn of initial activity. Subsequent reduction, by dithionite
or controlled potential electrolysis, indicated the presence of two reduction
regions, at -280 and -480 mV, each requiring three electrona for complete
reaction. Selective reduction at -280 mV caused development of the 5 = */;
FPR signal, whereas reduction at —480 mV produced a change in the viamible

203
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spectrum but no change in the EPR signal or its intensity f485].

FeMocc has been suggested to contain coenzyre A [ 4863 and its location
in the molybdoferredoxin has been studied using 2-phthalaldehyde [ 487 ].
Cxidative inactivation of the molybdoferredoxin of (. pasteurigrum nitrogenase
by [ Fe{CK):] 3~ has been shown to release most of the metal and sulphur atams
from the protons; incubation with a mixture containing thicls, sulphide,

M oOg]z_ L3 1
inactivated protein {4887,

FeMoco has been shown to catalyse the electrochemical reduction of

C.H, to C,H, [4B9].

, and Fe produced an EPR spectrum similar to that of the air-

7.12.3 Iron-molybdenum—culphur clusters

The preparation and characterisation of complexss containing an Fe-Mo-S
core has proceeded rapidly, following the isolation and molybdenum XK-edge
EXAFS investipation 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.}, tetrathiamolybdate,
moiety coordinated as a bidentate ligand to one or two iron atams, or (Type 1I)
one or two Fe;MoS, cubane - like clusters,

Several developments in the chemistry of Type I systems have been
reported this year, including the camprehensive description of the syntheses,
structures, and spectroscopic properties of the [ X,FeS;MoS,] 2™ (X = $Ph or C1)
ions. The stability of these icns, the short Mo-Fe distance (2.756(1) and
2.716(1) R, respectively), and the 7Fe isamer shifts, all suggest that the
bonding of [MoSz]z_ to iron{il} involves scme net transfer of electron
density to the former from the latter [194]. A conclusion which extends to
other camplexes of this type. [NEt,] [ (PhS);FeS;MoS;] has been prepared by
the reaction of [NEC.]2f Fep8,(SPh),] with [ NEL.] » [MoS.] , in el at roam
temperature, and characterised by aptical, 'H NMR and Mdssbauer spectroscopy,
magnetic susceptibility and electrochemical oxidation and reduction. The
M (5 = %/2) centre,
antiferramgnetically coupled to a formally {FellS,Mo"1S,} (5 = 2) unit, to

results obiasined were interpreted in terms of an Fe

give a net 5 = % ground state [195].

An important basic unit in Fe-MoS, chemistry, [ Fe(MoS,)z] > has been
isolated and characterised previous to this work, the simple campiex formed
between iron{II) and {MoS.]) %™ was considered to be [ Fe(MoS.);] 2" [4900],
however, this dianion still awaits conclusive identification. [ Fe(MoS.):] 3-
has been prepared by reacting [ NEt,] . [MoS.] with FelL: (HL = l-piperidine-
carbodithioic acid) 2:1 {196], or [Fe{S,00Bt)s] [187], and the crystal
structure of | (PhiP);N [ NEt)] [ Fe(MoSy };] 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 5§ = ¥/, and g values of 4.6, 3.3
and 2.0, The electronic spectrum is identical to i’.h.at previcusly reported
for [ Fe,M0y5z] %" [491] , and thus negates the existence of this tetramer.

The cyclic voltammogram of [ Fe{MoS,):] 3- shows a8 quasi-reversible reducticn at
ea, -1.8 ¥V, and an oxidation at eca. -0.10 V which is irreversible and thus
further challenges the existence of [Fe(S;_hsz)z]z_.

The rezction of [PPhy] z [ {Fh3):FeS:MS,] (M = Mo or W) conplexes with
Fell,;.6H;0 (1:2) in &nf, results in the oxidatiocn of PhS to PhSSPh and the
formation of iron{Il}; the compounds [ PPhy] ; { C1,FeS,MS,FeCl,] crystallise
upon addition of Et»0. A crystal structure determmination for the molybdenun
salt has indicated that the anions have z nearly linear Fe-Mo-Fe array
{Fe—MG = 2.775(6) ﬁ), with ;iistorted tetrahedral MoS, and Cl,FeS, fregments,
*7Fe Missbauer data suggest that the two iron atams are in the +II formal
oxidation state. This study also included & camprehensive documentation of
the dimensions of Type I, Fe-Mo-S clusters [ 198]. [TPPh.}[ (PhS).FeS,M3,]

(M = Mo or ¥} react with C;H;SSSC;H; in warm dmf to form [PPh.]: [ (Ss)FeS:MB.1.

These anicns possess the structure (26); in which the two metal centres give

WA
NS

(26)

rise to a net 5 = 2 ground state, with the ®7Fe Missbauer spectrum indicating
that the iron atom is in an owidation state intermediate between +II apd +III
j1991].

A full account has been published describeing the syntbesis of the Type II
Fe-Mc—3 clusters, [Feahbzsa(SR)g]s_ (R = Et, Ph, CgH,Cl4, or CsH,de—4},
[ FesMo,S0 {SPh e {(Me) 3] 3~ and their tungsten counterparts, [ FeoW»S:{SEt}s] 3-
and [Fe.W23:(SPh)e{Me)1] . wem spectra of these anions provide a clear
distinction between bridging and terminal ligands and, witkin each set of
bridging or terminal ligands, only cne resgnance is manifest for each
chemically different proton; the bridging ligands exhibit much smaller
isotropic shifts than for the corresponding ligands in terminal pesitions

205
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[ 200,2031, *’Fe Mssbauer psrameters of the majority of the conmplexes have
been obtained and are seen to be very similar to those obtained for
{ Fe,8,{8R)4] 2- camplexes; thus each iron atom is considered to have a net
cxidation state of cg. 2.5, implying that each molybdenum or tungsten atom
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 [Fe M,5;(5Et)},] 3- (M = Mo or #) in Me(N solution,
approached good electrochemical reversibility [ 201,204}, The similarity
in structure =nd electrochemical behaviour of these last two camplexes has led
to the reason for the inactivity of tungsten substituted (fbr mol yodenum)
nitrogenases [202]). The complexes | FeeMo,Ss(SR)s] ° (R = Et, (H:CH,CH, or
CH:Ph) react with PhOOX (X = C1 or Br) to form the cerresponding
[ FegMo,Bs (SR):Xs] 3- canplex in good yield, with selective substitution of the
thiolato groups attached to the iren atoes { 205].

The full details concerning the structure of the iron-bridged "double-
cubane" cluster complexes [ Fe;Mo:Ss{SEt};z] 3 and { Fe M35, (SBz)1 7] 4-
{M = Mo or W) have been published [ 203]. [Fe:M.S:{5R);:] 3- (M = Mo or W)
clusters undergo their initial reduction at the central iron{III) atam, to
generate the 4- anion with a central iron(II) =tom [204}. An important
developnent in the reaction chemistry of these clusters is the quantitative
dihydrogen evolution which occurs when PhSH is added to | FeMo:54(SPh)s) 5-
[206].

A cluster, which is claimed to involve a FegMoSy; unit, has been obtained
an a polystyrene support [207] and, if so, could be of a considerable interest.

7.12.4 Dinitrogenyl chemistry

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

Ab initio MO calculations have been reported for {Mo{N;):{(NHs;)s],
[Mo(N:)(NH3)s) , and [Mo{N;):(PH),] and the results cbtained indicate that
the Eglgfive polarization of the bound dinitrogen molecule is in the sense
MPo—N--N [492]. A camparison 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 Ramen spectrum of [ {C1{P¥e,Ph),Re(N2)}:MoCl,] indicates that
ihe intense absorption at 23,300 cm - should be assigned to an e, ey

1 o . . - .
A2u A Alg, transition of the axial w-system of the linear chain; the
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principal geametric chenges within the camplex on undergoing this transition,
are a lengthening of the Re-N and a sbortening of the N-N bonds [ 494].

[ ¥o(N,;)Cl:(bipy}] has been obtained as one product of the reaction
between [MoCl,(bipy)] and an excess of Me;3iN; in CLCH,CH.Cl., but its
structure is unknown [ 220]. The crystal structure of [Mo{N.):(EtPCH,—
(H,PPh; )s] 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 photcinduced eliminaticnm
of H. fram [MoH.(PR:}y] (PRs = PEt,Ph, PPh;Me or 0.5 {(dppe)) has been shown
to produce the corresponding trane~[ Mo(N;)}:{PR:),] complex [ 339,4971. New
camplexes, including trarns{M{OD):{P(cych};}a(N:}] (M = Mo or W), have been
synthesized by the reaction of [Mo(0D)s;(cyclcheptatriene)] with P{cych); under
dinitrogen; the binding is reversible and N; can be ramved by flushing with
argon at 40-60 °C, to form the apparently five-coordinate {M(QQ};{P{cych}s;l}s]
species (498]. The preparations of the complexes trane—M{N,)}X(dppe):]

(M =¥ or W; X=58N, CN, or Na) have been described, Relationships

between Ei""“' and w(N-N) of these 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 camplex [Mo(N:)(NH;)(dppe)s] in
thf, and to the prediction of F;;"F'c and v(N-N) for related but, as yet,
unsynthesized conplexes, Furthermore, in a most informative documentation,
aspects of the reactivity of the coordinated dinitrogen ligand have been
cormlaj:ed with the "electron - richness" of the complex {as measured by E;‘T),
with particular reference to: (a) imner-sphere versus outer-sphere electron—
transfer alkylation, and {b) protonaticn of the [M(N,){NCR){dppe),] complexes
to give the new hydrazido-salts, [M{N:H;){NCR}(dppe):] [H3D.] ., with
retention of the trans-RN ligand [500]. ‘The cxidation of #rgns- W{N,).;—
{dppe}.,] with tcne or FeCl; has been achieved and trans{W(Nz)z(dppe)z]+
salts isolated [ 501].

An important clarification of the protonolysis of [M{N,),{PR;),] (M = Mo
or W) has been accoamplished, 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, 2FPh, and 2 [MoBr,{PhP(CH,(H,PPhs)al] .
Thus the six electrons required for the reduction of N, to 2NH; are supplied
fram the 2000 to Mo"!T conversion [502), Treatment of cis—[ W(Ny)z(PMe,-
Ph),] with 2-propanol /K(H yields N,H.,, whereas use of normal alcohols instead
of 2-propancl gives WH; [S031, and the formation of NH, and N,H, has been
detected subsequent to the reaction of this camplex with acidic hydridametal
carbonyls, H;Fe((D), or HFeCo;((0D);;, and treatmemnt with aquecus KH [ 5041,
The reduction of N; to N:Hs by Na/Hg in Me(H, as cetalyzed by a molybdemum{V)
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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{COH}; system | 506 ]
and the electrolytic reduction of N» in a TiHI/'MoHI

been described { 507 ].

/guanidine system has

7.13 COMPLEXES OF ORGANCDINITROGEN AND RELATED LIGANDS

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

N
(M(N:)o(dppe)s] === [M(N; ){dppe)} + N

——

[M(N:)X(dppe)2] + R —— [M(N:)(XR){dppe).]

¥
[MOLR)X(dppe)s] + RX  ——  [M(N2R2)X(dppe)s] X

Dinitrogen loss is the rate-determining step {k,) in the primary alkylation
forming the diazenido complex, whereas the seccondary 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 dinitrcgen to ammonia; also,
these ligands are formally isoelecironic with the nitrosyl group and pmnifest
interesting variaticns in their modes of bonding, [Mo(N,Ph);(TPP}] involves
N.Ph groups that are "half doubly bent", with MoN-N = 149.1(9)} ® and
N-K-C = 128,6(9) ° [509]. A further report of the crystal structure of
[ Mo(N,Ph)(8,(Me; )], accompanied by that for [Mo(N,C.H,N0,-4)(5,CNMe; ;]
{510], agrees with the singly bent (linear Mo-N-N) arrangement obtained
earlier for this compound. The same gecmeiry, Mo-N-N = 177(1) and N-K-C =
132(1) ¢ > has been confirmed for [MoI(N;cych){dppe):], in a reinvestigation
of the crystal of the benzene solvate [ 511}. The materials formlated as
[ Mo, (NPh){S;(NR; )] [512] have been shown, by H MMR and cyclic
voltammetric studies to be a mixture of the compounds [Mo(N,Ph){S,CNR:);:]
and { Mo{N,Ph);(S.(¥R;):] [513]. 'The complexes [ cpM(QD),(N.Me)] (M = Mo or W)
react with [C:E(CDs(thf}] and [ cp¥n(Q2).(thf})], via coordination of the basic
nitrogen function, to yield, respectively, the trinuclear [ cpM(00).{NMeCr—
(Q0)s}] and [ epM(00), (N Medinep(C0)s ] conplexes [514]. The potentially
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chelating bis{aryldiazenate) ligands (2 ) {R = H or 1tlEm} = L have been

/ N\

R 0 0 R

N

N

{n

prepared and their reactions, leading to the formatiom of the binuclear
complexes { L{cpM(00);}3] (M = Mo or W) and [ L{cpo(C0)(PPhs)},] , have been
investigated [ 515].

i Mo(N; ¥ {dppe):] reacts with MeBr, "BuBr, and Me;CCH,(H,Br, to form the
corresponding 2-alkyldiezenido—¥ derivative [McBr{N:R)(dppe).] ; whereas, the
analogous reaction with 8-bromo—1-hexene yields the cyclopentylmethyldiazenido
complex, thus providing additional support for the formation of the diazenido
camplexes vig an alkyl radical pathway. Protonation of these alkyldiazenide
conplexes by H[BF.], in which the proton is attached to the carbon-bound
nitrogen atom. [MoBr(N,"Bu){dppe).] reacts with Na[BH,] or NaMe, in CgH¢-MeCH
sclution at an elevated temperature, to produce almost equal quantities of
"BuNi, and MH, [516]. The reacticns of trans-{M{N.).(dppe);] (M = Mo or W}
with Br{CH, )nBr, under irradiation im C¢Hg, yield products, the nature of which
is a function of n. For n = 3, [MBr{N,(CH.):Brl{dppe},] is obtained and for
n=4ocr?5, [ln{Er{l‘Iﬁ(Giz}n_lah}(dppe)z]Br is formed; for n = 6-12 two series
of camplexes, [MBr{N;(CH,) Bri(dppe).] and [{n - N2(CH, ), N HMBr(dppe), },] are
produced and both of these can be protonated reversibly to hydrazido{2-) forms
[517].

The hydrazido{2-) camplex [ WBr,{NNH,)(PMe,Ph}s] reacts with HC1 (1:1)
to form the hydrido hydrazido(2-) coamplex | WHCIBr{NMH, }{PMe.Ph);} Br, as
confirmed by IR and NMR spectra and X-ray crystallography. Anion exchange
with Na [BPh.] gives the novel diazenido camplex [ WHC1Br{=N=N(-+EPh;H}{P¥e Ph};].~
CH,CY; in low vield, in addition to [WHCIBr(MNH.)}(P™e,Ph):][BPhy]} the crystal
structure of which has been determined by X-ray analysis [ 5181, [MoO,Ls]

(L = 8,(M:; R=Me, Bt, or Phyor R = ((H:)s; or L = §0-quin} react with
hydrazines (R*Mi;; R'»= Me,,(CH;)s, or Ph:) to form the corresponding
hydrazido(27) camplex, [Mo(MNR':}C0La] . A crystal structure determination for
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[ Mo{NMMe, YO(S,(MMe; }] hes shown the meolybdenum to have a distorted

octahedral coordination geametry, with the hydrazido ligand bonded linearly in a
pesition eis to the oxo-group [519]. [MCL.(PR;):] {M = Mo or W; PR; = PPh;
or PMePh,) react with sn excess of Me;SiNHNMe,, in Me(N at room tamerature

to Tormm [ MCL(NMMe, ),{PR:}:] [BPhy]; use of one equivalent of Me;SiNHNMe

gives [ MC1l;(KNMe; }(PRs);] . The analogous reactions of [MCL,(PR:);] with
Me:SiN,Ph (1:2) produces the corresponding [ MC1,(N,Ph){Pr;);] camplex [520],
[ W(HNH ){dppe).X]Y (X = F, Br, or (F,(0;, respectively, for Y = BOF,, Br or
B{0;{CF;),;) react with 2, 4-dinitrobenzene to yield the 2,4-dinitrophenyl-
diazenido (=L) complexes, [WL{dppe);X]. Spectroscopic properties of these
complexes have heen cbtained [ 521} and a general consideration of the '"N MR
spectra hydrazido(2-) complexes of molybdenumn and tungsten have been published
[522]., 'The preparation and some reactions of hydrazine (f cpMo(KNR.NR:)-
{NO)YX; )}, hydrazido{1-} {[cpMo(NHNE.}{NO)X1}, and hydrazido(2-)

([ 1-NNR;{cpMo(NO)X},] ) complexes have been described [ 523, and the crysial
structure of [ u— Ne, {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(NMMePh },(S.CiMe, )] reacts with HCL (1:1) to form { Mo¢(NNMePh)—
(NHNMePh ) (S, OMes ), } +; an X-ray crystal structure determination of the
[ BPh.] selt has shown that the complex is seven-coordinate, with the
coordination of both end-on hydrazido(2-) and unsymmetrically (Mo-N = 2.0689(8)
and 2,175(8) ﬂ} side—on hydrazido(i-) groups [ 525]. The complex [ {cp);WH~
(MN(H)C;H,F-4)], prepared by the insertion of [4-FCsH.N;]* into one W-H bond
of [ {cp);WH;] below -20 °C, has been shown, by an X-ray crystallographic
study of its [PFg] 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),WH(NNHAT)] * (Ar = Ph or X-XCsHs, X = F, Me or MeO) near this temperature,
produces an isameric product, [(cp)ZW(HzPIl\lAr)]+, which centains an
arylhydrazido(1l-) ligand bound to the tungsten through both nitrogen atoms
[ 527]. 1In the case of [(cp)zi'f(HzNNZPh)J+ an X-ray crystallographic study of
its [BF,]” salt has shown that the two W-N bonds are inequivalent (W-N =
'2.156( 9} and 2,034¢9) ﬁ}, with the shorter distance corresponding to the
phenyi-bonded nitrogen atam [ 528].

A relatively recent development, in the reactions of coordinated dinitrogen
leading to the formation of nitrogen-carbon bonds, has been the synthesis of
camplexes containing the diazoalkane (=N-N=CR'R) grouping. Thus, treatment
of [M({N:}:(dppe}:] (M = Mo or W) with McBr in thf affords, after protonation
of the product, [MBri{=N-N=CH((H,);(H}{dppe).]Br. These materials were



originally considered to contain the tetrahydropyridazido-iigand
=

(-N-N=CH-CH,—(H,) [529], however, further investigations, including
-determinaticns of the crystal structures of { WBr{N-N=CHCH, O, (H. 0H)}{dppe),] —

{ PFs].0.50H,C1, and [ WBr(N-N=CMe, }(dppe )] Br.0.5Me(H [ 530] have clarified
this situation. This study also explained the unusuzl ‘H and '’C NMR
parameters of these conplexes and difficulties encountered in the preparation
of diazoalkane conplexes, where R and R groups are larger than methyl.

The reactions of trans— W(HN:):{dppe).] with gem-dibramides, Br,CRR', to yield
the transo WBr(N;(BR'){dppe).]) Br diazoalkane camplex, have been described.
These complexes do not rezet 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 conventicnal means. The
reactions of trans-{Mo(N.).(dppe),;] with geéem-dibramides are more camplex,
and diazioalkane complexes are, at best, minor products [5313. [WBr{N,H,)-
{dppe);]Br reacts with (XCl; (X = Br or H) in the presence of a [PhZI]+ salt
and =n aqueous base, to form the dichlorodiazamethane complex [ WBr{N,OC1;3-
(dppe)z]+. This cation has been characterised by X-ray crystallography as
its [PFe]” 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 showm to undergo rapid
reaction with nucleaphiles to give a range of interesting organodinitrogen
complexes. These included the vinyl diazenide complex [ WBr{N,C(CL)C(CN);}-
(dppe),l, by reaction with [ CH{(CN),] , and the structure of this complex hss
been determined [ 5327, Trane-{ W{N:):{dppe);] reacts with MeBr in thf and
related solvents, to produce diazenido—camplexes which undergo reversible ring
opening with protic acids to yield substituted—diazoalkene camplexes.
Similarly, ¥-methylpyrrolidine and tetrahydrothiophen form diazenido—
derivatives, which react with acids to form hydrazido{2-) camplexes and do not
underge ring opening [ 533].  The complexes [ MoX, (38, Y(PMe,Ph)i] (X = CI or
Br) react with aldehydes or ketones to form diazoalksne complexes, | MoXi—
(NN:CRR' )(PMe,Ph)s] [ 534].

The preparations of [ W(COD);L1 (L = MeNIIMe,; cis— or trans- MeN:NMe)
and [ trans— MeN:MMe{W(CD)s}:] have been described and preferential oxidation
of the coordinated hydrazine to the eis - diazene has been cbserved | 535].
Monameric and dimeric camplexes, involving M{0D)s and M{). (¥ = Mo or ¥)
moieties with diszirines have been synthsised [536]. The complexes
[ MoOC1(P-P)] [ MoOC1 2 (ROON,Ph)] (P-P = dppe or dppee; R = Me, Ph, 4-CICeH, or
4-M=CC:H, ) have been obtained by reacting the hydrazines RCONENIFPh with
{ {MoOC12(P-P)}21, or [MoOCl;(P-P)], in refluxing MeCH. 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 diazeme ligand [ 537].

211
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Treatment of [Mo(XC.H,CSN,H);] (X = H, 4-Me, 4-Me, or 4-C1) with acetone,

in the presence of dilute acid, yields the complexes [Mo(4-XCoH,CSN)-
{4-XCsHySNH){ 4-XC;Hy CSNMMe» } | possessing a condensed hydrazonide ligand. The
crystal structures have been determined for X = 4-Me or 4-C1; these melecules
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) & and 142.8(3)° for the diazenido(1-) ligand, 1.967(5) % and
131.6(4)° for the diazene group, and 2.216(5) 2 and 116.9¢{4) ° for the
hydrazonide ligand [ 53817.

7.14 NITROSYL OOMPLEXES

The interaction of NO with molybdenun{IV) centre=s on i, { 539] and
Al1,0; [ 540] have been investigated, and the latter considered to involve
a2 dinitrosyl complex. A mechanism, whereby molybdenum-nitrosyl conplexes
could catalyse the formation of H(N, from NH,OH and HCHO has been described;
this mechaniam is considered te involve the initial coordination of NHGH
(541} . The structure of (hydroxylamido-0,¥)nitrosyl camplex [Mo(phen),-
(NOY((AH, } J1, .H,0 has been determined and several new, related camplexes
have been synthesised [542]. BReduction by Zn/Hg of [Mo{ttp)Cl,] in C.H,
(Hzttp = meso-tetra-4-tolylporphyrin) under NO leads to the formation of
two camplexes | Mo{ttpy(NO).].CsHs; the structures of both of these campounds
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)° ) tcwards each other; the latter possesses a trans arrangement of
the Me(H and an essentially linear Mo-N-O (bond angle = 179.8(4)° ). group
{343]. An excess of [RO]Y (Y = BF, or PF;) reacts with [Mo(0D);] in MeCN
to form the paramegnetic salt Bo(pDNQMe):] Y, which reacts with N gas to
produce the diamagnetic eis—{ Mo{NO).(NMe},]Y; campound. The reactivity of
these compounds has been explored and several new nitrosyl complexes isoleted,
these include: | Mo{NO)(Nde)(dppe);] Ym {m=1o0r 2) and
[HbCl(NO)(dppe)Z}Yn (n=0o0r 1) [{544]. [MoH.{dppe).] reacts with [NO]{PF:]
in C;Hy /MeCH solution to form the protonated nitrosyl carplex [ MoF(HNO){(dppe):}-
[PFe¢]l , and the ncrmal nitrosyl complex trans-{ MoF(NO)}{dope),] .0.5C¢H:; the
reactivity of these complexes has been investigated and cther nitrosyl
derivatives prepared {545].

A full account of the preparation and reactivity of [CrMo(O'iPr)s{hD)z}
has been published [ 365] and the synthesis of [ Mog(O°Pr), (HiMes)z(N0)s] |
fram {Ibz(oiPr)s(NO)z] and HMMe;, has been described. This new molecule is
centrosymretric and the lcoal geometry sbout each molybdenum is that of a



distorted octahedron; comprised of two g -0£Pr, one terminal OiPr and
HNMe; group, and one linearly {(Mo-N-0O = 179.4(5) °} bound nitrosyl ligand
[366]. The compounds [ {PhsP).N1:f Na{Mo;(00)(FH0) {2 —~ Ma)a(us — 0}31s]
and [ Nieq] [¥03(C0)s (NO)s(hz ~ M) s (1s - CMe)} have been synthesised by
refluxing [Mo{CD)e], NahOd,, NaOH in MeCH and adding the appropriate cation.
The crystal structure of each of these novel materials has been detemined.
The anions of both consist of equilateral triengles of molybdemm atams,
with two carbonvl and one nitrasyl ligand terminally bound to each mclybdemm;
the non-bonding Mo-Mo distances (3.297(2) and 3.428(1) 3, respectively)} are
bridged by u; - (Me ligands and a p; - O atom or a p; - (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
pz - (M ligands [ 546 ].

Caments concerning the hydrazido—complex, [u - NMe, {cpio(NOYE}.] ,
and related moncmeric cyclopentadienyl-nitrosyl complexes of owlybdenum
[ 523,524 ] have made earlier {Section 7.13). The crystal structure of the
"piano-stool” moleaule | cpW(ND}Cl] has been detailed [ 547]. [ cOW(NDI2] 2
has been prepared and shown to react with various Lewis bases (L = Pph;,
P({Ph);, StPh,, or 0D} to produce the monameric [ cpW(NO)I,L] comgplex, but
the carbonyl camplex slowly reverts to the original reactants. [cp®{NO)I.].
reacts with T1+ cp or Na.+ cp to form the novel, stereochemically non-rigid,
camplexes [ {cp) . W(NO)I] and [ (cp);W(NO)] [54B}. [cpW(NO)I.{P(CPh);}] and
[ cpW(RO)1,]) ; react with Na[AlH,{OCH.CH Me).] tc form the hydrido-nitrosyl
conplexes, [ cpW(NOY(HYI{P(OPh):}] and [ cpW(NO}H)I],, respectively [ 542).
The conplexes [ {n® - CsMes M(0D){NO}] (M = Mo or W) have been synthesised,
and spectroscopically and structurally cheracterised; the crystals involve
discordered M{00),(NO} moieties, in which the ligands are (- or ¥- bonded to
the metal in a linear fashion {550]. The resctions of [ cpd(NO)(Q0)PPh;)
with HgCl, and SnCl, proceed vig electrophilic attack at the metal centre
with retention of configuration [551]., The displacement of carbonyl ligands
from [c:;:Mo(n3 -C.H; )(CO)R’)]+ and other allyl-cantaining coamplexes 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 THIOCARBOMYL OOMPIEXES

The polar tensors, effective charges and vibrational intensities of
[M(C0)s] (M = Mo or W) molecules have been considered [554] and comparative
mass spectrametry has been detailed for these compounds and their
monothiccarbonyl coumterparts [ 555],  ?°Mo MMR spectra of molybdenum carbonyl

213
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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]. 7O NMR spectra of enriched metal carbonyl
camplexes, such as cis—{ Mo(00),L;) (L = PPh;, AsPh,;, SbPh; or PPhife,) have
been obtained [556] and the synthesis of molybdenum and tungsten carbonyl
conplexes enriched in 'C has been developed using the (D-labilizing ability
of ("Du);F0 [557].

The preparation, spectroscopic properties and rescnance Raman profiles
of [ u- pyrazine{W(003)s}:) , the prerescnance Raman spectrum of [ W({D)s-
(pyridazine)] [558], the rescnance Raman, electronic, photochemical
reactivity and MCD spectra of [M(C}J}q_mL{P((}de)a};j (M=MoorW, x=0orl;
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
[960]. The quenching of emission gnd photochemistry of [ W{D}):(4-
cyanopyridine)] by anthracene has been described, this relationship implying
that the emitting state of this molecule is implicated in its photochemistry
[861]. Further studies of the photolysis of mplecular molybdenun and tungsten
carbonyl complexes, isolated in a2n inert gas malrix at low temperature, have
been accomplished [ 562-564] ; in 2-methyltetrahydrofuran (mthf) at 77 K,
evidence has been obtained for the photoconversion of Mo{(QD): into
[Mo((D) (mthf)] [565].

The Mo 3d5/2, C 1s, and O ls binding energies of [IMo(00)s] (L. = PX; or
Q0) campounds have been measured and found to be linearly related to each
other and to the phosphorus lone-pair IP of the free DX; molecule [S66].

The UVPES and '°C MMR spectra of [W(CD):{PR,}] (R = C¢H;,, Ph, or OPh) have
been presented end assigned by comparison with the spectra of free PR; and
[W(OD)s] [567]. The heats of formation of a number of [ M{(QD}e_.L.] (M =

Mc or W; L = piperidine, py, pyrazine, pyrazole, or thiazole; r = 1, 2 or 3)
compounds have been reported [ 568] .

[ M{ODYe] (M = Mo or W) have been found to be active homogeneous catalyst
for the water gas shift reaction, Q0{g) + HO(I) =5 H:(g) + (0s{g), in the
presence of a large excess of sulphides generated by Na,S dissolved in agueous
methanol {569) .  Phase-transfer catalysed nucleophilic reactions of
hydrewide ions at metal-bound carbonyl centres, [M{D)e_pL ] (M = Mo or W)
have been discussed [ 970}, as have the requirements for multinuclear centres
to catalyze the hydrogenation of 00 {571]. M,{W(0D);] (M = Li or Na)
salts in thf hawve been shown to reduce Q0; to 00 [572). Lewis acid
pramted 00 insertion into a metal-aryl bond has been observed with [ Phw{(0}s]
(5731, and the mature of the catalytically active species, for homogeneous



acetylene metathesis, in the [ Mo{(C0),) /PhCH system has been discussed [574].
Thiols can be desulphurized in pood yield by treatment with [Mo{(00)]
either in HOAc or when pre-adsorbed om 8i0; [575].

The half-wave oxidation and reduction potentials have been determined
for [M{QD)s] (M = Mo or W) and for [W(CO);_(MetN}, ] (x = 1-3) in various
aprotic solvents [576), and the electrochemical synthesis of [M{C0), ]

(M = Mo or W) and their phosphine derivatives, fram suitable metal camplexes
in the +IIT oxidation state, has been developed | 577 ].

The crystal structure of [ Mo{0D):(phen)(n?-50,)] and [ Mo{0D);(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(00):} 2]
involves a bent W-S5-W (132.1(1} ") bridge and the vw(C-0) stretching frequencies
chserved in the IR are consistent with this structure [ 5721. { WD), {3,5-
dimethylsulphonium 2-picolinyl{methylide)] has been shown by X-ray
crystallogrephy to involve the ylide coordinated through the pyridine ¥ and
carbonyl ¢ atoms tSSO]. The syntheses and the structures of {(Ph;P):N -

[ Na{Mos (00)s (N0} (uz -~ OMe)(us ~ 03)2] and [ Ndey ] { Moy (O0)s{NO) 3 {u; — Qe),-
{(p3-CMe)] [548] have been presented earlier (Section 7.14})., Histidinato-
carbonyl conplexes of molybdemum and tungsten have been prepared [581)] and the
activation volume for the reaction of [Mo(bipy)(0D).] with (N has been
measured [ 582]. Tetracarbonylbis({P, P-diphenyl-¥-methylphosphino-—
thioformamido)bis(p-P, P~diphenyl-N-methylphcsphinathic formamido}dimolybdemm.
4(H,Cl; has been characterised by X-ray crystallography, and one ligand found
to be tridentate with the S and ¥ atams coordipated to one molybdenum and the

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

The relative stabilities of the gecmetric isamers of [Mo(Q0):(PPh;).]
have been assessed in temms of electronic factors [42]. The new five-
coordinated complexes [ M(CD);(P(cych)s):] (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{(H).FPH.}({0)s] has been
determined [584] and *!P NMR data have been used to assign the structure of
the corplexes formed between {(diphenylphosphino)methyl}-ethylenediamine and
molybdenum and tungsten carbonyls [585]. The camplete series of fifteen
compounds of the type PhpP(XYCHP{Y)Ph, (L) (X =Y and X # Y for O, 8, 5e, or
He+) have been synthesised and their [M(CO0),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{((0),L]1 (M = Mo or W} camplexes [587]. Cther ocomplexes,
involving molybdenum or tungsten carbonyl meieties coordinated by P-donor
ligands reported this year, have included: [M{OD}3s(PX:)] (M = Mo or W;



216

X = Cl1 or Br) [588], [ (0C),Mo{PhPH{Ol,);PPhH}] and its oligomers [ 5893,
ets-f {R,PCH,PR; IM(0034]1 (M = Mo or W; R = Me,CHO or Me,N) and [ {R.P(S)-
CH,PR; )} ;Mo(C0},] [590], [M(CD};L] (where M=Moor W; L = 2-Ph,PCsH, CH: CRCH. -
PPh;, R = H or Me) [ 591], [((I?)mhb(PhP(H)PRz)"] (m=4o0orb n=2o0rl,
regpectively; R = Ph or tBu} and [ {OC)sMPPhHPFhFPHEMo{O0) ] [592]. The
crystal structure of | Mo{Q0);{dppe}.F] [PF;] has estazblished a seven-
coordinate geometry for the cation [ 393]. Reactions of the ligands of
eis—{ Mp{O0), (Me,PLi )] [5941, [{COC):MaPPh,Cl] and eis-[ (OC).Mo(PPh>Cl}):]
[ 595] have been explored and the photochemical liganc.l substitutions of
trans-{ W(00),LL'] (L # L' = iPr;.;P, PhyP, (Me:N);P, (*PrO):P) have been
categorised [5961. The reaction of [ (CC}sWPPhCi,] with Hacac resulis in
substitution of the Cl by the oxygen atam of the enolized dicne [ 597]; the
modes of coordination of (PXNR). (X = F or C1) to metal centres, including
M(CD)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 cbserved around molybdenum and tungsten carbonyl
moieties [ 600 ], and the coordination of P,{SiMe.); [601] and di- and
triaza-vZ-phosphole [ 602] to these and other metal centres have been
investigated.

Molybdenum carbonyl complexes with three new tertiary-arsine-containing
meerocycles 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 canplexes have been
accamplished [604]. New permylene [605] and stanmylene [ 606] complexes
have been described and novel gallium-containing lierands have been prepared
and reacted with organo-molybdenun carbonyl camplexes [ 607 j.

Cther carbonyl complexes of these metals have been described in earlier
sections, including these demling with @ molybdemm{II) and tungsten{II)
{7.6 [ 326-329, 332, 333]), hydride complexes (7.8 [ 342-345, 355}), metal-metal
bonds (7.9.5 [ 416, 418-425, 428-444] }, organcdinitrogen tigands (7.13 [ 513-515])
and nitrosyl complexes (7.14 [ 546, 550-5531).
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