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The material included in this review was obtained fmn the reports 

published in primary research journals during 1980 and/or volumes 92 and 93 

of Chemical Abstracts. As has become the practice with this series, the 

emphasis for this article is the co-ordination chemistry of molybdenum and 

tungsten. l%us, although the organometallic chemistry of these elements is 

undergoing significant developments, this area is not covered wrehensively 

here and the reader is referred to specialist reviews in organanetallic 

chemistry for further information. The material follows on from the 

corresponding reviews [1,2] of the 1979 literature and has been organised 

with the intention of producing a reasonably comprehensive account, with the 

major classification beingby the oxidation state of molybdenum and/or 

tungsten. The review is concluded with several sections which smnnarise 

develoIxnents in this area which cut across a simple oxidation state 

classification. 

Important new texts have been published concerned with the biochemistry 

and related chemistry of molybdenum [3,4] and the chemistry and uses of 

this element [5]. Each of these contains a considerable amount of interesting 

and relatively new information, as well as providing a good documentation 

of earlier advances. g5Mo NMR spectroscopy has cane of age and clearly has 

much to offer as a technique for characterising diamagnetic molybdenum 

canplexes [6]. The ratio of the quadruple moments of g5Mo and 97hI~, 

[Q(g7Mo)/Q(95Mo)], has been determined as 11.4 2 0.3, from relaxation time 

for K&O4 (aq.) [7]. Bond-strength, bond-length relationships have been 

presented for MO-N [8] and Mo-S [9] bonds. 

The characterisation and understanding of the electronic structure of 

sinq3le molecular species containing molybdenum or tungsten continues to 

attract attention. The dissociation energy of Moo has been estimated as 

580 f 25 kJ mol-' [lo]. Moo and MoN molecules produced in a hollow cathode 

discharge have been trapped in Ne, Ar, and Kr matrices at 4.2 and 13 K and 

investigated by optical absorption spectroscopy; vibronic coupling to the 

electronic transitions were identified and the ground state vibrational 

frequencies for Mo"N and Mo160 were 1040 and 894 cm-', respectively. 

Absorptions attributed to MO2 were also observed in this study [ll]. The 

bonding within Mo2 and the potential energy curve for its 'C + ground state 
g 

have been discussed with the aid of detailed molecular orbital calculations 
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[12,13] . Several other studies, reporting the isolation and characterisation 

of small metal clusters containing molybdenum or tungsten atans, have also 

been published [14-191. 

7.1 MoLYEmmJM(v1) AND TuNGYImqVI) 

7.1.1 Halide complexes 

Reviews concerned with [WF6], [MoFs] and other molybdenum flourides have 

beenpublished [20]. The vg bond (740 - 750 an-') of [MoF6] has been observed 

for mlybdenm of natural abundance and isotopically pure samples of [gsMoFJ, 

[‘%oFg] ,and ["'MoF6] [21]. SCF-Xa calculations, including estimtions 

of the ionization potentials, for [MoF,] and [WF6] have been reported [22] 

and the extent of electron attachment to these molecules has been measured 

1231. The photolysis of [MoF6], isolated in au Ar matrix, has been 

investigated and the first step shown to lead to the fommtion of [MoFs] [24]; 

the thermodynamic properties of these two molecules have been cuqmred [25]. 

[Fe(NCMe),f+ is formed when iron metal reacts with [MoFs] or [WFB] in 

MeCN [26]. MesSi( azidotrin-ethylsilane, reacts with an excess of LWFG.] to 

form (the potentially explosive) material [WF,(N,)], the corresponding 

reaction with [MoF6] yields a yellow solid, assumed to be [MoFg(N3)], which 

decomposes at -10 "C. The [wFs(N3)] molecule has an essentially octahedral 

coordination about the metal, with W-F = 1.64(4) 8, W-N = 1.56(2) 8, and the 

W-N(l)-N(2) angle is 157(2)" [27]. 

Monothiolate derivatives of tunsten(V1) chloride, [WCls(SR)] (R = Me, Et, 

cych, %u, %u, Ch2Ph, or Ph) have been found to be unstable, with at least 

two modes of degradation. If R" is relatively stable, the preferred pathway 

is heterollytic cleavage of the C-S bond to generate a carbonic iron, which 

abstracts Cl-, to give WE+%+ and RCl. The intermolecular elimination of R& 

is the alternative route and is the exclusive degradative pathway for R = ph. 

Thus, the isolation of [WCls(SR)].cunpounds is difficult and only those for 

which R = Me or Ph have been isolated in a pure form [28]. 

7.2.2 0x0 complexes 

The crystal and molecular structure of IJkCClk] has been determined by 

neutron and X-ray diffraction at 293 and 77 K [29]. 'Ibe Mo ataas occur in 

adjacent octahedral holes in the lattice but there is no diner formation as 

exists in MoC15. 'Ihe configuration around the Mo is a square pyramid, with 

four basal chlorine atans @lo--Cl = 2.32 8), au apical oxygen atan (w = 
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1.7 8), and the Mo atom is 0.41 8 above the basal plane. This structure is 

in agreement with a gas-phase electron diffraction study [30] (MO--Cl = 

2.279(3) 8, MO-O = 1.658(5) 8) and with structures found for the related 

molecules [WoClr,], [WSCl~], and [WSHr4]. Electronic absorption spectra, in 

the visible and near IJV regions, havebeen measured for the vapours over McoCl+ 

and WCCl, and the results interpreted with the aid of SCF-Xc calculations 

[311. The formation of WOZ+, and other oxychlorides has been studied in the 

systsm WO2 -WCls [32]. 

XeF, fom adducts with the weak fluoride acceptor species, [MoOFb] 

and [WOF+], of cmposition XeF,.nMOF~ (n = 1 or 2; M = MO or W); "F NMH 

spectroscopic studies have indicated the occurrence of equilibria involving 

higher chain length species (n = 1 - 4) 'in SO$lF solution. These structures 

involve XeF . ..M bridges which, at low temperature, are non-labile on the 13F NMR 

tins scale and it has been concluded that [WOFI,] and its polymers are stronger 

F- acceptors, relative to XeF2, than their MOOFI, analogues [33]. The formation 

of salts containing [W02FLI] '-, [W20bF7'J3-, and [H2W204F~]2- ions 1%~ been 

described for reactions involving WOB.ccHzO and an organic base, in 40% HF 

solution [34]. 'H NMR spectroscopy has been used to monitor the products of 

the reactions of [WAF,,] (A = 0 or S) with 2,3-butanediol (HZL) in MeCN [35] 

and [W&+1 (X = F or Cl) with aliphatic amides and monmxims [36]. In the 

former study, two diastereoisaners of cmposition WAF3(HL) were obtained and 

their reactions investigated; in the latter study 1:l adducts were obtained. 

'Ihe state of mlybdenum(V1) (0.2 - 2.1 moles 1-l) in aqueous HF have been 

monitored spectroscopically [37] and the crystal structure of [NEt+] [{McO(02) 

(pydca))ZF] (pydca = pyridine-2,6-dicarboxylate) has been described [3S]. 

[WOCl+,(py)2] has been reported [39] and the crystal structure of [Mc02Cl,(phen)] 

determined by X-ray crystallography [40]. 

Extended Htickel calculations have been accctnplished [41] for the MoOz2+ 

tmiety (and for comparison, U02'+), and the conclusion that the mximm 

utilisation of the vacant 4d orbitals for II bonding with oxygen lone pairs, as 

suggested previously, has been confirmed. The calculated potential energy 
,Y 

cure for dsp bonding, has a minimum for O-MO--O for ca. loo", in good agreement 

with structural data obtained for the majority of cis-dioxamlybdenm(VI) 

cmplexes. Similar conclusions have been reached for the hypothetical cmnplex 

cis-[MoO2(PPh3)~] [42]. 

Molybdenum(V1) and tungsten(V1) diperoxo ccmplexes are of interest because 

scme of them are reagents for the oxidation of various organic substrates such 

as sulphides, aliphatic mines, ketones, and olefins. Furthemore, peroxo 

canplexes of mlybdenun are claimed to be involved as key intermediates in 

hydroperoxide oxidation of olefins catalyzed by salts of this metal. New 

the 
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examples of this type of catalysis include asymetric epoxidations of olefins 

[43,44] and oxidation of organic sulphides [45] by tert-butyl hydroperoxide. 

Asymmetric oxidation of simple prochiral olefins (e.g. propene, 1-butene, 

tram-2-butene) can be achieved with stoicheiamtric quantities of (l), in 

which L represents the chiral bidentate ligand (S)-N,N-dimethyllactamide. A 

0 

p\io/” I 0’ 10 
L 

(1) 

determination of the crystal structure of this curplex has identified a slightly 

distorted pentagonal-bipyramidal &ordination sphere about the molybdenun, 

with the two peroxo groups located in equatorial positions; the chiral 

lactamide ligand is bidentate, being coordinated through the carbony oxygen 

at the fifth equatorial position and through the hydroxylic oxygen on the axial 

position opposite to the 0x0 groups [46]. Several diperoxo complexes [MO(02)2 

IL'] (where M = Ed0 or W; L = amine oxide, tertiary phosphine oxide, or tertiary 

arsine oxide, L' = L or &O) have been prepared, 'Ihe frequency of the v1 mode 

of the M(0,) moiety, which is essentially an C-O stretch, varies sanewhat with 

the nature of L. The energy of activation for loss of dioxygen from the dry 

or dissolved cunplex is independent of whether L is a phosphine or arsine 

oxide but is lower for a pyridine oxide cunplex. lbe canplexes stoicheicmetric- 

ally oxidize olefins to epoxides and catalyze the epoxidation of olefins by 

tert-butyl hydroperoxide [47]. Formation constants for diperoxynolybdate and 

diperomungstate czanplexes have been obtained [48], the IR and electronic 

spectra of Kz[MoO(02)&04] have been recorded and interpreted [49], and the 

crystal structure of [NE-t41 [{Moo (pydca)}zF] (pydca = pyridine-2,6- 

dicarboxylate) determined [38]. Photolysis of bisperoxo+rolybdentan(VI) 

porphyrins has been shown [50] to produce the related cis-dioxo+nolybden~(IV) 

complex which, in the case of tetru-4-tolylporphyrin, has been characterised by 

X-ray crystallography. The Mo-0 bond lengths are 1.709(g) and 1.744(g) 8, 

two sets of k--N distances are observed, 2.246(9) and 2.157(10) 8, and the 

Mo lies 1.095(9) 2 out of the mean plane of the carbon atcms of the porphyrin 
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ring which shows a significant "horse-saddle" deformation [51]. Dioxygen 

has been transferred from cobalt to mlybdenum according to the reaction (2); 

wwdm%12- nr;ly E&O be prepared by treatment of [{(NC)&lMc0}~0]~-, in 

CHpClp at -40 "C with Na202 [52]. 

(21 

Spectmphotometric studies have identified the formation of 1:l cunplexes 

between molybdenum(V1) and MeFo(OH)2, (EtO)pO(OH)~ and H&O+- and the 

stability constants at pH 3.06 have been determined [53]. The formation of 

[Mc0,(tta)2], during solvent extraction of tnolybdenum(V1) from halide solutions 

by tta in Ccl+, has been reported [54] and [McO~(MeCCC&a3~Et)~] has been 

isolated [55]. 'H NMH spectroscopy has been used to monitor complex formation 

between lactic acid and molybdenum(VI) or tungsten(V1) [56], between L-malic 

acid and tungsten(V1) [57], and partially deuterated thiamalic acid and 

molybdenum(V1) [58]. Eperimerization of aldohexoses and -pentoses, to the 

corresponding C-2 epimers, proceeds more rapidly when catalysed by [Md&((a~a~)a] 

in DMF than by aqueous molybdic acid [59]. 

'Ibe extraction of molybdenum(VI) from acidic media by diethyl phthalate 

has been reported 1601 and stability constants for the complexes formed when 

wm2- or [WOk]2- react with 2-hydroxyarcmatic ligands [61] and 2,5- 

dihydroxy-1,4&enzoquinone 1621 have been obtained. The complexes involving 

this dihydroxyquinone are suggested to be structurally related to those formed 

by catechols (see [l] p, 119). Electrochemical reduction of [MoO~(cat)z]2-, 

in aqueous buffers pH 3.5-7, occurs by sequential one- and two-electron 

transfers to yield transiently stable molybdenum(V) and mAybdenum(II1) species. 

Uptake of two protons accompanies each electron transfer step and converts 

an 0x0 group to a coordinated Hz0 molecule [63]. Such coupled proton/electron 

transfer to MO"' = 0 groups has gained general acceptance as the probable 

mechanism for reduction of molybden~(V1) centres in enzymes such as xanthine, 

sulphite and aldehyde oxidase and nitrate reductase. An interesting 

developnt in the modelling of the redox behaviour of these enniymes has been 
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acumplished with the cmplexes (3), [Mo”OL]-, for which one-electron 

a;ioc)J 
\ i 

CH- CH 

I I 
R R 

R=H or Me 

(3) 

oxidation results in the binding of another oxo-group and the protonation of 

ligand L to form the previously isolated cmplexes [Mc&I&]. These 

molybdenum(V1) cunplexes undergo a two-electron irreversible reduction to a 

molybdenm(IV) canplex [64]. 

EXAFS studies of the rmlybdenm centres in the oxidised forms of sulphite 

oxidase and active and desulpho xanthine oxidase (see [l] p. 149, with the 

latter studies being reported in more detail [65]) give stimulation and scope 

for the preparation of chemical analogues for these centres. 'IM cmplexes 

worthy of special mention in this respect are [IvkQ(N+nethyl-4-tolylthio- 

bxIro=te)21 ( = [Mo0,(4-MeC6H4CCS)N(Me)0)21 ) [661 and [MoO~WWe)KHd+Me)21 

[671. The fomer represents the first example of a Mov1022+ canplex involving 

'two S,O chelates and has an unexceptional structure at the metal (within the 

&3v1022+ group,Mo--o= I.71 8, 0-h = 104"; for the chelates H* 

each of which is essentially tram to au 0x0 group, = 2.14 8, W--S = 2.46 8) 

whereas the latter, representing another example of a Mov1022+ cmplex 

involving two S,N chelates, has an unusual structure. The donor atam are not 

arranged in the custanary octahedral manner and there me no atam trms to 

any Mo-0 bond; the largest angle for any Ot-Mc-X group is only 122 o and 

that is for X = 0. The gemetry is best described as a skew-trapewidal 

bipyramid, with the N2S2 donor atans forming a plane and the 0 atans 1.49 8 

above and 1.52 2 below this plane. Further umsual features of this structure 

are the S-&-S angle of 69.8 ' and the 2.?6 8 separation of the sulphur atans, 

the approach being sufficiently close for the existence of a significant 
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S . . ..S bonding interaction to be postulated. This unique gemstry apparently 

arises as a consequence of the unfavourable steric repulsions between the 

two N-Me groups which Would occur in the normal cis-dioxo octahedral structure. 

[Mo02(S2CNEtZ)2]r originally reported as involving abnomally short Mo-0 

bonds has been shown to have normal dimensions for the Mo0,2+ moiety 

(MO-0 = 1.703(2) 2 and &k--o = 105.6(l)O) [68]. 

Tripeptides, Gly-Gly-Met or Gly-Gly-His, imobilized via the terminal 

glycine to a polystyrene matrix have been reacted with Mo02C12 to obtain 

peptide cunplexes of mlybdenum(V1). The tripeptides seem to function as 

tridentate ligands and the n-olybdenum(VI) is reduced by PhBP to rmlybdenm(IV); 

the original ccmplex can be regenerated by oxidation with NaN03. Thus the 

mlybdenum(V1) cmplex behaves as a model of an oxidase enzyme [69]. A series 

of complexes containing amino acids (@+&nine, glycine, cysteine, serine, or 

lysine) or edta coordinated to the W20k4+ wre have been reported [70] and 

the electrochemical reduction characteristics of [(Ivk10~)~ edta14- have been 

investigated [71]. 

The coordination behaviour of m3lybden~(VI) towards dials and 

aminoalcohols has been discussed, with particular reference to new and 

previously reported structural data. The canpoundsmaybe classifiedas 

follows: (i) [McO~(HL)~], containing the cis-dioxo-McQ core and two 

monodeprotonated ligands. (ii) Yellow vicinal diol derivatives, [Mo203(f&)ZL2], 

With an OtMcQ~McO~ wre; the generic structure having been established for 

HzL = pinacol, and an IR absorption at cu. 750 an 
-1 

is characteristic of this 

wre. (iii) A class having an (0,)&X$ Mo(Ot)2 core, as typified by the 

nitrilotriacetate canplex in Naz[Mo205(Hnta)z].8H20. (iv) Ccmpounds such as 

[@c02(npg) ((%>]2] (Hlnpg = neopentyl glywl), with a ci~-MoO~~+ group and 

six-coordination being achieved by bridging by a ligand oxygen atom [72]. 

Stability constants and the thermodynamics of formation of molybdenum(V1) 

wmplexes withDLa-mninobutyricacid have been reported [73] and sane new 

molybdenum(V1) ccmplexes with triazene l-oxides (HL), of composition [McQLz], 

have been isolated and their vibrational spectra recorded [74]. SpectrophatE?tric 

and analytical information has been obtained for the 1:2 ccmplexes formed 

between molybdenutn(V1) and 2-hydroxy-5-cbloro- and 2-hydroxy-5-bmnoacetopfrenone 

oximes [75]. The 13C NMR spectra of S-quinolinol, 4-methyl-8-quinolinol 

(Hmq) and [Mc&(ng)2] have been recorded and have provided new insights Xnto 

the solution structure and bonding of this and the [!Zn(~q)~] ccanplex; thus 

both ligands are equivalent and the molybdenun+ligand oxygen interaction has 

significant covalent character [76]. Several ccmplexes of scms N,O donor 

ligands, including Mo021.C12 (L = PhCONHNH1, 2- or 4- H2NC6HsUETHNH2) and 

MoO1L'Cl (HL' = 2-IfOC~H~aXTlNH2,2-(H~NNH~)C~H~N:CHC~H~OH-2,4-xC6H,,~: 
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CHCsHsCEI-2, X = II, NH2, or MeC(:NCEI)CMe:NNHCCC6HsR-2, R = II, OH, or NHz) 

have been prepared and characterised by IR and UV spectroscopy [77]. 

The complex of N,N-diethylhydroxylamine (HL) [McO~L~] has been 

structurally characterised [78] as have the hydroxylamino canplexes 

[MoO(H(Me)N0)2(HNC(S)N(Me)O)l and [racO(H(Me)NO)(HNC(S)N(Me)O)(HzNC(Q)N(Me)Ol. 

H20. These latter complexes were prepared in the course of a study of the 

reactions of [Mo0412- in aqueous solution (pH --6) with N,N-substituted 

hydroxylamines, the colourless canplexes [McOZ(RR'N)Z] (RR' = H(Me), Mes, 

R-t2, Bz2) are formed, in which the ligands are Iv,&bonded. The deprotonated 

N-methyl-TV-hydroxylthiourea caqlexes were obtained fram related reactions 

in the presence of NCS- and both ccunplexes involve a pentagonal bipyramidal 

coordination geunetry at the metal [79]. 

The ccmplexes cis-Mo021L' (L = EtCX-I or &so), of the potentially 

tridentate Schiffabases (4) ( = H2L', X=H,IQ,Br,orMeO)havebeen 

prepared and their electronic spectra and redox potentials measured [80]. A 

large nut&w of bidentate, tridentate, and tetradentate Schiff base ligands 

containing O,N, and S donor atars have been employed as ligands for the cis- 

Moo2 2+ centre and the structures of the resultant canplexes discussed with 

reference to their IR and 'H NM8 spectroscopic properties [Sl]. The 

preparation of Mo02L2.nH20 (HL = isonicotinic acid hydrazide or one of its 

derivatives) [82] and WC14L2 (L =nicotinamide, isonicotinamideacid 

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

liganck in [Mo02(WS)2(hqa)2] have been shawn to be i&bonded by X-ray 

crystallography [84] and molybdenum(VI)thiocyanateoxnplexes shown to be more 

stable in HOAc, as canpared to aqueous solution [85]. 

Although a metallo-carbene seems to be the reactive intermediate for 

metal-catalysed olefin metathesis, it hasbeenestablishedthatthe presence 

of oxo-ligands has a dramatic effect on catalytic activity. Thus Wools, in 

canbination with main group metal alkyls, provides a consistent source of an 
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exceedingly active catalyst precursor for olefin metathesis. The character of 

the Me2Mg - BOCls reaction has been investigated further and an active 

catalyst precursor MeWCXL,.OEtZ characterized [86]. The complexes MoCl- 

(neopentyl)s (M = No or W) have been isolated frcm solutions which are active 

in olefin metathesis and, although inactive alone, these species can be 

converted into very active catalysts; kKI(neopentyl)l, cmplexes have also been 

reported [87]. The 0x0 alkylidene complexes, [WO(CH~~)(PEt~)C~z] (5) a.nd 

analogous benzylidene, ethylidene, propylidene and methylene derivatives, have 

been isolated and shown to be olefin metathesis catalysis. The structure of (5) 

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

ci 

trigonal bipyramid, in which the 0x0 ligand (W-O = 1.661(11) 8) Ca and CB of 

the neopentyl ligand (W-Cal = 1.882(14) 2) and the chloride ligand (W-Cl = 

2.389(5) 8) all lie in the equatorial plane 1881. Potential energy profiles, 

for olefin metathesis and epoxidation involving oxo-ccmplexes of chum and 

molybdenum, have been produced using accurate ab initio molecular orbital 

methods. The results obtained suggest that, for activity, metal chlorides 

should have at least one 'spectator" metal-oxo bond [89]. 

7.1.3 Oxides and homonucZear poZyanions 

A new determination of the vibrational molecular constants for the WOS 

molecule has been presented, on the basis of a structure with Csu symetry [90] 

and a mss spectrcmtric study of the vapour over WOs has indicated the 

presence of W309, W~OIZ, and W5015 [91]. An electron diffraction study of 

these vapours has suggested that the trimr and tetrameric species are 

predaninant, at ea. 80% and 2m levels, respectively; !T303 is ccqmed of WDI, 

tetrahedra linked by u-0x0 atans to form a puckered ring [92]. Spectral 

sensitization by metal-free phthalocyanine films has been observed on various 

semiconductor electrodes, including single crystals of n-WOJ, and the oxidation 

of several solutions species achieved [93]. 
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The nature of water in MoS.nH20 (M = Mo or W; n = 1 or 2) has been 

studied by 'H NMR spectroscopy. For half of the HP0 molecules, the 

interproton separation is 1.58 2 and for the other half it is 1.38 8; the 

latter was attributed to the interaction of the protons with bridging oxygen 

atcm [94]. A stable nickel(II)- rubeauic acid coordination polymer, prepared 

in the interlayer space of MOOS, has been separated by dissolving the Moo3 

layers in boiling [NH5]C1 solution [95]. 
me results of SCF_XCL calculations of the one-electron cross section for 

K-shell photoabsorption of [!&JO~]~- have been used to explain the profile of 

the X-ray absorption spectrum above and below the tmlybdenum K-shell 

ionization threshold. The first fairly intense peak on the low energy side of 

the rising edge is attributed to a dipole allowed transition to a bound state 

of primarily metal d character, the transition being allowed because of mixing 

with oxygen p orbitals [96]. The identification of this and other transitions 

for [Mo04]'-, and related species, marks a significant improvement in the 

understanding of the processes responsible for X-ray absorption edge structure, 

information which can be a useful fingerprint of the chemical nature of a 

particular atom. 

The kineticsofthe substitution reaction between [w0412- and cis- 

PWen)2(&0>21 3+, to form [Co(en)~(OH)(WO~)], have been measured and 

interpreted [97]. The system H'/[M&s]~- hasbeen investigatedbykaman 

spectroscopy. However, contrary to earlier reports, evidence for species 

intermediate between [MoOl,12- and [Mo7021,]6- could not be obtained and the 

amount of any such species was estimated to be < 3% [98]. Nevertheless, the 

results of a potentiaretric investigation of the equilibria between 

molybdenum(V1) species present in aqueous acidic media have implied the 

existence of a dimeric HMo20,- species under certain conditions [99]. g5Mo 

NMFZ spectra of c- and B-[MosOn6] 
4- 

in MeCN exhibit the same single narrow 

resonance at roan temperature, implying an exchange of a22 the molybdenum 

atoms. A new interconversion, consistent with this and other observations for 

these and related polyanions, has been proposed; the mechanisn is based upon 

concerted translations of close-packed fragments along molecular mirror 

planes and is reminiscent of the concept of crystallographic shear [loo]. 

[WE.019 1 2- has been characterised by X-ray crystallography, in the [('B~NC)'IW]~+ 
salt obtained fran the reaction of K3[W2Clg] with excess %iuBC which is 

pranoted by a small quantity of H*O. The anion has near perfect octahedral 

symnetry with dimensions similar to those reported earlier for this moiety 

[loll. 

h m extension of previous elegant work defining Polyo~lYbdat~ 

carbony interactions, [~WdWl 3- has been shmto react with Same 
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acids, HX, to yield [HCCHMOZ+O~SX]~-. The product (6) contains a polycentric 

anion binding site capable of ac ccmodating anions, X-, having a variety :, 

(6) 

sizes and shapes; the system for X = F and HO& have been characterised by 

X-ray crystallography [102]. 

7.1.4 Ternary oxides and heteronuclem poZyanions 

The crystal structures of Li2WQ(IV), the most dense phase araongst the 

four polymrphs, [103] and CsLiW& [104] have been determined. The @mm 

spectrum of Na2W207 has been assigned with reference to its crystal structure 

[105] and X-ray diffraction studies of NasWsOll glass have been interpreted 

in terms of a chain structure consisting of WOI, tetrahedra and W06 octahedra 

[106]. IR and mass spectra of Na2hDs (M = Mo or W) have been examined [197]. 

Studies of the formation and structure of [Mo~O~]~-, [W207] 2-, and [Cd1kG7]~- 

have been reported; force-field calculations for the mixed-metal anion 

suggest a value of 125 a for the Cr-O-Mo angle [108]. The conditions for 

formation of Mg2M03011 have been investigated [109] and the state of Ha0 in 

K~WO~.ZHZO, MgW&.3H20, and M&g(WO~)~.nH20 (n = 3 or 4, M = K; n = 5, M = 

Rb or Ck) h‘as been studied by 'H NMR spectroscopy [llO]. The structure of 

BasW~Oo has been shave to be isomorpbous with that of Cs3T12C19 [ill], the 

thennxlynamic characteristics of Ba3W06, Ba2WOSr and BaWO4 have been 

determined [112] and Raman spectra have been obtained for Na&& and M'M& 

(M = Mo or W; M' = Ca, Sr, Ha, or Pb) at high pressure [113]. Revised 

crystallographic data have been presentsd for Cae[A11202~] [WOS]Z. [114], the 

synthesis and sane physical properties of [pyH]+ salts of [G~(OH)EMO~O~EJ~- 

have been reported [115], and a new heteropoly tungstate anion, tentatively 

formulated a.s t(W~)2W~~02416-, has been isolated as its guanadiniwn salt 

[116]. The crystal structure of T12W4013 consists of corner sharing chains of 
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WC)6 octahedraandthehexagonal andpentagondltunnelsboundbythesechains 

are occupied by Tl atom [117], 'Ihe X-ray amrphous caqmunds MIn(McOl,)2.nH20 

(n = 3.5; M = Ag, Tl) and MIn(W04)2.4H20 have been prepared fran aqueous 

solutions of MtQ., In(N03)3, and Na&cQ or Na2WQ [118]. 

The structure of the [SiMo12040] 
4- 

ionhasbeendeteminedin alattice 

of its guanadium salt [119] and H4SiMo~~0~~.13H~0,in which the hydrate 

envelope contains H502+ and H703+ ions [120]. The structure of K1,[6-SiMoW~~O~] 

.9H20 is iscmrphous with that of KI,[B-SiW120~0].9H20, with the Mo atan 

statistically distributed on three equivalent sites [121]. These results have 

been discussed with respect to the c.- B ismerisation of the heteropolyanions 

and the kinetics of this process have been reported for nmlybdosilicic acid 

[122]. 

Conditions and the mechanic for the solid phase synthesis of lead(I1) 

mlybdates, including the preparation of Pb2MoOs crystals, have been described 

[123]. Pb&f&b& (M = Ni, Fe, Mu, or Sc), Pb&iMoOG (M = Fe, Mu, Ca, or Hg), 

and Pb2MW06 (M = Ca or Hg) have been prepared frcm their respective oxides 

at 35 - 50 kbar and <7CO"C [124]. 

le3W NMR chemical shifts have been demonstrated to be extremely 

sensitive to environmental and structural perturbations therefore, ititer- 

pretation of these data, in tern of charge distribution argments, can only 

be made when a close structural analogy is mintained. ibis statement has 

been well illustrated for the ions [Ws019]'-, a- and B- [SiW120&J4-, a- 

[~12%1 
3- 

, and c- [($+Hs) Ti(PW11039)]4-; a tram bond alternation . 

mechanism for the charge trammissions in this last anion has been proposed 

to interpret the la3W NMR chemical shifts observed 11251. K11M[PW11039]2.mH20, 

K17 M [P2W17061]2.nH20 (M = In, m = 31, n = 48; M = Rh, m = 35, n = 42) have 

been prepared and characterized by IR and W spectroscopy and themogravimtric 

analysis [126]. Heteropolymolybdate canplexes of the type [(ROlQ)2Mo~O~5]4- 

(where EIOFO3H2 = riboflavin 5'-mnophosphate, AMP, UMP, or &glycemphosphoric 

acid) have been prepared as guanadinim or alkali metal salts and 

spectroscopically characterised. The anions are considered to have structures 

similar to that of LPzM~~O~]~- [127]. Ion, exchangers, which have a marked 

selectivity for alkali s&al ions, have been prepared by precipitate fomtion 

between crown ethers and phosphamlybdic acid [128]. In situ IR measurements 

have shows that rapid and reversible "0 exchange occurs between H20 vapour 

and all of the bulk 0 atans of 12-molybdophosphoric acid, with the exception 

of 0 atans attached to phosphorus [129]. 

The full details, including neutron diffraction data, of the crystal 

structure of [CN3H612 [Me2AsMob015H].H20 have been published [130,1311. The 

anion comprises two face- and two edge-sharingMd& octahedra, in an almost 
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flat rectangular array, capped by the tetrahedral Me&O2 group. The oxygen 

atom that is asymaetrically shared by all four nmlybdenum atcars is protonated 

(O-H = 0.991(5) 8) and this hydrogen atcm participates in a hydrogen bond to 

a water molecule which is 1.779(5) 2 away fran the hydrogen. The anion of 

[CN3H612 [MeAsMo6021(H20)6].6H,0 is an assembly of six MC& octahedra and a 

tetrahedral MeAS& group. These six octahedra constitute a ring with alternate 

edge- and corner-sharing and the MeA& group shares its oxygen atoms with 

the ring. Each molybdenum atcm has two terminal oxygen atans mutually cis and 

is also coordinated by a water molecule [131]. The anions of NaB[NMe412 

[HMo~As~O~~].~H~O consist of six Moo6 octahedra, joined in a hexagonal ring 

by edge-sharing, with one AsO,+ tetrahedron attached on each side of the ring 

[132]. 

No heteropolynmlybdates containing tetrahedrally coordinated molybdenum(V1) 

areknown. This is surprising since several isopolymolybdates have been shown 

to contain such atoms. Therefore, it is of interest to note the synthesis of 

[Ph3Bi(MoOq)2]2- and [Ph~Bi(McO+)]z; the former probably involves a trigonal 

bipyramidal geometry at bismuth, with phenyl groups occupying equatorial sites 

and unidentate tetrahedral oxoanions occupying the axial sites, and the latter 

appears to contain Ph3Bi2+ units linked together by bridging MoOb2- groups 

[133]. Crystallographic data have been reported for Bi6M012 (M = Mo or W) 

[134] and solid state syntheses have been described for Bi2Mc06 systems [135]. 

Rb2Svlo3013 has been prepared and the anion shown to involve double chains 

of McO6 octahedra, with three neighbouring octahedra having ccnmon vertices 

with an sOI, tetrahedron [136]. Mg$kMcQ has been reported and the properties 

of the corresponding Fe2+ and Ni2+ materials have been examined [137]. 

A new fluorotungstate, HB[H2W1BF6056], has been synthesised and 

characterised by "F and 'H NMR spectroscopy. Its NMR properties are consistent 

with a structure in which one or more non-exchangeable protons are bound to 

three identical fluorines. Unlike other fluorotungstates, this anion does not 

belong to the 1-12 series; its X-ray powder pattern and properties lead to its 

classification in the 2-18 series [138]. The crystal structure of 

Ks[IM~~O~~].~H~O has been determined and the anion is a typical Anderson - type 

heteropolyanion [139]. 

Advances made by Klemperer et ~2. and Noth in preparing n5- 

cyclopentadienyltitaium polyoxoanions of molybdenum and tungsten, emitted 

frcm this review last year, Were included in the titanium review by Fay [140]. 

Ion exchange properties of zirconium(IV) molybdates and tungstates have been 

studied [141]. The preparation and some properties of Rb2M(Mc0s)3 and 

R~sM(M~OQ)~ (M = Zr or Hf) have been described [142]; Cs,Hf(MoO,,), has been 

shown to involve three non-equivalent tetrahedrally coordinated Mo atoms [143]. 
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Details of the preparation and the unit cell of [NH,+15 [MoVsOls].12H20 

have been given [144], procedures leading to the formation of [MoqV2019H3]3-, 
2- 

PhV3019H6 1 , a.nd PbV4O19H7 1 
3- 

described [145], and the structures of 

lMo4VsO3s 1 3- [146] and [MogV50~~J7- determined [147]. Several studies of the 

properties of vanadim-molybdenum or - tungsten heteropoly blue anions have 

been published and all agree that the initial reduction(s) occur at the 

vanadium centre(s) [148-1511. HPR and magnetic data for canplexes of this 

type, c-1,2-[SiVzW10040]6- and a-1,2,3-[SiV3W90k0H]6-, have been obtained and 

these show that the unpaired electrons of these anions are restricted to two 

or three oxygen-bridged vanadium atars [151]. The preparation and sans 

spectroscopic properties of several phosphorus-vanadium-molybdenum or 

tungsten heteropoly ccqx~unds have been published [152] and the compounds 

Te3M02V2017 and TeMoV2010 identified in the Te02-Mo03-V20, system [153]. 

Hexagonal perovskites with cationic vacancies in the lattice, including 

B~L,N~,WO~~ and BabM,WOz7 (M = Nb or Ta) have been characterised by X-ray 

crystallography [154] and the behaviour of Hg[SiW10Nh20,,0] in aqueous solution 

has been studied [155]. Phase relationships in the Cr-W-O system and 

them-odynamic properties of CrWOI, and Cr2W06 have been reported [156]; 

RbpCrOs.MoOB and Rb2Cr&.Cr2(Mo04)3 have been characterised by their powder 

diffraction patterns [157]. A new Crrl'AsvMovl heteropolyacid has been 

claimed with these elements present in the stoicheicmetry 1:4:16 [158]. 

The importance of the surface bound species, formed in reactions between 

G? metal carbonyl complexes and metal oxide surfaces, has stimulated a study 

of metal car-bony1 units bound to the oxide surfaces of polyoxoanion clusters. 

The first adducts of this type, [(OC)3M(Nb2WS019)] 3- (M = Mn or Re), have been 

prepared by refluxing a solution of [N(%u)s] [Nb2WltOn] and [(oC)3M(Na!E)3]- 

[PF,] for 2 h in MeCN. I70 NMR and IR spectroscopic studies indicate that 

these anions comprise M(CO)3 moieties bonded to a triangle of oxygen atars on 

the surface of the [Nb2W4019]4- anion [159]. 

The enthalpies of formation of MnWD, and FewOk have been determined [160] 

and the crystal structure of Fea(MoOh)a described [161,162]. Magnetic 

susceptibility measurements on this last cunpound indicate that it is an 

antiferranagnetic nmterial with an ordering tenqerature below 80 K. The 

relationship between the structural order and the oxygen stoicheianetry of 

Sr3WFe209 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 Ba3WFe209 leads to substoicheianetric oxides 

and a structural evolution [166]. Ms[C02M010034(CH)k].nH10 CM = Na, Rb or cS> 

have been obtained [167] and the crystal structure of [NHs]z3 - 

[NHrAs~W4001soC02(H20)2].nH20 (18~~2~ 20) reported. The anion of the 
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latter ccqound consists of four AsWgOg3 subunits linked by four extra WQ 

octahedra, with the aggregate fanning a cryptate (eight oxygen) site for 

the [NHl,]+ ion; two Co'+ ions axe also encapsulated, each of the latter being 

coordinated to four oxygeus of the anion and a water molecule [168]. The 

crystal structure of [Li(H20)9]2 H[CYA,I~O~~H~~].~HZO has been determined 

and the results used to propose characteristics atcm must have to becane 

heteropolyanion addenda; these arguments were reinforced with reference to 

other available structural data, e.g. Ks[CoWlzOso].20H20 11691. GO WWl 70dq l- 

.33Hz0 has been isolated [170] and phase relationships in the C~&-CLGM~O~ 

system have been detailed [171]. The electron exchange at the tetrahedral 

copper centre in [CuW1201*o ]7-‘6- has been showntobe slow, probably as a 

consequence of the different stereochemical.requirements of copper(I) and 

copper in this environment [172]. me formation and unit cell characteristics 

of CdWO+ have been described [173]. 

The preparation and properties of a large number of mlybdates and/or 

tungstates containing rare earth cations have been reported this year [174-1811, 

including studies of the crystal structures of copper(I) rare earth tungstates 

r1751, LiY(McCL,)~ [ 1761, Ba@$nW2012 [177], BaNdZ (~JO~)~ [178], Na&GMA), 

(M = MO, In = Tb or Lu; M = W Ln = Lu) [179], polarized IR and Raman spectra 

of KDy(MoOt,)~ single crystals, with a demonstration of the "MO - 10oMo 

isotope effects [180], and the crystal structure and magnetic properties of 

B--n3z(McCl,)3 [181]. The crystal structures of CdTh(Mo0,)3 [182], u02McO+ 

[I831 and c-UO&J~OS.~H~O [184] have been reported. U5W130~ [185], 

h6[W-%h701~)z] CM = K, NFL+, Cs or Tl) [186], and M1(UOn)3(McOl,)4.8H20[187] 

have been isolated and the canplexes formed between neptunim, plutonium, or 

americium and molybdates [188] or phosphotungstates [189] have been investigated. 

7.1.5 ThiohaZides 

The preparation and scms properties of MoS2C12 have been reported [190]. 

[AsPh+] [WSCl,] has been prepared by the reaction of WSCL, with [A~PHI,]C~ in 

C&Clz; 
- . 

the [WSCl,] anions have CqV symmetry in this lattice and the structural 

tram effect of the sulphido group is found to be rather small [191]. 

7.1.6 Sulphur chemistry 

K,[Md&S] has been prepared by reacting Naz[McQ~].2H20 with KDH in 

aqueous solution, followed by treatment with MeoH and a powerful stream of 

H2S gas, and IR and Raman spectra and X-ray powder diffraction data have been 

obtained [192]. This synthesis is valuable because [Mz~~S]~- is the only ion 
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of the [Mao,S4_J2- (T = O-4) series which has been difficult to isolate in 

a crystalline solid. Kinetic studies have been reported for the fomation 

and aquation of these anions; aquation becanes more difficult as 3: decreases 

and this has been attributed to the laxger S2- ions crowding the reaction site 

and asking associative substitution more difficult [193]. XFXa CakUhtiOUS 

have successfully accounted for the energy separations and relative cross 

section both below and above the molybdenm K-shell ionization threshold of 

PSs12- [ 961. 
ww2- and, to a lesser extent, [tiZS4_J2- (M = Mo or W; x = 1 or 2) 

salts are widely wed as starting materials in the syntheses of a nunber Of 

interesting canplexes with other metal centres; the typical pmcts 

either contain cores canprising M'S2mZS2_x (3~ = 0, 1 or 2) groups or M'&S, 

(or related) cubme-like moieties. As last year [l], the principal develapoents 

have occurred for M' = Fe, stimulated by the search for a better understanding ’ 
of the nature and properties of the Fe-Me-S centre (the iron-nolybdenm 

cofactor or FeMoco) of the nitrogenase enzymes. The developments in this area 

will be discussed in Section7.12.3,alongsideconsiderations of the nitrogenase 

enzymes, however, these may be sunnarised as follows. For tetrathianolybate 

ccxnplexes, achievements include full descriptions of the preparations, 

structures, and properties of [S#C&F~(SR)~]~- (R = Ph or CsH,,-4-Me) and 

[SNSLFeCl~]2- cunplexes [194], the isolation and spectroscopic 

characterisation of [(PhS>,FeS,FeS&S,]3- [195], the preparation and 

structural characterisation of [F~(S&~ZS~>~]~- [196,197], [C12FeS&IoS2FeC12]2- 

[I981 and [SSF~S#Z&]~- (1991. For Fe&'& (M = MO or W) cubane-like clusters, 

full accounts of the synthesis, structure, spectroscopic and redox 

characteristics of [FesM2S8(SR)9]3- (R = Ph, &HI,-4-C1, C6H4-4-&s, or Et), 

[~e~~~S~(sph)~(cAde)~13~,[MopFe~S~(sEt)~,13~ and [M2Fe&(SCH2Ph)12]4- canplexes 

have been published [200-2041. The terminal, iron-bound thiolates of the 

canplexes [Fe&lo&(SR)s]3- (R=Rt, C&C&CH, orC&Ph)canbe exchanged for 

halide by reaction with PhcaX (X = Cl or Br) [205] and quantitative dihydrogen 

evolution occurs upon reacting[Fe,#o&(SPh)g]5- with PhSH [206]. A polymer- 

bound Fe&lo& cluster has been claimed but not fully characterised [207]. 

The syntheses of [Pd(MoS,)2]2-, [Pd(W&)212-, and[Pt(MoSr)2]2- have been 

achieved and improved methods for the preparation of the nickel analogues and 

IW~4)21 2- have been developed, Theseanicnsundergoelectrochenical 

reductions; two well-separated one-electron rever=ible reductions are seen for 

the nickel cu@sxes, these reductions are closer together in the palladium 

species and the second reduction beccmes irreversible, and only one reduction 

wave is observed for the platinum cunplexes but appears to be an overlap of 

two different electrode processes [2OS]. The reaction of [(Ph~P)&Cl~] with 
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Ph3P and [Ph31~e] [WO2S2] has been shown to produce [ (Ph3P)2PtWS4] and [ (Ph3P)3- 

Ptwos3] ; [ (Et3P)zPtWS~] was similarly prepared from (Et3P)2PtCI2 and its 

structure confirmed as involving an approximately tetrahedral WS~ unit bonded 

at one edge to (Et3P)2Pt [209]. 

[ ((Ph3P)Cu]3 Mo(S)S3CI] (7) has been prepared by extracting an aqueous 

solution of [NH~]2 [MoS~] with a solution of CuCI2.2H20 and PPh3 in C~{2C12 

[ 210]. This ecm~plex has added interest because of Cu--Mo--S interactions 

which can have profound effects on the metabolism of rmany organisms, 

particularly rt~ninant aninm/s. The related compound [ {(Ph3P)Cu}3Mo(O)S3CI], 

with a terminal oxo in place of the sulphido ligand in (7) has also been 

characterised [ 211]. [ (Ph3P)2AgS2WS2Ag(PPh3)] has been prepared by reacting 

A~NO3], PPh3, and [NH~]2 [WS4] in a CH2C12 - H20 system and the structure (8) 

of this compound determined [212]. A third structural type [ {(Ph3P)Cu}4{W(O)}2- 

86] has been identified as a product of these facile reactions [ 213]. 

[SW4] 2- coordinated to tungsten(IV) has been identified in [W~S,~] 2-, 

prepsred by reacting [PP4] 2 [WS4] with HOAc in CH2C12 for three days. This 

anion consists of tw~D central edge-linked WSs square based pyramids, joined 

over a base edge, each also sharing a basal edge with a terminal WS4 tetrahedlDn 

[214]. The structure and properties of amorphous ~3 (M = Mo or W] have been 

investigated. WS3 is considered to involve WS6 clusters, as in crystalline 

WS~ [215]. MoS3 cathodes in lithium cells react with < 3.8 Li per MoS3 under 

constant current conditions; this type of cell has a high theoretical energy 

density and good reversibility [ 216]. 

The complexes [MoO(S2CNR2)2] (R = Me, Et, or Pr) react with elemental 

sulphur smoothly in refluxing Me200 to give [MoO(S2C~IR2)z(S2)] [217] ; an 

alternative procedure involves the reaction of [Mo203(S~CNR2)~] with Na2S~ in 

acetone. These complexes react with nucleophiles (e.g. P(OEt)~, PPh~, MeNC, 

CN-, and [ SO3 ] 2-) and in each case the sulphur addended nucleophile and 

[MoO(S2CNR2)2] are produced. Reaction of [MoO(SzCNR2)(S2)] with MeSO3F has 

produced the new cxm~lex [MoO(SSMe)(S2CNR2)a] +, containing a persulphide 

ligand [ 218]. 

7.1.7 Nitride, nitrene and imide complexes 

[ AsPh~] [MoNF~] has been prepared by the reaction of [ AsPh~] [MoNCI~] 

with AgF in MeCN and its crystal structu/re has been determined; Me-N = 1.33 ~, 

N-Me-F = 98.8 ° [219]. The reaction of [MoCl,(bipy)] with an excess of 

Me3SiN3 in CI~I.;C}I2CI results in the formation of a mixture of [MoN(N3)(b~py)] 

and Mo(N2)Cl2(bipy). The structure of the former is composed of monomeric 

units with the molybden~n having a distorted octahedral coordination; the three 
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H NMR relaxation times and spectra have been reported for the hydrogen 

uolybdenm bronzes H1.71Mo03 and &.3&X&; both canpounds are considered to 

contain proton pairs as coordinated Hz0 groups in the former and pairs of RO 

groups in the latter [233]. The results of related studies have been described 

and discussed 12341. Lithim incorporation into molybdenum and tungsten oxides 

hasbeenexarnin ed, with reference to the use of these materials as cathodes 

for lithium cells [235]. NMEI studies of NamWQ (X = 0.22 - 0.84) [236] have 

been described. 

'Ike results of RPR studies of Mo" centres in CS4cOl, [237], [NBuh]ti- 

[PMo120~o] [238] and the products of the reduction of H~P~~O~O.ZHH~O by 

ascorbic acid [239] have been reported. The reduction of the [PpMo~~Os2]6- 

anion by two electrons results in the mixed valence nolybdenm form; use of 

31P and 170 NMR high resolution spectroscopy has established that these 

electrons are trapped on two adjacent molybdenum atans with a diamagnetic 

speciesbeingproduced. For the one-electron reduced anion, [PzMD~BO~~]~-, 

EPR spectra reveal the delocalization of an electron over an extensive part 

of the structure [240]. EPR studies have indicated localized electrons on 

tnolybdenm(V) in the reduced heteropolyanions [AshbW110~o]4-,[~~W~~-~4~]5- 

(z = 2, 3, or 4) [241]. 3bpMoAo10031 and 3b&ioOB~ have been prepared [242] and 

the crystal structure of the former determined and the Sb"' atan is shown to 

possess a stereochemically active lone pair [243]. 'lhe preparation and optical 

properties of a molybdotungstoselenite canplex have been described [244] . 

lhe EPR spectrum of Mo" in rutile has been obtained [245] and this 

spectroscopy used to establish that vanadim-molybdenwn or -tungsten heterapOlY 

blue anions involve reduced vanadim centres [148-1511 . 

7.3 MOLYBDENUM(V) AND=(V) 

7.3.1 Molybdenwn pentafluoride and thiotrifluoride 

[MoFS] has been identified as the first product of UV photolysis of 

[MoF6] in an argon matrix; IR spectra were consistent with a C42, structure for 

this molecule [24 1. The thermodyamic stability of gaseous [MoF,] have been 

investigated and ccmpared with those of [MoFb] [25] . 

A study of the species formed in the gas phase over MoSF'3 has shown that 

the predaninant species are (McSF~)~ (I = 2 or 3), with the monaner (z = 1) 

being only a minor constituent [246]. 
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7.3.2 Monomeric compZexes containing a teminaL 0x0 group 

SC&Xc MO calculations have been carried out for [m11,]-and [Mmrsj- 

and the results used to interpret the chemical bonding and electronic spectra 

of these canplexes [247]. The crystal structures of [AsPhJ 2 [M&Cl+] - 

[MoCK&(MeCN)] [224] and [WCCl,(Ph&O)~ [248] have been determined. Single 

crystal EPR studies of this latter canpound and [AsPh~l [WU&(H20)] , 

diluted in the corresponding niobium aualogue, have been acccmplished and these 

data for [WOC13(PPh30)2] , and previously recorded EPR data for [MooClsL2] 

(L = Ph$O or hmpa), have been interpreted with the aid of an angular Overlap 

model [248]. 'Ihe preparations of [MooC13(NCPr)2] [249], [MoOC13(py)zl [89] 

and [WCC13(NCR)2] (R = Me, Et, or Pr) [250] have been reported. This last 

material has been used in the synthesis of ccmplexes such as [WoclL] (HzL = 

2-C6H,+N=CHC6H4-2-OH) 12501 . The preparation and crystal structure of 

[MoOC!13L'] (L' = 2-HO&,H+CONHN=CHRwhere R = 2-pyridyl) have been reported; 

the complex has a distorted mer-octahedral gecmetry with L' being bidentate 

(N,o) 12511. 

The ccmplexes (31, [McOL]-, have a very interesting redox behaviour; they 

undergo both one-electron oxidation and reduction, at a Pt electrode in &f, 

and the corresponding oxidised products have been identified as [MOOJHI,]. 

'Ihe unusual stability of this monaneric molybdenmn(V) centre is undoubtedly a 

consequence of the gecmetrical restraint of the ligand L 1641. Tripeptide 

(Gly-Gly-Met or Gly-Gly-His)-molybdenum(V) ccmplexes have been characterised 

by EPR spectroscopy, following the reaction of [NHI,] 2 [MoCClsJ with these 

tripeptides imnobilized via the terminal glycine to a polystyrene matrix. 

These complexes are oxidised by [IQ]- [69] . 

The W-VIS spectra of several oxo(5,10,15,20-tetraphenylporphyrinato)- 

mlybdenum(V) complexes [MoO('IPP)X] (X = Cl, CMe, OEt, O%?r, O%u) have been 

re-examined and the positions and intensities of the absorptions found to be 

extremely sensitive to the nature of the axial ligand X. The X = OH ccmplex 

has been prepared by reaction of the X = Cl carplex with aqueous NaCH and 

chzacterised by IR spectroscopy. The hydroxy ccmplex reacts with CH2N2 to 

afford the X = Qle cunplex and concentration of CHEC12 solutions of the former 

in the presence of aranatic solvents preferentially yields [{MOO(TPP)]ZO] 

[252]. [MoO(TPP)Xj (X- = NCS-, Br- or 0;) have been reported [253] and EPR 

spectra for the cunplexes with X = Cl, OH, or OEt described and discussed [254]. 

Oxcmolybdenmn(V) complexes with corroles have been prepared and sane of their 

spectroscopic properties measured [255]. 

A detailed, single crystal, EPR study of [MoG(NCS)s]2-, doped into 

different host materials, has been accanplished [256]. 
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process proceeds to cmpletion in HCl 2 2 mol 1-l. [W@~(edta)l 
2- 

is a 

much stronger reducing agent than [Mo204(edta)12-and oxidations of the former 

with [Ir&J3-, [Fe(phen)3]3+, [Fe(CN)G] 3-, and tCdbiw)d 
3+ 

have been 

investigated [260]. Electrochetmcal reductions of [Mo204(edta)12- have been 

reported [71]. The crystal structure of [pyHJ4 [Mo204(NcS)6] has been 

described and the anion involves a Mo-Mo separation of 2.582 2 [261]. The 

crystal structures of this cunpound and the [pyH]+ salts of [MOZO~(NCS)~- 

(cza)zl 4-, [~02WWdH~~)~14-, and [Mo,O~(NH~~~P(~~~~zH~~~~~sl 2- 
have been determined in another study [262]. The magnetic susceptibilities 

of the complexes Mo203LbC14 (HL = R2C+NNHO+NHp; RZ = Mez, Prp or EtHu) have 

been measured [263]. A stable molybdenum(V) tripolyphosphate ccnplex 

[~zOsG’3010 )zJ$J n-a has been identified in a 31P NMR study [264] and 'H NMR 

spectra reported for [Mo204(cys)z]2- [265]. 

'Jk tetratmlear complex [MokOe(Me,POS)~] has been prepared by reacting 

MoCl5 with Na(Me#B) in CHC13/CC11,. The canplex consists of a highly 

distorted MosOl, cubane-like cluster, with each Mo atcan having a terminal 0x0 

group and the Me&S ligands are bidentate; the Mo atcms form two Mo2 pairs 

through Mo-Mo bonding interactions. Partial substitution of the Me&B 

ligands by Me2P02 has been achieved [266]. 

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

x= 0, Y = S) core ccmplexes involving optically active ligands, such as 

(S)-cysteinate, its alkyl esters, (R)-penicillaminate, (S)-histidinate, and 

(I?)-propylenediamine tetraacetate have been recorded. These spectra nenifest 
-1 

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 

asymnetric distortion around the Mo-Mo axis [267]. The crystal structure of 

~-oxo-~-sulphido-bis(1,2-dithicsqua.rate-S,S')oxanolybdate(V) has been determined 

with [N13us]+ as the counterion; the anion adopts the syn configuration with a 

MO--M0 separation of 2,700(l) 8. 

The structure of [M0202s2(s2)2]2- (12) has been determined for its [NMe&]+ 

(12) 
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and [NEtJ+ [269] salts; the anion has essentially the same gecmetry in both 

lattices, but in the former the (S,)2- ligands are asymetrically bonded 

(k--S = 2.424(5), 2.432(5), 2.384(6), 2.390(5) 8) whereas in the latter the 

asymaetry is slight (MO-S = 2.409(l), 2.394(l), 2.390(l), 2.381(l) 8). The 

Mo-Mo distances are 2.825(2) and 2.828(l) 2, respectively. Pull details of 

the crystal structure of [NH4]2 [(S~)~MD(S~)ZMO(S*)~I.W~O have been published; 

Mo-Mo = 2.827(2) 8 [270]. This mnpoundhas been showntobe auseful 

synthetic intermediate for the preparation of ccqlexes with the {Mo,&,)~+ 

core [271]. When an aqueous solution containing [WS412- is acidified, these 

ions condense and reduction of the central atan is observed. Thus, 

w?m?w~xN2ws21 2- (X = 0 or S) have been isolated and chmacterised [272]. 

Also, [PPh,]2[WS,+] reacts with HOAc in CI-I,Cl, over three days to give 

[PPh,], [S2WV1S2WV(S)S2WV1S2], the anion may involve a WV- WV interaction 

over the separation of 2.95 8 [214]. 

7.3.4 CompZexes with metal-nitrogen multiple bonds 

The crystal structure of [AsPh,12 [WzNC1lo] a u-nitrido ccqlex containing 

tungsten(V1) and (V) has been reported [221] and several ccnplexes containing 

W-N multiple bonds have been identified as products of the reaction between 

IWF,] or [WP,(OR)] (R = Et or Ph) with [Rt2NH2]+ [Et$H]+ [273]. 

The nature of the reaction between [MOO(S~P(OR~L)~)~] and RN3 has been 

discussed. The decanposition of a purple intermediate, thought to be 

~~02(NH>(S2P(OEt),),l], results in the fomtion of [Mo209(NR)(S2P(ORt),)2]; 

the latter involves bridging 0x0 and imido ligands. Reaction of this cunplex 

with HX (X = Cl or S2P(ORt),) produces the corresponding [Mo202(NH2)X- 

(&P(ORt)2)2] derivative, by protonation of the imido ligands [274]. The 

paramagnetic molybdenun(V) cunplexes [bko(NR>X(S,P(OEt>,)2] (X = Cl or 

S2P(ORt)2; R = Ph or tol) have been prepared from [Mo(CD)&12], [RI&]- 

[W’(OEt>zl , and the corresponding aryl aside; these arylimido groups are stable 

to protonation. 'Ibe RPR spectra of these carplexes are notable, since every 

ligand donor atan (1sN,31P, and -" 35"7C1) manifests a coupling to the 4d1 

electron. tMo(Ntol)(SzP(oEt)2)31 reacts with H2S to produce the tetranuclear 

Alex [Mo(Ntol)S(SzP(OEt)2)]s, which is believed to involve a MO& cubane - 

like core, and dissociates to the dimeric ccmplex [275]. 

7.3.5 Cyanide complexes 

The crystal structure of Cs3[Mo(CN)8].2H~0 has been determined and a new 

stereockndcal configuration observed for this anion. The eight cyan0 groups 
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are arranged in a 4,4-dicapped trigonal prim about the molybdenum, with 

= = 2.17(2) 2 12761. The single crystal Q-band EPR spectrum of the 

Dzd anion of [N&l3 [h&~(cN)~] has been determined at room temperature. The 

sense of the anisotropy in g values (g,, > gz) contradicts predictions based 

upon simple crystal field theory and possible reasons for this have been 

discussed [277]. KPR evidence has been presented for the formation of 

pammagnetic intermediates in the photolysis of [Mo(caU),J 3- in MeOH solution 

12781 and the kinetics of reduction of this anion by [S,0J2- have 

been investigated [279]. 

7.4 MOL_ (IV) AND TuNGSlTN(Iv) 

7.4.1 Halide complexes 

The magnetic properties and nuclear y-resonance of WF4 have been obtained 

and the results discussed with reference to the polymeric, P-F-bridged 

structure [280].[F?R'PC12][WC15](R = Ph or Cl; R' = alkyl) have been prepared 

by the reaction of anhydrous tungsten chlorides with PhPC12 or PC13, in the 

presence of alkyl chlorides, and the magnetic and IR properties of the e 

have been obtained [281] . 

7.4.2 CompZexes with O-donor ligands 

Mo(OEt)r, has been isolated as a product of the reaction between McCls and 

KOEt in EtOH. The presence of u-OKt groups was proved by 'H NMR spectroscopy 

and magnetic susceptibility and electronic spectral 

in teims of octahedrally coordinated molybdenum(IV) 

with l-adamantanol (13) in Et20 at rcun temperature 

OH 

(13) 

dark green crystals of [Mo(l-ado) (NH?&)2]. The crystal structure of this 

canplex involves rrolecules with a distorted trigonal bipyramidal environment 

data have been interpreted 

12821. [Mo(NMe,),] reacts 

to form, on standing, 
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at the mlybdenm, one alkoxo-group and the amine ligand occupying the axial 

sites. The difference (0.066 2) between the Mo-O(axial) distance (1.963 8) 

and the mean Mo-O(equatorial) distance (1.897 8) is slightly less than that 

(0.1 8) found between terminal axial and equatorial Mo-0 distances in 

r~2dw81. The magnetic moment of [Mo(l-ado)~(NHMe2)] in the solid state 

approximates to the spin-only value for a d2 system [283]. 

New oxides containing molybdenum(IV) have been reported [284] and the 

structure of Sn10W16046 has been described and discussed [285]. 

7.4.3 0x0 and sulphido complexes 

!l%e 170 NMR spectra of oxo-molybdenm cunplexes are useful in providing 

a measure of the MO-0 bond multiplicity and measureme nts have been extended 

to include molybdenum(IV); [MoO(EX2dtc)2] and[MoO(Et~dtp)n] (dtp = 

dithiophosphinate) exhibit resonances at 820 and 842 ppn (referenced to 

H2170) [258]. 

Reaction of [McO(S&NR2)2J (R = Me or Et) with various acetylenes CZR'R" 

has been shown to produce the corresponding 1:l cunplex [MoO(S&NR2)2(C$R')]. 

The reactions have equilibrium constants in the range -20,000 M-l (for 

R' = R" = Co&) to -20 M-l (for R' = R" = H). On the basis of their IR 

spectra, the products are better described as cunplexes of molybdenum(VI), 

formed by oxidative addition of the acetylenic bond to molybdenum(IV). This 

conclusion is supported by the structure of [MoO(Sn~e2)2(C2(COCsH5-4-Me)2)] ; 

the acetylenic C-C bond has a length of 1.267 8 and is perpendicular to the 

MO-0 bond (1.686 8), and the MO-C bonds are rather short (2.12 8). Sam 

reactions of these complexes have been described [286]. 

[MoO(SCH2CH21?Ph~)2] has been prepared by the reaction of [Mc&(acac>~] 

with an excess of Ph2FCH2C&SH in MeoH or toluene and the coordination geanstry 

shown to be intermediate between triganol bipyramidal and square pyramidal. 

The oxo-group can be protonated with anhydrous H[BFI,] in benzene to give 

[Mo(CfI~)(SCH~CH2PPh~)2] but does not undergo condensation-type reactions with 

hydrazines even under forcing conditions [287]. 

The syntheses and electrochemical characteristics of suns new 

rrolybdenum(IV) ccmplexes, including M~OC~ZL(M~PP~Z) (L = bipy or phen) and 

MoOL'(MePPh2) (HzL' = 8-hydroxy- or 8+nercaptcquinoline), have been described 

and all, except the last system, undergo essentially reversible one-electron 

oxidation [288]. 

M’$MO(CX)(CN)I,] G&O (Ml = Na or K; M = MO or W) have been prepared by 

protonation of the corresponding M'~[MOz(CN)+] salt and the canpounds 

characterised by vibrational and visible spectroscopy, ITA, and 'EA. 
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Corresponding salts containing the [M203(CN)816- anion have been isolated 

also[28B]. Resonance Raman studies of [W&E3r,0]4- have been reported and the 

IT-PTI* transition of the W-O-W system shown to be axially polarized; the high 

value of the W-O stretching force constant is indicative of multiple bond 

character [290]. 

bf3XY3)Mt (M = MO or W; X=aps-atan e.g. 0, S, or F; Y =a~n-atom, 

e.g. 0 or S, or group, e.g. &CO2 or Sa 2-) moieties are now established as 

important structural elsnents, having a considerable integrity in 

raolybdenum(IV) and tungsten(IV) chemistry. Further examples reported this year 

extend and enhance the occurrence of these centres. Mo'"(aq.) in l-3M HCl or 

MeSO3H (obtained by reaction of [McOk12- with [MoCLJ3-, followed by ion 

exchange separation) is suggested to contain the [Mo~O~(H~O)~J~+ ion (14), on 

the basis of results obtained fran experiments using Hzl*O. The us- and 

)_3-oxo-groups are very slow to exchange and appear canpletely (2 2%) in the 

[Mo~O+(NCS)~]~- canplex, precipitated by the addition of NaSCN and [NMe,] SCN 

to an aqueous solution containing MO'" (as.) at 0 "C [291] . A WI"3013 

cluster has been suggested to occur in the six-electron-reduced form of 

metatungstate, Rb,+Hs[HZW120't0]. -18H20. This reduced anion exhibits the 

Keggin structure, but the tungsten atoms occupy two different positions in the 

W06 octahedra, with statistical disorder. Nine of the tungsten atcnm occupy 

the usual position for a Keggin structure, while the three others are displaced 

by 0.48 8 in the direction of the centre of a W3013 group [292]. The crystal 

structure of [WBO(OAc)6(H20)3] [CF3S03]1t has been determined; the tungsten 

atars form an equilateral triangle (W-W 2.747(l) 8), with two p2-acetato 

bridges per edge [293]. The first example of a p13-chloride atun occurring 

in this type of structure has been identified, in [W303Cl,(OAc)(~~)~] 

This complex, obtained upon treatment of [W&L,(F%u~),+] with an excess of 

HOAc in a glyme-type solvent at 160 'C, involves a central {W&103) core 

(w = 2.609 8) and the distorted octahedral coordination of these metal atans 

is achieved by one u2-acetate, three phosphine and four chloride ligands [294]. 

The spectroscopic (XPS, UV/VIS., IR, and Raman) and cyclovoltanmetric properties 

of [~3S&.>61 2- have been reported and interpreted in terms of a simple MO 

scheme involving a single Mo-MO bond over each edge of the Meg triangle [295]. 

This anion reacts with KCN through nucleophilic attack by CN- on the three 

bridging Sz2- ligands, resulting in cleavage and S transfer; the final product 

of this attack, Ks[Mo~S(CN),J has been isolated and characterised [296]. 
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7.4.4 CompZexes with S-donor Zigands 

[NEtsI [Mo(tdt)a] (Hntdt = 3,4-dimercaptotoluene) has been prepared by 

the addition of [Mooc1~(MePPh;!)~l in MeCN to Hztdt in the presence of Et3N, 

followed by precipitation with [NEL,]Cl [266]. Reaction of MoCls with 

(HSCHZCHZ)ZS @es) yields [Mo(1113s)2] (151, which possesses a trigonal prismtic 

geanetry at the mlybdenum(IV) with coordination of both mercapto and thiosther 

(14 (15) 

grouI#3 - ibis canplex undergoes a reversible one-electron oxidation at + 0.53V 

and a reversible one-electron reduction at -l.O?V [297]. 

WC1l,(EZ&l) reacts with Me&XSEt (1:2) in CHIClp to fonn[(Me2S)C12W(SEt)s 

W~L(~zll , a tungsten(II1, IV) dimr, possessing a confacial bioctahedral 

molecular structure with three symnetrical uz-thiolate ligands. lbe W-W bond 

length is 2.505(l) 2 and a short non-bonded contact (3.054(6) 8) between two 

of the ~+sulphur atans occurs. The caqmund is EPR active (g = 2.00) [298]. 

[Mo(dtc)4] has been prepared by refluxing [(R8-C&)Mo(cO)3] with 

(E!t2NC&)2 in toluene under dinitrogen in the dark [299]. 

7.4.5 ChaZcogenide phases 

lhe dichalcogenides ofnxolybdenmandtungsten are of special impxtance 

because of their existing and potential use as lubricants, catalyst precursors 

and supports (see Section 7.11), precursors of intercatalation superconductors, 
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and possible electrodes for photoelectmlysis. Therefore, the physical 

properties and the practical perfomance of these materials continue to attract 

much attention. 

Electrochemical determinations of the free energy of formation of MoS2 

and WS2 have been accanplished [300] and the magnetic properties of MC& 

investigated [301]. X-ray emission spectra and valence-band PID of MoSz have 

been interpreted using a simple MO model based on the MOSS (D& moiety 302 

and the baud structures of M0S2 and a-MoTe2 have been interpreted [303]. 

Crystal data for the full solid solution series MoS2_,Sex (0~ x < 2) have been 

reported; a continuous series of solid solutions can be prepaxed, all having 

the same two-layer hexagonal structure 13041. 

n-Type MoS2 and Moser!, 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 Cl-, Br-, or I- Ma solution. F'urther characteristics 

of these photooxidations have been reported recently [305,306]. The photo- 

chemical behaviour of n- and p-type WSe2 single crystal electrodes in aqueous 

solutions containing a number of redox couples have been investigated [307] and 

other assessments of these materials as photoauodes havebsencarrpleted [306,308]. 

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

The WPES of [Mo(NR2)+] (R = Me or Et) contain a low energy ionization 

(- 5.3 eV), which has been attributed to ionization fmn the essentially pure 

metal 4d x2_y2 orbital [ 3091. 

A polymer, bis(5,7-dichloro-8-quinolinolato)-5,8-quinoxalinediolato- 

tungsten(IV), of average molecular weight 40,000-50,000 Daltons has been 

prepared from the quinoxalinedione and a tungsten(I1) intermediate. This and 

related system, including molybdenum containing species, appear to have 

potential applications for energy-transfer [310]. 

7.4.7 Octacyano complexes 

[Et3NB12 [H30]2 [MO(~),] contains anions with a coordination polyhedron 

which is about half-way a dodecahedron and a bicapped trigonal prism; the 

corresponding tungsten salt is iscmzphous; the anions of [C6HsN02]+ - 

[WWsl, and the isamrphous tungsten derivative, have a dodecahedral 

structure [311]. 

A series of rare earth salts, IMS[MO(CN)~].YZH~O (In = rare earth), 

have been prepared by neutralisation of H+[Mo(CN) *] .6Hzp by 

the respective rare earth carbonate [312]. The pH dependent photolysis 
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of [ ww 81 4-, 3- 
leading to the foxmation of [W(CN)7(H20)], and its 

protonated and deprotonated forms, has been investigated [313]. 

7.5 MOL_ (III) AND mNGSTEN(111) 

The material in this section will be organised according to the donor 

atan of the ligand considered to be of principal interest in the study, 

without subheadings and excluding cmplexes which involve a multiple (usually 

triple) bond between a pair of molybdenum(II1) or tungsten(II1) atans. This 

latter material is included in Section 7.9.2. 

Magnetic exchange within [Mo&19]3- and the electronic spectra of 

[MzX~]~-(M = Mo or W; X = Cl or Br, n = 2, or 3) have been interpreted, 

[314]. A seriesofmolybdenum(II1) canplexes has been examined by EPR 

spectroswpy and, at a temperature between 5 and 80 K, mononuclear six- 

coordinate systems with Cl, 0, S, or N-donor ligands show broad axial or 

rhct&ic signals centred at g = 2 and 4. Substitution of "Mo results in a 

readily observable broadening of these signals and, for [Mo(aca~)~] , the 

estimated A values are 10 +_ 1 (z,y).and 12.2 i: 0.5 (.a) mX. Cunplexes with 

sulphur atans which are part of an extended +system (dtc, 2-aminothiophenolate, 

and S-mercaptcquinolinate) have,atypical EPR spectra, with all g values near 

2 [315]. 

A gas cbranatographic separation of the facial and meridional isaners of 

~ris(l,l,l-trifluoro-2,4-pentanedionato)molybdenum(III) has been achieved, thus 

providing further evidence for the substitutional inertness of this metal 

centre [316]. [M0(H~O)~(cat)2]- has been obtained by electrochemical reduction 

of [McO~(cat)p]2- in aqueous media pH 3.5-7; pyridine substitution at these 

quo sites occurs and [Mo(HnO)(py)(cat)J- and [M~(py)~(cat)~]- have been 

identified [63]. The qlex [Mo2(u-O)(~-Cz04)(alinate)2(H20)4].2H20 has 

been prepared and $nuacterised and isotopic exchange with [14C20s]2- 

investigated [317]. 

[Mo(S2CNEt2)~] has been prepared by refluxing [(n6-C7H~)Mo(CD)3] with 

(Ht2NCS2)2 in toluene under dinitrogen in daylight [299]. 'Ibe synthesis of 

[Mo(&P(ORt)2)3] fIvm[Mo(~)+ClZ], H&P(OEt)2, and aryl asides has been 

described. 'Ibis ccmpound reacts with azobenzene in Et20 containing HCl to 

form [MoC1(S2P(ORt)2)~] and benzidine rearrangement products, and with 

azobenzene in &OH to produce‘[Mo((&)2(S2P(OEt)J and hydrazobenzene [318]. 

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

[(Me2S)C12W(SEt)~WC12(SMe2)], has been prepared by the reaction of W%(MeGS)2 

and MesSiS& (1:2) in CH2C12. solution (see Section 7.4.4) [298]. 'Ihis mund 

forms part ,of an important study of the degredation of thiolate tungsten halide 
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cmplexes (see also [28] and Section 7.1.1), and a more extensive account of 

this type of reaction has been given. !Ihus, WCL+Lt (L = Me2S or 

tetrahydrothiophene) reacts with Me$SiSR (R = Me, Et, PhC&, %u, or %u> 

in C&Cl2 to form WCls(SR)L2; these cmplexes could not be isolated and, 

except for R = 'Bu, three products were obtained, one of which was 

[WC12(11-SR)L]2 [319]. 

Details of the crystal structures of [MoX3(pic)o] .0.5pic (X = Cl or Br; 

pit = 4-methylpyridine) [320] and [pyH] [WBrb(py)2] [321] have been reported. 

Molybdenm(II1) form the trischelated cmplexes [MO(I.H)~]XB and the salts 

[Mo(IH)2X2]+ [Mo(IH)X4J- with 2-(2'-pyridyl)benzimidazole (LH) in the presence 

of anions (X = Cl, Br, or NCS) 13221. 

The crystal structure of NaK3[Mo(C!N)7].2H20 involves the molybdenun(III) 

in a relatively undistorted pentagonal bipyramidal coordination geanetry, 

with Ma-C = 2.160(3) 8. Spectroscopic studies indicate that this geanetry 

is mintained in aqueous solution, however, the symetry of the anion may be 

lower in the lattice of K4[Mo(CN)7].2H20 [323]. Aerial oxidation of 

Ks[M~&(CN)~].~H~O in H20 has been shown to lead to the formation of the 

diamagnetic, purple cmplex [Mo(u,-SP) (UP--Son) (QJ)*14- (16). In this 

cunplex, each molybdenum has a distorted pentagonal bipyramidal coordination 

(16) 

geamstry, excluding any m&al-metal bonded interaction over the Mo-Mo 

separation of 2.730(4) 8 [324]. 

7.6 ~LYBDJZNUM(I1) AND -(II) 

As with the previous section, this material will be presented without 
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subdivision and those studies advancing the kmwledge of the chemistry of 

complexes containing a mltiple (typically quadruple) bond between a pair of 

mlybdenm(II) or tungsten(II) atans, will be included in Section 7.9.3. 

Carbonylation of [Mo2(O%u),J under mild conditions has been showh to 

lead to the fomtion of the green, air-sensitive canpound [Mo(OtRu)2(py)2 - 

(a321 . This complex involves mutually trans 0%~ and rmtually cis py and CD 

groups and is remarkable in that the v(C-0) stretches appear at 1908 and 

1768 an-'; the average v(C-0) values (1838 cm-') is the lowest so far observed 

for a pair of cis-carbonyl groups coordinated to a mlybdenum(I1) centre [325]. 

The gecmetry of this canplex has been included in an MO analysis, using 

extended Hiickel calculations, of the electronic factors which influence the 

-trY of six-coordinate M(CO)*L4 and M(NO)2Lu, cunplexes. These 

calculations have been stimulated by the novel observation that [Mo(cO)z- 

(S~CN%r~)2] has a trigonal prismtic coordination -try, previously unknown 

for metal carbonyl derivatives and with no obvious inter-l&and interactions 

favouring such a structure [326]. The crystal and mlecular structure of 

p(cO)3(S&NMe2)2] has been determined; the tungsten has a seven-coordinate 4:3 

"piano-stool" geanetry with two carbonyl (C) and two dithiocarbonate (5) donor 

atoms in one plane and one cat-bony1 (C) and two dithiocarbamate (S) in the 

other. Dynamic 13C NMR studies of [W(cO)3(S2CNR2)2] (R = Me or Et) have 

revealed two distinct intramolecular rearrangement processes, the nature of 

which have been discussed with reference to the structure of [W(cO)3(S&FJMe2)2] 

in the solid state [327]. Tungsten alkyne ccmplexes of the type [W(a))(RCgCR")- 

(&CBR2)2] (R = Me or Et) have been prepared for R' = R" = H, Me, Et or Ph, and 

R' = H, R" = Ph, by allowing the [W(CD)3(S&NR2)2] canplex to react with the 

appropriate alkyne in toluene at a a&ient teaperature. C2Hs does not react 

with [W(cO)2(S2cNR2)2] under these conditions and phcsphine (PPh,, PEt3; 

P%us, and P(OEt)x) displace only one Co group, to form the corresponding 

[W(CO)2L(SKNR2)2] product. With Ph2PECPPh2, the reaction proceeds in two 

steps ; the initial one involves phosphorus ligation with the displacement of 

one Q3 group and, subsequently, another CC group is lost and n2-alkyne 

coordination occurs. Detailed 'H and 13C NMR studies have been acccmplished 

for these cunplexes and the characteristics of alkyne rotation have been 

defined; also, a correlation of the 13C NMR chemical shift and the bonding of 

the alkyne ligand in these and related cunplexes has been noted [328]. 

[cpM(cO)&l] and [M(CC)3(PPhB)2C12] (M = Mo or W) react with SPPh2H to 

form [cpM(CD)2(r1~-SPPh2)1 and [M(CO)2(PPh3) (11~-SPPb)21, respectively. 
An X-ray crystallographic study has revealed that [Mo(cO)~(PPh~)(SPPh~)~ has 

a seven-coordinate, pseudo-pentagonal bipyramidal geunetry [329]. Nitrobenzene 

reacts with [Mo(CO)2(S2CHEt2)2] in U&C12 to yield the previously reported 
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mmd, [~(~h)(SzgJEtz)zl. Reduction of this canpound with PPh, yields 

[W~W&-z)zl, which may also be prepared by reacting nitrosobenzene 

and [UQ2(SD=t2)z]. This new ccmpmnd can be considered to be a valence 

isaner of the rmlybdenum(V1) complex [MoO(NPh)(S&NEtZ)2] [330]. 

The structural canplexities of seven-coordinate canplexes involving both 

hard and soft donor ligands have been illustrated by the determination of 

the crystal structures of [W(CO)&l(dcq)(PPh3)] and [W(cO)2(dcq)2(PPhj)] 

(dcq = 5,7-dichloro-8-quinolinate); in each case the coordination sphere about 

the metal does not approximate to any idealized geanetry 13311. The crystal 

structures of [M12(CD)3{Ph2P(CH2)nPPh2)],&H2C12 (M = MO, n = 2, LI: = 1; 

M = MO, n = 3, LL' = 0; M = W, n = 1, x = 0) have been determined. For the 

compounds with n = 2 or 3, the bidentate ligand has a large bite and the 

metal atan'sstereochemistry is that usually found for ccmplexes of this type, 

i.e. a capped trigonal prism with the bidentate ligand spanning one of the 

prism edges. For the compound with n = 1, the small ligand bite leads to a 

novel stereochemistry, a pentagonal bipyramid with the bidentate ligand 

spanning one of the pentagonal edges [332]. The molecular dynamics of 

[hloI(C0)2(Me2FC2H4PEt2>211 have been investigated by 13C and 31P NMR 

spectrcswpy and the results seen to be consistent with a non-dissociative, 

polytopal mechanism of interconversion between the two forms of the capped 

trigonal prismatic cation (17) [333]. 
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7.7 m(C) 

Carbonyl,dinitrogenyl and other fomally mlybdenm(0) and tungsten(O) 

cmplexes will be described in subsequent sections. 

lhe new compound [W{P(CMe)3]6] has been prepared by agitating a mixture 

of WCl1+(py)~.2py in CsHs with K/K1 at 80 "C for 2 h, removing the solvent 

in ~CUO and adding au excess of P(CMe)3. This material is analogous to the 

previously reported mlybdenm cunpound but is much more susceptible to 

phosphite dissociation, and photolysis of hexane solutions in a dihydrogen 

atmsphere has yielded three new tungsten hydrides (see Section 7.8) [334]. 

7.8 HYDRIDE CU@LEXFS 

The products of hydrcgenolysis of [WMe6] in the presence of a tertiary 

phOsphiXE are dependent upon the size of the ligaud. Thus,whilePPh%r2 au Fk3 

yield the corresponding [WHG(PR,),] cmplex as the principal product, Pb4ezPh 

affords mainly [WH~(I?V&P~)~]. [WH,(PP~‘PIT~)~] has been shown by 31P F&Ft 

spectroscopy and X-ray diffraction to have approximate CzV symetry in the 

solid and in solution [335]. 

The crystal structures of [WHq(PEtPhn),,] [336] and [WH,{P(O%r),],] [337] 

have been determined and vibrational spectra reported for these and several 

related mlybdenm and tungsten canplexes [338]. The photolysis of 

[MoHs(diphos)2] and [h&~H~(pMe~Ph)~] under an N2 atmosphere proceeds with the 

loss of 2H2 to form trans-[hk1(N~)2(diphos)~] and trams-[Mo(N2)2(F%&Ph)s], 

respectively [339]. 

Photolysis of hexane solutions of [W{P(C&GZ?)~]~] in an atmcsphere of I&, 

rapidly yields a mixture of three new higher coordinate tungsten hydrides, 

[WH2{P(oMe)3]51, and [WHIICP(~)~]LII, and a very mall amount of (probably) 

[~mr,IW~)3l3@(~)2~21 [3341. 'Ihe crystal andn-olecularstructureof 

[M~HIP(UV&)~~~(O@F~)] has been reported and the molybdenum atan found to have 

au approximate pentagonal bipyramidal coordination geunetry, with the hydride 

l&and occupying an equatorial site. The molecule is stereochmically non- 

rigid and the dcminaut process appears to involve a non-paixwise exchange 

between Gec@valent phosphorus sites [340]. 

[MoCls(thf)s] reacts with pMe3 in Et*0 or thf to form [MoC13(F%!e,)J 

which reacts with Na[E%,] to yield [MoH(13H4)(FTuIes),+] , whose structure has been 

determined by X-ray crystallography. The mlecular unit involves a distorted 

octahedral environment at the mlybdenm, with the bidentate [HHk]- group 

considered to occupy one vertex, and Mo-H = 1.63 51 [341]. 
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[u-H{Mo(CO)&MePh~}J- has been obtained by reacting [~-H{Mo(CO)~]J- 

with a ten-fold excess of FMePh2 and its structure determined for the 

[N&J+ salt; the MO . . ..Mo separation in the three-centre, two-electron 

hydride bridge is 3.443(l) 8, significantly shorter than that (3.7436(l) 8) 

in [u-H(Mo2(CD)9PPh3)]- and only 0.02 2 longer than in [u-H{Mo(C~)~~~]- 

[3421. IR and Raman spectra of [IJ-H{M(C&}Z]- and[p-HCM~(CD)9(NO)]] 

(M = Mo or W) have been reported 13431. A canbined structural and 

spectroscopic study has been performed to examine the stereochemical 

consequences resulting fran the depmtonation of the bent MO-H-MO bond in 

[(p-H) (~-PMe2){cp(Mo(cT))2>Z]; the most significant structural change is 

the reduction of the Mo-Mo separation frcxn 3.262(2) 2 in the hydride to 

3.157(2) 8 in [(u-PMe2){cpMo(C0)2}2]- 13441. The interaction ofpo2(O,CMe),] 

with Na/Hg in thf, in the presence of an excess of FMe3 under H2 (3 atm.), 

yields [(U-H)2{MoH(PMe3)3)2]; the Mo-Mo separation at 2.194(3) 8 is typical 

of a quadruple bond. This canpound reacts readily with alkyl halides, CD, 

olefins, acetylenes, and H2S [345]. 

[(cp)&ll&] (M = Mo or W) reacts with [l%H2(PPh3)2(Me203)2] in Me@ or 

C&Cl2 at man temperature to yield the corresponding [(cp)SM(~-H)&h(PPh3)~] 

canplex. The crystal structure of the tungsten derivative has been determined 

and the W-Rh distance shown to be 2.721(8) 8; large metal-H coupling constants 

to both metals are manifest in the 'H NMR spectrum and confirm the structural 

assignment of two bridging hydride ligands [346]. [(cp)$loH2] reacts with 

MX2 (M = Zn or Hg; X = Cl or I) to produce (c~)~MoH~.M&.S (S = cknf or thf) 

or the unsolvated polymer [347]. [hk~~(cO)~~] catalyzes the exchange between 

D2 and [(cp)2WH2] [348] and UV photolysis of [(cp)@GJ (M = Mo or W) in an 

argon matrix at 10 K leads to the loss of H2 and the formation of [(cp)~M] 

[349]. Transient, paranagnetic radical cations have been detected as 

products of the electrochemical oxidation of tungstanocene hydrides. The 

anodic oxidation of[{(~p)~WH~] yields [{cP~W}~H~]+; a crystal structure 

determination of its [ClO,]- salt has revealed an unusually long W-W 

distance of 3.628 2 and a synraetrical confomational distortion about each 

cp-W-cp unit, which strongly suggest the presence of both bridging and terminal 

hydrides in the structure cpW(H)-H-(H)Wcp [350]. Photoinduced insertion of 

tungsten into amnatic and aliphatic C-H bonds has been developed using 

[(cp)~WHz] [351], [(cp)~wMe(H)] has been prepared and its reactions studied 

[352], and the synthesis and reactions of [{(~p)~MoHLi1~] have been reported 

in full [353]. The crystal structure of [(cp)&o(H)CD] [cpM~(cO)~] has been 

determined [3541 and [(cP)Mo(CD)~H(L)] (L = Ph(H)P(CCH&TH2)2N) has been 

reported [355]. 
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calculations. 'Ihe results of these calculations have been used to further 

dispute the proposal [357] that the eclipsed rotational conformer should be 

preferred to the staggered conformer for small ligands [359]. The diamagnetic 

anisotmpies of the metal-metal triple bonds in [M2(NMee)6] (M = MO or W) 

have been estimated as -142 x 1O-36 and -156 x 1O-36 rn3 (molecule)-', frcm 

'H NMR measurements [360]. 

A valuable experimental contribution to the continuing debate concerning 

the conformation of ligands in M& dimsrs is the definition of an eclipsed 

geamtry for [Mo2(MeNCH,CH2NMe)~], over the Mo-Mo separation of 2.214(3) 8 

[361]. Also, the synthesis of 1,2_CMo2X2(CH2SiMe3)~] (X = Me, O'Pr, or O%u), 

1,1-[Mo2(NMe2)2(cH2SiMe3)~J, and l,l-[Mo~(~ez)(O~~~)(cHpSiMe~)~], have led 

to the first direct observation of rotation about Mo%o bonds and alkyl 

transfer between molybdenun atom in these dimers [362]. The reaction of 

hexane solutions of 1,2-[Mo2Br2(CH2SiMe3)+] with LiNMeep or HNMe2 gives l,l- 

or 1,2-fMop(~;!)(~zSiMe3)4], respectively, which once formed do not isanerize 

readily [363]. 

[Mo2(OtBu)G] reacts with CO at roan temperature and 1 atm. to form 

[MOM] and [Mo(O%u),] ; the reaction proceeds uia the slow and reversible 

formation of [Moz(OtBu)6(~-CO)] which involves a Mo=Mo bond of length 

2.489(l) a . This canplex has been characterised by a series of spectroscopic 

measurements [364]. The analogous carbonylation of [Mo2(OzPr)6] also yields 

[MOM] but proceeds to give the dinuclear mlybdenm(IV) cmplex 

[h&(0%-),]; this and related chemistry has been described and discussed 

[325]. A full account of the preparation and sc#e reactions of [CrMo(O'Pr)6- 

(NO),] has been published [365], and the synthesis of [Mop(OipY),(HNMe~)~(No)~], 

frun [Mo:!(O%)~(NO)~] and HNMe2 has been described [366]. 

[M2R2(NMe2)+] (M = MO or W; R = Me, St, 'Pr, %u, 'Bu, or CH&Jk+) have 

been prepared and their thermal stabilities and 'H NMR spectra investigated; 

the complexes appear to be stable with respect to 8-elimination. Inhydrocarbon 

solutions, all of the cunpounds react with CO2 to give selective insertion 

into the M-N bond; the molybdenum canplexes afford the quadruply bonded dimers 

[Mo2(O~~e2)~] but the corresponding reactions proceed differently for the 

tungsten systems to give, as yet, uncharacterised products [367] , 
[Mo2CleJ4- reacts with (F,P)JMe2 to give [Mo2(F,PN(Me)PF,),C1,], which 

involves four pz-phcsphine ligands and two axial chloride ligands bonded to 

an MOZ centre, with a metal-metal bond of length 2.470(l) 8. This molecule 

is of a new, and so far unique, type with a Mo-Mo triple bond arising fran 

nmlybdenma(1) atoms, each forming a derately strong axial bond to a chloride 

ligand [368]. 
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7.9.3 Complexes with a metaZmeta1 quadruple bond 

The standard enthalpies of fomation of [MoZ(OAc),,], [Crb!o(OAc)~] , and 

[Mo~(OAc>~(acac)2J have been detemined by solution reaction calorimetry and 

the values used to obtain an estimate of D(MoSMo) as 334 k~ ml-' [369]. 

Calculations of the electronic structure and the Mom bond energies in 

rm%14- and [MOZ(O~CH)I,] have been published [370]. 'Ibe assignment of the 

WPES spectra of [MoZ(mhp)s] and [Mo,(mhp)2(OAc)2] (Hmhp = G-methyl-2- 

hydroxypyridine) have been aided by carrying out an ab initio MO calculation 

for the enol form of 2-hydroxypyridine. Clear evidence was obtained for the 

existence of a strouger Mo%o bond in [MoZ(mhp)s], as ccqxred to [Mo2(OAc),] 

[371]. The crystal structure and polarized, low-temperature electronic 

absorption spectrum of [Moz(Lleucine)s]C12(pts)2.2H20 (Hpts = 4-toluene 

sulphonic acid) have been reported; the conclusion reached in this study is 

that the 6 - 6* assignmnt of the lowest energy absorption of this and 

related cmplexes is consistent with all relevant experimental data [372]. 

A new, convenient, and efficient route to thefomtionof MoZ4+ cmplexes 

has been described, involving: (i) electrolytic reduction of amlybdenm(V1) 

in HCl to form [McCls]3-, (ii) condensation of this anion to produce 

Ib4WLJ 3-, and (iii) quantitative reduction of the latter by a Jones 

reductor to produce the Mo24+ species [373]. The synthesis and structural 

characterisation of cunplexes containing the MoP4+ moiety continues unabated. 

Ibis year, these characterisations include the relatively straightforward 

canpounds, [PipHI 2 [hbB%(H20)2J W-bb = 2.X23(2) 8) [3741, [Mo~(OZCH)~I .HzO 

(bd0-e = 2.091(l) a in the anhydrate and 2.100(l) 8 in the dihydrate) [375], 

and [kloz(OAc)~,] .NaCAc.HOAc (Mo-Mo = 2.093(l) 2) [376]. 

[Mo2(02a!F3)~] catalyses the anti-hdarkovnikov addition of C!F3C02H to 

propylene in benzene at 50 'C, with a selectivity of >9% at optinnm conditions 

[377]. !lbe unique capacity of the MoZ4+ cation to form complexes with 

polypeptide ligands, in which only the carboxyl terminus is coordinated and 

the rest of the zwitterionic molecule is left conformationally free, has been 

described. This principal has been illustrated by the isolation and structural 

characterisation of [MOZ(glycylglycine)~]C11,.6H20 (MO-MO = 2.106(l) 8) [378]. 

The reactions of [M2(nhp)9J (M = Mo or W; H tip = 6+nethyl-2-hydroxy- 

pyridine) with gaseous HX (X = Cl or Br) have been investigated and the 

reaction products included [MonXsJ4- and W2X+(oMe)2(MeOH)~ [ 3791; [McNL(2,6- 

dimethylpyrazine)s] has been prepared [380] and the crystal structure of 

[Mo#L,(Et2S)4] (Mo-Mo = 2.144(l) 8) has been reported [381]. 
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The reaction of [Mop(OAc),] with the anion of N-(2-pyridyl)acetamide 

gives [Mo~{(C&I,,)NC(O)M~~)~]; this canpound involves the ligands coordinated 

through two nitrogen atansandpossesses the shortest MoSMo bond length, 

2.037(3) 8, so far observed [382]. Other such diners which have been 

structurally characterised by Cotton et ~2. include, [Mo2{PhNC(0)MeJs] (Mo-MO = 

2.086(2) 8) [383], [Mo~~(2,6-~ylyl)NC(O)Mel~1.2CHzC12 (MO-MO = 2.083(3) 8) 

in which the CH2C12 molecules occupy axial positions [384], [Mo2{2-xylylNC(O)- 

H)1,].2thf(Mo-Mo = 2.113(l) 8) with axial thf molecules, [Mop{PhNC(O)CMe3]It] 

(Mo-MO = 2.070(l) 8) [385], [Mo2(aAc),{P~~~C(O)Me)2] (MO-MO = 2.131(l) 8) 

[386] and [Mop{Me~P(CH,)~~~] (Mo-Mo = 2.082(2) 8) [387]. Cotton et ~2. 

have also reported the synthesis and structural characterisation of the 

homologous molybdenum and tungsten cunplexes [Mp(chp)s] (Hchp = 6-chloro- 

2-hydromyridine; Mo-Mo = 2.085(l) 2 and W-W = 2.177(l) 8). These metal-metal 

bond lengths are significantly longer than in the corresponding mhp canplexes, 

suggesting that inductive effects may play an important role in determining 

such M-M bond lengths [388]. [W2(&nhp)+] (H&p = 2,4-dimethyl-6- 

hydroxypyridine) reacts with Li[(PhN)2N] to form [W2(&nhp)2{(PhN)2N]2], which 

has been structurally characterised as its thf solvate (W-W = 2.169(l) 8) 

[389]. A breakthrough in the preparation of ditungsten(I1) canplexes has been 

achieved, by reacting WCll, suspended in thf at -20 "C in the presence of 

phosphines, to yield [W2ClII(PR3),+] canpounds. These materials are stable in 

air at roan twrature [390] and the ccmplexes for (PR,), = (FMe3)4, (cknpe>~, 

or (dpp~)~ have been structurally characterised and the W-W distances range 

from 2.262 to 2.314 2 [294]. 

The cce@exes [Mo,(02CCF3)4(L)2] (where L = MePhzP, PhsP, (cych)~P, 
t 
EQP, (Me3Si)3P, Me$O, quinuclidine; Me3P, or Me2PhP) have been prepared 

and classified according to whether the ligand L is axially (first group) or 

equatorially coordinated (second group), on the basis of 31P{'H] NMR 

spectroscopy [391]. Similar spectroscopic studies have led to the assignment 

of the stereochemistry of [Mo2(aAc),(NR,)(PR'3)2] (R2 = (SiMes)p, (SiMenH)n, 

or (SiMee) (Me); R'3 = Me3, Me&%, or Et3) [392]. The crystal stmcture of 

[Mo2(OAc)2(SiMe3)2(PMe3)2] has been reported, the Mo-MO separation found to be 

2.0984(5) s [393] and the stereochemistry seen to be in agreement with the 

lH, '3C{'H}, and 31P{'H) NMR conclusions of Mainz and Anderson [392]. 

[(Me,P),HMo(~-H)p~(PMe3)3] has been shown to have a MO-MO separation of 

2.194(3) 8, suggesting the presence of a quadruple metal-metal bond, in 

addition to the dihydrido-bridge [345]. 

The nature of the green product, obtained frcm the reaction of [Mo:!(OAc)J 

with K2[S&OEt], has been reinvestigated and, according to 'H NMR and 

conductanetric studies, the ccanplex should be formulated as a tetramer (A+)2- 
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[Mos(szCom)lO] (A = [AsPhI+]+ [PPhmcWl+); related mnplexes ha"e been 

prepared [394]. 

7.9.4 MetaL Cihters 

MogC112 and Mo~B~~~.~H~O may be prepared conveniently by the high 

temperature conproportionation reactions of mlybdenun metal with McCls and 

MoBrl,, respectively, in the presence of NaCl and N&r, respectively [395]. 

SW-Xc calculations have been performed to interpret the XPES spectrum of 

[Mo&ls]C11, [396]. Substitution by sulphide into [Mo6Cls14- has been achieved; 

cuqounds containing the [Mo$3C1~]33+ and [Mo&C!12] cores have been isolated 

and structurally characterised, e.g. [pyH]3[(Mo&1~)C16] .3pyHCl, [pyH13- 

[@o&GC17)Cl~], md [Mo&C12(py)6]. This last cunpound is the first example 

of an Mo6Xa cluster-which has < 24 electrons in its metal-metal bonding 

orbitals [397]. 

Chevrel phases, i.e. ternary mlybdenum chalcogenides, MzMosXa (typically 

M= Pb, Sn, or a rare earth element; X= S or Se)areof particular interest 

because of their physical properties-high superconducting critical 

teqeratures, high critical fields, and coexistence of magnetic order and 

superconductivity [398]. Considerable flexibility in mqosition exists for, 

in addition to the variations indicated above, the ratio of Mo:X can be 

increased fran the ideal 6:8 value. The relationships between the structure 

and physical properties of these phases have been reviewed [399] and ab initio 

calculations acmnplished for MMosSs (M = Ku, Cd, or Sn) and SnMosSea [400]. 

The effect of doping rare earth ions into SnMo& on the superconducting 

properties of the material has been investigated [401] and the heat capacity 

of rmlybdenm chalcogenides with different Sn:Ga contents has been measured 

[402]. The effect of chalcogen non-stoicheianetry on superconductivity in 

the SnMosSs phase has been assessed [398] and the relationship between 

superconductivity, magnetic susceptibility and crystal structure in 

PbMo (Sl;c Se,), phases has been detailed [403]. 

Mo.&Br2 has been shmn to be isostructural with MoeSee [404]. The 

oxygen-containing Chevrel phases MzMo&02 (Mz = Cop, Ni2, Cu2, or Pb) and 

Mo&Op has been synthesised and their physical properties examined [405]. 

MzMo& (M = K, Hb, or Cs) and M2M15S2a (M = K or Rb) have been prepared [406] 

and the crystal structure of ~l~Mo,$e~ has been detemined [4071. 1dbSsS 

crystallises with the Pb&& structure and In&ol5Selg contains b6h ad 

MogSell building blocks [408]; this latter type of structure is also found for 

K2MoL5S19 andM2Mo15Se19 (M= K, Ba, or Tl) [409]. MMo3X3 (M = In or Tl; 

X = Se or Te) have been synthesised and their crystal Structure shown to 
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involve infinite chains of face-condensed Mo6 clusters [410] . The structure 

of M2M09S11 (M = K or Tl) is characterised by the presence of a cc@etely 

new building block, Mo12S111, in addition to the MoGS8 unit; Mol~S14 can be 

considered as a one-dimensional condensation of three Moao6 octahedral clusters 

[411]. The crystal structure of FezMo&Sa has been described [412] and shown 

to be different frcm that of the low temperature modification of 

Cul.&oBSa and the nature of the 270 K phase transfomation of the latter 

has been described [413]. The hamgeneity range of the Cbevrel phase of 

the tizMo6Ss system has been found to be 1.8 <x< 4 at 850 "C 14141, and solid 

solutions of P13CuzMo6Se (z = O-0.3) and other Chevrel phases have been 

prepared and investigated 14151. 

7.9.5 CarbonyZ and organometaZZic complexes 

The v(M-M) stretching frequencies of [NEL,]2 [M2(CO)lo] (M = Mo or W) 

have been reported as 140 and 115 cm-', respectively [416]. Thecrystal 

structure of [(cpMo):!(~-a,r15-CsH4)2] has been determined and the average 

Mo-Mo distance, in the two crystallographically independent molecules, is 

2.885 2 [417]. p-Alkylidene cmrplexes of tungsten carbonyl dimrs have been 

prepared and chaxacterised; these include (18) which involves a W-W separation 

Me,P C Me2 

I 
CH 

/ 

(OC) wAHC\ \ 
5 

w (CO!, 

(18) 

of 3.140(l) F1. [418]. The dimtallocycle [(~pW(cO)~)~.(u-~~, ~2-C(0)C2(cO#zt~] 

indves a W-W bond of length 3.017(l) 2 [419] and [(c~(co)~)~CFI-~.~.C~Z~I 

a MO-bio bond of length 3.106(l) 2 [420]. 

[E~~M~(CD)P))~] (i.e. [(cp)~Mo2(a))4]) continues to attract much 

attention in view of its novel carbonyl bridged structure and its mm&able 

reactivity, 'Ihe electronic structures of the [cp2M2(C0)~] cunplexes, with 

M = Cr, Mo or W, have been discussed by Hoffman et al. with the aid of extended 

HiIckel MO calculations. They concluded that not much of a metal-metal triple 

bond exists in these molecules buttmnice, low-lying acceptor orbitals exist 

and provide a seat of electrophilic activity [421]. Several of the following 
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studies exemplify this behaviour. 

[cp&lo2(cD)b] reacts with one equivalent of CN- to give the [cp2M02(cO)~- 

(u-CN)]- adduct; the cyanide ion bridges the Mo-Mo bond (3.139(2) 8) in a 

a,n'-fashion, wherein two electrons are donated to one molybdenum fran the 

carbon c-orbital and two electrons are donated to the other mlybdenun fran 

the CN r-bond [422], [cpz(Mon(CO)~] reacts with either diphenyl- or 

bis(4-tolyl)diaz.unethame in C&Cl2 at rocm temperature to form the 

corresponding green diazoalkane adduct [c~~Mo~(CO)~(N&H~)]. These cmplexes 

possess the structure (19) (Mo-Mo = 2.987(4) 8>, they are fluxional in 

solution, and cau be thermally decuqosed in benzene at 60 "C with loss of 

N2 to afford the stable, red u-diaryl+nethylene ccmplex, [(~p)~Mo(cO)~(cR~)] 

(20) (MO-MO = 3.087(2) 8) [423]. 

(CO,, CP 

(19) 

(CO)2 cp 

(20) 

CP 

F&PS reacts with [~p&(03)~] (M = Mo or W) to produce [~p&l~(03)~(Ph$S)~], 

which can be mnsidere.d to possess a metal-metal single bond [424]. Elemental 

sulphur reacts with [~p&io~(cO)~] to give [~p~Mo~(cO)~Sj+ [qzM~(a))~]-, the 

cation possesses the structure (2X), with Mo-Mo = 3.085(21) 8 [425]. 

Cunplexes of the formula [(Me)ylCsHs_$o(S)SH]~ (where n = 0, 1, or 5) 

have been prepared by the reaction of H2 with severaldifferentcydlopentadienyl- 

mlybdenm derivatives containing sulphido ligands. These cunplexes have 

interesting reactivities including the catalysis of HD exchange between Hz 

and D1, as well as betwee HP and D20, and the reduction of elemental sulphur 

to HzS; &III, and C2H2 displace hydrogen fran the SH ligands and form 

derivatives with bridging dithiolate ligands, and alkyl and aryl thiols 
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-react to form H$S and derivatives of the formula [Me&H+#o(S>SR] . 

Spectroscopic information indicates that the latter have the same 

structure as the SH complexes and the structure of the n = 1, R = Me derivative 

has been determined (22); the molecule is centrosynmetric, with Moo-MO = 

2.582(l) 8, Mo-S = 2.352(2) and 2.479(2) 8, and the four sulphur atoms form 

a plane Perpendicular to the NO-MO vector, with S-S = 2.758(3) and 3.014(3) 2 

[426]. The characteristics of the equilibria: [MeCSH&SC2H~S]2 + nRNC 7 

[(MeC5HsMo)2(SC2H~S)z-~(S2CNR)nl have been determined for n = 1 or 2 and 

CH:, 

I 

(22) 

-R = Bz. Other dimeric molybdenum ccmplexes with bridging dithiocarbonimidate 

ligands, [c~M~S~CNR]~ (where R = Me, Bi, %u or Hx) have keen synthesized, 

characterised, and their reactions with MKEGF, HCEOZF, CD, and reducing 

agents described [427]. 

The ccmplexes [c~&!~~(CO)I,(~J.-SR)~] (R = Me, %.I, Ph, or 4-tolyl), which 

do not contain a metal-metal bond, decarbonylate readily on heating to produce 
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[c~~Mo~(CD)~(~-SR)~] which contain a fomal double metal-metal bond (Mo-Mo 

2.616(2) 8 for R = 'Ru) [428]. Studies on other cmplexes containing 

p-thiolate ligands spaming a foti metal-metal bond reported this year 

include: 

[(117-c7H7)w(U--R)3(a3)3J and [ (r17-c~H?w(~-~)3w(~-~)2w(~)3] CR = Et, m, 

or Ph) [429] and [(~5-RC~H&R)Mo(~-SMe)~Mo(q6-RCGHs)]+ (R = H or Me), 

the latter my be converted into the corresponding n-cyauoarene derivative 

by a two-electron oxidation-proton elimination process [430]. 

wlexes of the fomula [(r15-C,H,R1)2M2(CO)I,(R2CS)] (M = MO or W; 

R' =HorMe; R= 4-X-C6H4; X = me, Me, F, H, NMe2) have been synthesised by 

a facile reaction of the thioketone with [(T-I~-C~HI,R~) 2M2(03)4], The crystal 

structure of [c~~Mo~(C~)L,{~-M~-C~H~)~CS}] has been detemined and the molecule 

seen to involve one semi-bridging cat-bony1 ligand, and a Mo-Mo bond of length 

3.145 8 which is involved in a metallathiocyclopropane moiety [431]. 

Reactions of these complexes with PR3 and P(OR), molecules have been described 

and discussed [432]. The hydrogenation of bridging alkyne ligands in 

[c~&I~~(CO)~(RQR)] and related omplexes has been developed, in a study which 

included the preparation of [c~~Mo~(CD)~{P(O%~)}(RC~R)], a catalyst pkursor 

for acetylene hydrogenation to cis-olefins [433]. 

The crystal structures of [(~7-C7H7)Mo(u-CIAe)3Mo(C0)2(q3-C~H~)] and 

[(u3-C7H7)(CD)2W(~-CIde)3(C0)2(~4-C7H~] have been reported, and their 

Mc-Mo and W-W separations found to be in the range consistent with the 

presence of a single bond [434]. 

The presence of metal+etal bondiug interactions in the 

crystallographically characterised u-hydrido-canplexes [u-H(Mo2(CO)&%'h3]- 

[3421, [ (~J-H)(~.~-FM~~){C~M~(CC)Z)ZI [3441 and [~~2W(i~-H)2Rh(PPh3)21 [3461 

has been mnnented upon in Section 7.8. 

Hetero-nuclear metal-metal bonds, involving molybdenum or tungsten have 

been identified in a large n&r of carplexes reported this year. These 

include: 

[M'(~-AsMe2)Fe(Co)3(u-AsMe)2Mocp(CO)31 (M' = cpFe(CQz, cpFe(cO)(pMes), or 

CPM" (CD), = Cr, MO or W) [435], [Ru3(CO)~~(l.r-AsMe2)~.lcg(~)31 (hl=~or~v) and 

[ (oC)~~(l-l-AsMe2)Mocp(a3)21 [4361, [(oC)~W{~-C(cMe)Ph}pt(pMe3)21 

(W-pt = 2.661(l) 8) [437], [cp(a))2W{1-I-_CC6H4Me-4)Pt(~e2Ph)*] 

(W-Pt = 2.751(l) 8) [438], [pt2WC~-C((3Me)Ph)(cO)6(PtBu2Me2)2] (23) 

[439], [(~6-MesCg)(CC)2Cr(~-CC~H~Me-4)W(CO)2cPl .CfI2’& (W-Cr = 2.941(l) 8, 



Ph \ ,JMe 
m’ 

(Me Bu2 P)KK)Pt PtfCO) (P Bu2 Me) 

\/ 
W 

(CO), 

(23 
[440], [FePtW(w3 -C&Ht+Me-4>(CD)6(PEt3)cp] (24) (W-Pt = 2.775(l) 8, 

W-Fe = 2.784(3) 8) and [FeRhW(~3-CC6H~Me-4)-(~2-CO)(CD)5cp(Tj5-CgH7)] 

_c~j HL -4-Me 

/ 
L 

(Et, P)EOC)Pt, 

\I 

\ 

Fe 7W cp(co)2 

(W-Ffh = 2.760(l) 8, W-Fe = 2.772(l) 8) [441], [(P~,H,],~-{~cp(cO)3]- 

~-cl] (_26) (Mc-Pd = 2.788(l) and 2.832(l) 8) [442], and [Netr12 [MoFe,C(cO)17j 

(MO-Fe = 2.915(2) 8) [443]. Cathodic reduction of [PtL~{McpcOs~~ l(L = 'HuNC, 

M = MO or W) ccanplexes leads to the pammagnetic platinum(I) canplexes, 

WereaS the corresponding mrcury(I1) and gold(I) systgls undergo metal-metal 

bond cleavage 14441. 



(25) . 

7.9.6 Metallic moieties 

As indicated in the introduction to this review, new aggregates of 

metal atam containing mlybdenum or tungsten, have been prepared and 

spectroscopically chaxacterised and further calculations of the electronic 

structure of such species have been repOrted. These theoretical studies 

include presentations of the potential energy curve for the 'C + ground state 

and detailed descriptions of the nature of the sextuple bond i: Moq [12,13], 

and an interpretation of the optical spectrum of the MoNb molecule [16] , 

The electronic spectrm of tungsten atats isolted in an argon matrix has been 

presented [17], and the bimetallic AgMo [18], Mop, and CrMo,and trimetallic 

Meg, -02, and Cc&lo clusters [19] have been trapped in inert gas matrices 

and characterised by optical spectroscopy. Unimetallic and bimetallic metal 

clusters can be anchored efficiently to liquid poly(methylphenylsiloxanes); 

nwnipulation of the experimental conditions can lead to the formation of other 

species, including the bis(n6-arene) metal canplexes of molybdenum and 

tungsten [14,15]. 

7.10 MISBINARYANDIEFU'IMPHASE3 

The standard heat of formation of WZBS has been reported as 93 + 9 kJ mol-' 

[445] and the new boride wB12 has been prepared [446]. The crystal structures 

of the oanplex nitride Mo(Ta,Mo)NP [447] and the phosphide MozNiePa [446] 

have been determined. The thermal decarposition of Mo$b~ [449], the 

formation of W,J+bl_&k2 [450], and the catalysis of Co hydrogenation over 

Mo2c 14511, have been investigated. 

199 
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7.11 HETERoc7ENM)IIs CATALYSTP~ 

Molybdenum and, at the mment to a lesser extent, tungsten are used 

widely in industrial catalysts. The majority of these materials are prepared 

by the incoporation of a ccmpouud containing the metal onto or into an 

oxide lattice, followed by suitable pre-treatment. 'Ihe importance of these 

materials has stimulated many chemical studies, aimed at duplicating the 

properties of these heterogenous phases in homogeneous systems, and these 

are described in other sections of the review. This section considers the 

progress raade in understanding the chemical nature of the molybdenum 

(or tungsten) centres in these catalyst precursors. 

Hydrodesulphurization is a catalytic process used industrially to ranove 

sulphur from petroleum feedstocks and coal. The canrercial catalysts used 

in this process are generally rmlybdentan supported on activated alumina, 

with various promoters such as cobalt or nickel added to improve catalyst 

performance, These oxides require sulphurization for dehydrosulphurization 

activity. The physical studies of such systems accanplished this year are 

extensive and only a selection will be presented here. tie theme has been 

to investigate how mlybdenum interacts with the oxide support. ESCA, 

XPS, Raman, and low-energy ion-scattering spectroscopy have been used to 

characterise a series of Mc@/y-A1203 catalysts and three distinctly 

different molybdenum species have been observed. At low concentrations, an 

interaction species, possibly resulting fran the reaction of molybic acid 

with surface hydroxyl groups was found; this appears to involve both 

octahedrally and tetrahedrally coordinated molybdenum atans. After mnolayer 

coverage had been reached, A12(MoOl,)3 was formed and, at higher concentrations, 

the formation of bulk Mo03 was observed [452]. The results of other 

spectroscopic studies characterising k&/y-AlpOs systems have been presented 

[453] and a large number of similar studies have been acccmplished for 

&MO/y-Al203 materials, at various stages of preparation. These indicate 

that the mlybdenum oxide layer appears to be formed on top of the cobalt 

oxide layer [454] and the corresponding sulphide systems appear to involve 

McS2 and CosSa phases 14551. The vibrational spectra of hydrogen-sorbed 

by MoS:! and Mo&/A1203 suggest that the hydrogen is bonded to )one sulphur 

atan [456] and the hydrodesulphurization activity of MoS2 sanqles has been 

correlated with their oxygen chemisorption capacity 14571. 

Catalysis of the hydrogenation of Co to alkanes by materials derived 

frcan[Mo(CD)6] on Al203 has been discussed in terms of the Mo(CD)o- 

(dehydroxylated alumina) units forming molybdenum clusters, on heating to 

500 "C in a He a-here [458]. Binuclear molybdenum centres with catalytic 
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activity are considered to be obtained when [{Mo(OEX)5}2] reacts with 

Si02 [459]. Well defined pairs of mlybdenm centres are formed when 

[Mo2(n3-C&)4] reacts with A1203 and SiOz; these act as excellent catalysts 

for ethene hydrogenation at 200-293 K [460]. These materials also catalyse 

the partial oxidation of propene, by O2 or N20 and, in this case, the presence 

of coordinatively unsaturated cis-dioxarolybdenum(V1) centres are held to be 

crucial for activity [461]. Oxidation of propene on oriented and non- 

oriented catalysts shows a specificity for the reaction of the McOs 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 catalytic oxidation ability.of 3&transition metal molybdates has been 

discussed [466]. 

Silica supported MoOs is photoreduced on irradiation at ca. 350 nm, 

provided that water vapour is present during the thermal treatment carried 

out at high tgnperature prior to irradiation; molybdenmn(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 Mc&/SiOn 

catalysts, obtained by calcination of [Mo~(OXR)I+]/S~O~ (R = II, Me, CF3 or Pb) 

mixtures, the measureme nts being undertaken before and after reaction with 

NOorCD[468]. 

'Ihe acidity of various M&/SiO, (M = MO or W) systenr; has been measured 

by NH3 adsorption [469] and gaseous hexamethyldisilazane has been shown to 

quantitatively and irreversibly poison the Br$nsted acid sites on WOs/SiOz, 

without affecting the Lewis acid sites [470]. Reactions in which these 

Bx$nsted acid sites have been proposed as active centres include the 

metathesis of propane; stersose1ectivit.y in the metathesis of but-2-ene has 

been observed on M&X/6-'I'i01 [471]. 

7.12 MoLyBDoENzyhdEs ANDSa!ERRLATEDcHEMICALsIuJXlIS 

7.12.1 0x0 enzymes 

The oxarolybdenum enzymes, principally xanthine oxidase and dehydrogenase, 

aldehyde and sulphite oxidase and nitrate reductase, constitute an important 

sub-group within the family of n~lybdoenzynms. These enzymes are linked by 

a carmon molybdenumcontaining cofactor and exhibit very similar molybdenun(V) 

KPR signals. The title of this sub-group appears apt, since each enzyme is 
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involved in the net transfer of one oxygen atan between substrate and product, 

this behaviour clearly being related to the presence of one or rmre oxo-groups 

in the coordination sphere of the mlybdenum(V1) centre (as detected by EXAES 

studies) and the (probable) protonation of one 0x0 ligand upon reduction to 

molybdenum(V) or (IV). An additional mlybdoenzyme has been identified in 

microbial sources, carbon monoxide oxidoreductase 14721 and this reviewer has 

tentatively classified this as an 0x0 enzyme, pending further characterisation. 

The detailed understanding of the catalysis which is accomplished at 

the molybdenum centres of these enzymes, and the develomnt of authentic 

chemical analogues of these centres, are hampered by the lack of a definitive 

characterisation of the molybdenm cofactor (Mom). A major, and surprising, 

development in the characterisation of this entity is the identification of a 

reduced pterin as au integral mnponent of the active cofactor [473]. Details 

for the isolation of Moco fran the nitrate reductase of lupine bacteroids and 

milk xanthine oxidase have been described and a partial analysis of the 

amino acid content (aspartate:threonine:serine:glycine:alanine = 2:1:5:3:1) 

of Moco has been obtained [474]. Mom would appear to undergo some chemical 

modification fmn enzyme to enzyme, perhaps explaining the different redox 

potential of the molybdenum centres in the various enzymes. Such chemical 

modification is important for xanthine oxidase; thus, desulpho (and inactive) 

xanthine oxidase ha& a trolybdenum(V1) centre, Mo02(SR)r (3: = 3-4), very 

similar to that in oxidised sulphite oxidase, whereas active xanthine 

oxidase possesses and Mo"~O(S)(SR)~ centre [65]. 

Active xanthine oxidase is converted into the desulpho form on treatment 

with CN-, this involves the formation of CNS- and the conversion of MoO(S)2+ 

to bkOz2+; this behaviour is also encountered on cyanalysis of xanthine 

dehydrogenase and aldehyde oxidase. However, a different process occurs upon 

cyanolysis of sulphite oxidase and subsequent reactivation of this enzyme 

can be achieved by [Fe(CN)613- oxidation [475]. 

The nature of the sites of interaction of oxidising substrates with 

xanthine oxidase and dehydrogenase and aldehyde oxidase have been reviewed 

14761. The spectrum of the "rapid" MO(V) EPR signal of xanthine oxidase, 

dissolved in 170-enriched H20, is indicative of strong hyperfine coupling 

of one oxygen atan to the nolybdenmn centre. A clear possibility exists 

that the oxygen is present in a Mo"-CEI group, the proton of which is also 

strongly coupled in this EPR signal [477]. Another type of "rapid" MO(V) 

E!?R signal has been observed for milk xanthine oxidase, which shows strong 

coupling to two protons; the signals were obtained either at pH 8.2 in the 

presence of borate or at pH 10.1-10.7 with or without this anion. 'I'he 

relationship between the two types of "rapid" EPR signals has been discussed; 
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they may represent coordination isaners; or the latter may arise frctn 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 potentianetric titration, for samples dissolved in 0.05M 

K3POs buffer at pR 7.8; the values obtained were Mo(VI)/Mo(V) and Mo(V)/Mo(IV) 

native, -357 and -337 mV respectively, with corresponding values for the 

desulpho enzyme of -397 and -433 mV [479]. 

For chemical studies of possible relevance to the structure and function 

of these enzymes, the reader is referred to Sections 7.1.2 (especially 

references 164-711, 7.3.2, and 7.4.3. 

7.12.2 Nitrogenases 

Procedures for the isolation and characterisation of nitrogenases have 

been reviewed [480:] and a large scale, rapid, high-yield purification for 

Asotobacter vineZandii nitrogenase proteins has been developed [481]. This 

latter study also included a description of the p rocedures for the isolation 

and concentration of the iron-nolybdentrn cofactor (F&Loco) of the 

molybdoferredoxin protein, and isolation procedures for this entity have been 

reviewed [482]. 

57Fe Mijssbauer and EPR studies of the nolybdoferredoxin of 

Clostridizm pasteurianm 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. vineZan& protein. Thus the thirty Fe 

atanS are partitioned into, two identical FeMoco centres (M, each probably 

containing one ti and six Fe atuna), four P-clusters (each containing four 

Fe atans) and one Fe atan (labelled S). The spectra were analyzed in terms 

of three oxidation states for FeMoco; MO', MR (native, having the S = 3/~ 

EPR signal) and MnED [483]. The redox properties andsuns canplexation 

reactions of FeMoco have been investigated. Addition of edta eliminates the 

S = 3/2 EPR signal characteristic of dithionite reduced FeMoco to give a 

species which appears to be different fran the EPR-silent substrate reducing 

(MnED) dye-oxidised (Max) forms [484]. The molybdoferredoxin of A. uineZan& 

has been shown to undergo a six-electron oxidation by various dye oxidants, 

with full retention of initial activity. Subsequent reduction, by dithionite 

or controlled potential electrolysis, indicated the presence of tuo reduction 

regions, at -290 and -480 mV, each requiring three electrons for canplete 

reaction. Selective reduction at -290 mV caused develolxment of the S = 3/~ 

EPR signal, whereas reduction at -480 mV produced a change in the visible 
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spectrum but no change in the EPR 

FeMoco has been suggested to 

in the mlybdoferredoxin has been 

signal or its intensity i485]. 

contain coenzym A [486] and its location 

studied using 2-phthalaldehyde 14871. 

Oxidative inactivation of the mlybdoferredoxin of C. pasteurianwn nitrogenase 

by [ WQJI)d 3- has been shown to release most of the metal and sulphur atars 

from the protons; incubation with a mixture containing thiols, sulphide, 

[Mo0412-, and Fe"' produced an RPR spectrum similar to that of the air- 

inactivated protein [488]. 

FeMoco has been shown to catalyse the electrochemical reduction of 

C,H, to C,H, [489]. 

7.12.3 Iron-moZybdenwn-sulphur cksters 

The preparation and characterisation of canplexes containing an Fe-Mo-S 

core has proceeded rapidly, following the isolation and molybdenum K-edge 

EXAFS investigation of FeMoco. As indicated in Section 7.1.6, these canplexes 

are invariably prepared from [Mc&J2-, and an iron salt, and may be subdivided 

according to whether they contain (Type I) an @o&}, tetrathimlybdate, 

moiety coordinated as a bidentate ligand to one or TV iron atoms, or (Type II) 

one or two Fe&o&, cubane-like clusters. 

Several developments in the chemistry of Type I systems have been 

reported this year, including the ccmprehensive description of the syntheses, 

structures, and spectroscopic properties of the [X,FeS2MoSJ2- (X = SPh or Cl) 

ions. The stability of these ions, the short Mo-Fe distance (2.756(l) and 

2.716(l) 8, respectively), and the 57Fe iscmer shifts, all suggest that the 

bondingof[MoS212- to iron(I1) involves some net transfer of electron 

density to the former fran the latter [194]. A conclusion which extends to 

other complexes of this type. [NE~I,]~[(P~S)ZF~S$~SZ] has been prepared by 

the reaction of [NEtc]2[Fe&(SPh)r] with [NEt+]2[Mo&], in MeC'N at roan 

temperature, and characterised by optical, 'H NMRandMijssbauer spectroscopy, 

magnetic susceptibility and electrochemical oxidation and reduction. The 

results obtained were interpreted in ternrs of an Fe II1 (S = 5/2) centre, 

antiferromagnetically coupled to a formally {Fe1'S2Mov*S2) (S = 2) unit, to 

give a net S = + ground state [195]. 

An inqmrtant basic unit in Fe-MOSS chemistry, [Fe(MoS1,)2]3- has been 

isolated and characterised previous to this work, the simple canplex formed 

between iron(I1) and [MoS4'J2- was considered to be [Fe(Wb)2]2- [490], 

however, this dianion still awaits conclusive identification. [Fe(Mo&)2] 3- 

has been prepared by reacting [NEt4]2 [MOSS] with FeL2 (HL = l-piperidine- 

carbodithioic acid) 2:l [196], or [Fe(S#ZEt)3]- [197], and the crystal 

structure of [(Ph3P)2N],[NEtltJ [Fe(MoSI,)2] has been determined. The IR, 
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[200,203]. 57Fe Mkksbauer parameters of the majority of the cunplexes have 

been obtained and are seen to be very similar to those obtained for 

[Fe,S4(SR)s]2- canplexes; thus each iron atom is considered to have a net 

oxidation state of CCL. 2.5, *lying that each molybdenum or tungsten atom 

has an oxidation state between +I11 and +IV. Electrochemical reductions of 

these trianions to the 4-,5-,6- and, in suns instances 7-species have been 

observed and, rapid scan, staircase cyclic voltamnetry showed that only the 

first two reductions of [Fe,M,S,(SEt),]3- (M = Mo or W) in MeCN solution, 

approached good electrochemical reversibility [201,204]. The similarity 

in structure and electrochemical behaviour of these last two canplexes has led 

to the reason for the inactivity of tungsten substituted (for molybdentan) 

nitrogenases [202 1. The complexes [Fe&o&(SR),]3- (R = Et, C&C&GH, or 

C&Ph) react with PhCDX (X = Cl or Br) to form the corresponding 

IJ%Mo&(SR) &I 
3- canplex in good yield, with selective substitution of the 

thiolato groups attached to the iron atoms 12051. 

The full details concerning the structure of the iron-bridged "double- 

cubane" cluster cunplexes [Fe+$%(SEt)lJ3- and [Fe7M~&(SBz)l2]~- 

(M = Mo or W) have been published [203]. [Fe7M2Ss(SR)12]3- (M = MO or W) 

clusters undergo their initial reduction at the central iron(II1) atcm, to 

generate the 4- anion with a central iron(I1) atom [204]. Animportant 

develolxnent in the reaction chemistry of these clusters is the quantitative 

dihydrogen evolution which occurs when PhSH is added to [Fe6M02S8(SPh),15- 

12@31. 
A cluster, which is claimed to involve a Fe6MoS8 unit, has been obtained 

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

7.12.4 DinitrogenyZ chemistry 

The other important aspect of inorganic chemistry especially relevant 

to the function of the nitrogenases, involves the preparation, chatacterisation, 

and reactivity of dinitrogenyl ccmplexes. 

Ab initio bl0 calculations have been reported for [Mo(N2)2(NH3)4], 

[Mo(Nz)(NH3)5], and [Mo(N~)~(PR~)J and the results obtained indicate that 

the elative nolarization of the bound dinitrogen molecule is in the sense 

Mo%[492]. A -ison of the bonding interactions for end-on and 

side-on coordinated dinitrogen has beenmade and the former preferred to the 

latter, principally because of the good u-donating ability of the ligand [493]. 

The resonance Raman spectrum of [(Cl(ane,Ph)4Re(N2)]2MOC14] indicates that 

the intense absorption at 23,300 cm-' should be assigned to an e +- eU, 

ku c 'A 
.g 

lg, transition of the axial pr-system of the linear chain; the 
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principal geunetric changes within the cmplex on undergoing this transition, 

are a lengthening of the Re-N and a shortening of the N-N bonds [494]. 

[Mo(N2)C12(bipy)] has been obtained as one product of the reaction 

between [MoCL+(bipy)] and an excess of Me&N3 in C1C&CH2C12, but its 

structure is unlnlolown [220]. The crystal structure of [Mo(N,)~(K~&CH~- 

CS=‘hz >zl has been determined [495]. The effect of the wavelength of 

light upon the extent of N2 exchange in [Mo(N~)~(dppe)~] and [M(N2)Z(depe)n] 

(M = Mo or W) has been investigated [496] and the photoinduced elimination 

of HP fran [MoH+(PR~)s] (PR, = PKt$h, PPh2Me or 0.5 (dppe)) has been shown 

to produce the corresponding tran~-[Mo(N~)~(PR~)~] canplex [339,497]. New 

mmplexes, inchuling trans-[M(C0)3{P(cych)3}2(N2)] (M = MO or W), have been 

synthesized by the reaction of [Mo(CD)3(cycloheptatriene)] with P(c~ch)~ under 

dinitrogen; the binding is reversible and N2 can be removed by flushing with 

argon at 40-60 "C, to form the apparently five-coordinate [M(CO),{P(~ych)~)21 

species [498]. The preparations of the canplexes trans-[M(N2)X(dpp)2]- 

(M = MO or W; X = 8CN, CN, or N3,) have been described. Relationships 

between E Ox and v(N-N) of these complexes and those of [M(N1)(NCR)(dppe)p] 

(with reftrence to the standard series [Cr(CO)S(L or Y-)] [499]) have led 

to the identification of the labile amaine ccnplex [Mo(N2)(NH3)(dppe)n] in 

thf, and to the prediction of E 
a 

OX and v(N-N) for related but, as yet, 

unsynthesized mnplexes. Furthermore, in a mst infoxmative documentation, 

aspects of the reactivity of the coordinated dinitrogen ligand have been 

correlated with the "electron-richness" of the mnplex (as measured by E is), 

with particular reference to: (a) inner-sphere versus outer-sphere electron- 

transfer alkylation, and (b) protonation of the [M(N2)(NCR)(dppe)2] complexes 

to. give the new hydrazid-salts, [M(N2H2)(NCR)(dppe)2] [H80+]2, with 

retention of the trms-RLN ligand [560]. The oxidation of trms_EW(N~)~- 

(dppe)~] with tcne or FeC13 has been achieved and trans-[W(N2)~(dppe)~]+ 

salts isolated [501]. 

An important clarification of the protonolysis of [M(N,)2(PR3)It] (M = MO 

or W) has been accarplished, in that, for the first time, the fate of the 

metal has been determined. [M~(N~){P~P(~~~H~PP~,)~)(PP~?B)] reacts with 

HBr (2:8) to produce 2[NHs]Br, 3N2, 2F'Ph3 and 2[MoBr,{PhP(CH&'H&'Ph~)~]]. 

‘Ibus the six electrons required for the reduction of NP to 2NH3 are supplied 

fran the 2Mo" to ZAo"' conversion [502]. Treatment of cis-[W(N2)2(PMe2- 

Ph)&] with 2-propanol/KCEI yields N H 2 4r whereas use of nom1 alcohols instead 

of 2-propanol gives NH3 [503], and the fonmtion of NH3 and N2H4 has been 

detected subsequent to the reaction of this canplex with acidic hydridanatal 

carbonyls, HzFe(CCQs or IH%CQ(CD)~~, and treatment with aqueous KCH [504]. 

!lbe reduction of N2 to N2Hs by Na/Hg in MeCEI, as catalyzed by a mlybdenum(V) 
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cc@ex, has been investigated [505]. A reaction mechauisan has been presented 

for the reduction of N1 to N2H4 and NH3 by a Ti(OH3)/Mo(OH)3 system [506] 

and the electrolytic reduction of N2 in a Tilll/Molll/guauidine system has 

been described [507]. 

7.13 aBdPLEmS OF OFGANGDINITFZXiEN AND RELATED LIGANIB 

Reactions of the coordinated dinitrogen, of mlybdenum or tungsten 

phosphine complexes, to form carbon-nitrogen bonds are well known, with the 

formation of diasenido (-N=N-R) and hydrazido(2-) canplexes being obtained 

as in the following sequence: 

k 
[MOb)z(dppe)zl 1 [M(N2)(dpP)21 + N2 

[W2Wdlppe)21 + R. - [W2)(=R)(dppe)21 

[WzR)Wdppe)zl + RX -% [ M(N2R2P(dppe)2lX 

Dinitrogen loss is the rate-determining step (k,) in the primary alkylation 

forming the diazenido canplex, whereas the secondary alkylation (k2) to form 

the hydrazido(2-) coqlex has been shown to be a typical SN2 reaction [508]. 

Diazenide derivatives seem likely to be the stable analogues of the 

first intermediate, -N=N-H, in the reduction of dinitrogen to amnmia; also, 

these ligands are formally isoelectronic with the nitrosyl group and manifest 

interesting variations in their modes of bonding, [Mo(N2Ph)2(TPP)] involves 

N2Ph groups that are "half doubly bent", with Mo-N-N = 149.1(g) ' and 

N-N-C = 128.6(g) ' [509]. A further report of the crystal structure of 

[Mo(N2Ph)(S2C%Me2)3], accanpanied by that for [Mo(N2CsH~N02-4)(S2CNMe2)3] 

[510], agrees with the singly bent (linear MO-N-N) arrangement obtained 

earlier for this compound. The same -try, MO-N-N = 177(l) and N-N-C = 

132(l) ' , has been confirmed for [MoI(N2cycb)(dppe)2], in a reinvestigation 

of the crystal of the benzene solvate [511]. The materials formulated as 

[M~~(NzW)(S$NR~)II] [512] have been shown, by 'H m and cyclic 

voltamnetric studies to be a mixture of the canpounds [Mo(N2Ph)(S$NR2)3] 

and [Mo(N2Ph)z(S2Q%),] [513]. The canplexes [qM(CX)),(N2Me)] (M = MO or W) 

react with [Cr(C&(thf)] and [cpMn(CC),(thf)], via coordination of the basic 

nitrogen function, to yield, respectively, the trinuclear [cpM(C0)2CN2MeCr- 

(00)511 ad Icphil(CC)2CN MeMncp(cO),~] complexes [514]. The potentially 
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chelating bis(aryldiazenate) ligands (2 ) (R = I-I or 'Bu) = L have been 

(27) 

prepared and their reactions, leading to the formation of the biuuclear 

cmplexes [L{~IM(CO)~)~] (Id = Mo or W) aud[L{cpMo(CO)(PPh~)}21, have been 

investigated [515]. 

[bb(N2)2(dppe)2] reacts with MeBr, %uEk, and Me&C&CH@r, to form the 

corresponding 2-alkyldiazenido-N derivative [MoBr(N,R)(dppe)2] ; whereas, the 

analogous reaction with 6-bram-1-hexene yields the cyclopentylmethyldiaenido 

complex, thus providing additional support for the formation of the diazenido 

cunplexes via an alkyl radical pathway. Protonation of these alkyldiazenido 

complexes by H[BF+] , in which the proton is attached to the carbon-bound 

nitrogen atom. [~W~%u>(dppe)d reacts with NaBI&+] or N&Me, in C&-M&II 

solution at an elevated temperature, to produce alnost equal quantities of 

%uNH, and NH3 [516]. The reactions of trans_EM(N2)s(dppe)z] (M = Mo or W) 

with Br(CHz),Br, under irradiation in C6H6, yield prcducts, the nature of which 

is a function of n. For n = 3, [M8r{N~(CH2)3Br}(dppe)2] is obtained and for 

n = 4 or 5, [M&{~2}(dppe)~]Br is formed; for n = 6-12 two series 

of ccnplexes, [MBr{N2(CH2),Br)(dppe)2] and[Cu -N~(C%),N~~{~(dppe)z~zl are 
produced and both of these can be protonated reversibly to hydrazido(2-) foms 

[517]. 

The hychazido(2-) cunplex [WBr2(N&)(PMe~Ph)s] reacts with HCl (1:l) 

to form the hydride hydrazido(2-) complex [WHClBr(NNH,)(pMe,Ph)3]Br, as 

confirmed by IR and NMR spectra and X-ray crystallcgraphy. Anion exchange 

with NaLBphb] gives the novel diazenido complex [WHC1Br(=N=N(~3)H)(PMe2Ph>3].- 

C&Cl2 in low yield, in addition to [wHC1Br(NMI2)(pMe2Ph)3][Bphs] the crystal 

structure of which has been determined by X-ray analysis [518]. [MOO&~] 

(L = S2cNR2; R = Me, Et, or Ph,or RP = (C&)5; or L = 8-O-quin) react with 

hydrasines (Rf2NHr; R'2= Me2,(M2)5, or Phz) to form the corresponding 

hydrazido(27) complex, [Mo(NNR'~)OLZ] . A crystal structure determination for 
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[Mo(NNMe~)O(S,CNMe,)] has shown the molybdenum to have a distorted 

octahedral coordination gemetry, with the hydrazido ligand bonded linearly in a 

position cis to the oxo-group [519]. [MC1b(PRB)2] (M = MO or W; PR3 = PPh3 

or PMePhz) react with an excess of Me$iNHNMez, in MeCN at rocm temperature 

to form[MC1(NNMe2)2(PR3)2] [I%%,]; use of one equivalent of Me#NHNMe~ 

gives [MC~~(NNM~Z_)(PRB)~]. The analogous reactions of [MC~I+(PR~)Z] with 

Me&NzPh (1:2) produces the corresponding [MCl,(N,Ph)(Pr3)2] complex [520]. 

[W(NNH2)(dppe)2XJY (X = F, Br, or CF3CD2, respectively, for Y = BFI,, Br or 

H(02(CF3)2) react with 2,4-dinitrobenzene to yield the 2,4-dinitrophenyl- 

diazenido (=L) complexes, [WL(dppe)lX]. Spectroscopic properties of these 

complexes have been obtained [521] and a general consideration of the 15N NMR 

spectra hydrazido(2-) complexes of molybdenum and tungsten have been published 

15221. The preparation and sane reactions of hydrasine ([c~M~(NR~NRP)- 

(NO)X2]), hydrazido(l-) ([cpMo(NfD&)(NO)X]), and hydrazido(2-_) 

([ ~-NNRn{cpMo(NO)X}z]) ccqlexes have been described [523], and the crystal 

structure of [~-NNMet{c~o(NO)I~z] has been shown to canprise molecules with 

an unsymmetrically bridging dimethylhydrazido group (MO-N = 1.907(5) and 

2.070(6) 8) [524]. 

[Mo(~ePh)p(S2CNMez)2] reacts with HCl (1:l) to form [Mo(NNMePh)- 

(IQINMePh)(SKMez)z 1 
i ; an X-ray crystal structure determination of the 

[ HPh+]-salt has shown that the complex is seven-coordinate, with the 

coordination of bothend+nhydrazido(%-) and unsymmetrically (MO-N = 2.069(8) 

and 2.175(g) 8) side-on hydrazido(l-) groups [525]. The czmplex [(c~)~wH- 

(NN(H)C,HbF-4)]+, prepared by the insertion of [4-FC6HkN2]+ into one W-H bond 

of [(cP)~WH~] below -20 OC, 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)O ) skeleton 

[526]. Repetition of this synthesis at ea. 0 OC, or stirring solutions of 

[(cp)zWH(NNHAr)]+ (Ar = Ph or X-XCsHS , X = F, Me or MeO) near this temperature, 

produces an iscmeric product, [(cp),W(HzNNAr)]+, which contains an 

arylhydrazido(l-) ligand bound to the tungsten through both nitrogen ataas 

[527]. In the case of [(cp)2W(H2NNPh)]+ an X-ray crystallographic study of 

its [BFJ- salt has shown that the two W-N bonds are inequivalent (W-N = 

2.156(g) and 2.034(g) 8), with the shorter distance corresponding to the 

phengl-bonded nitrogen atom 15281. 

A relatively recent development, in the reactions ofcoordinated dinitrogw 

leading to the formation of nitrogen-carbon bonds, has been the synthesis of 

cmplexes containing the diazoalkane (=N-N=CR'R) grouping. Thus, treatment 

of [M(N,)z(dppe)z] (M = Mo or W) with MeBr in thf affords, after protonation 

of the product, [MBr{=N-~(~2)3(3Hl(dppe)2]Br. These materials were 
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originally considered to contain the tetrahydropyridazido-ligand 

(-NW,) [529], hcmever, further investigations, including 
determinations of the crystal structures of [WBr(N-N=CHCH&H&&CEI)(dppe)~]- 

[PFs].0.5CH2C12 and [WBr(N-N=CMe,)(dppe)2JBr.O.SMeOH [530] have clarified 

this situation. This study also explained the unusual 'H and 13C NMR 

parataeters of these canplexes and difficulties encountered in the preparation 

of diazoalkane canplexes, where R and R' groups are larger than methyl. 

The reactions of &ms-[W(N2)2(dppe)2] with gem-dibmnides, Br$RR', to yield 

the trans-[W8r(N2CRR')(dppe)dBr diazoalkane complex, have been described. 

These canplexes do not react with protonic acids, but the unique diazoalkane 

carbon atcm are attacked by nucleophiles, such as LiMe, to yield diazenido- 

cauplexes, sane of which cannot be obtained by conventional means. The 

reactions of transj'M~(N~)~(dppe)~] with gem-dibranides are mre cunplex, 

and diazioalkane cunplexes are, at bsst, minor products [531]. [ WBr(NA >- 
(dppe)B]Br reacts with CXC13 (X = Br or H) in the presence of a [Ph21]+ salt 

and an aqueous base, to foxm the dichlorodiazanethane omplex [WBr(N2CC12)- 

~~m&l+. This cation has been characterised by X-ray crystallography as 

its [PF,]- salt (W-N = 1.75(2) 8, N-N = 1.35(3) 8, N-C = 1.28(3) 8, W-N-N = 

1.69(2) ', N-N-C = 122(2)') ; the cation has been shown to undergo rapid 

reaction with nucleophiles to give a range of interesting organodinitrogen 

complexes. These included the vinyl diazenido ca@ex [WBr{N2C(Cl)C(CN)2}- 

(dpps)p] , by reaction with [CE(C!N)J-, and the structure of this complex has 

been determined [532]. Trms_EW(N2)2(dppe)2] reacts with MeBr in thf and 

related solvents, to produce diazenido-ccmplexes which undergo reversible ring 

opening with protic acids to yield substituted-diazoalkane canplexes. 

Similarly, iV-methylpyrrolidine and tetrahydrothiophen form diazenido- 

derivatives, which react with acids to fom hydrazido(2-) canplexes and do not 

undergo ring opening [533]. The ccmplexes [MoX2(NNH1)(PMe2Ph)3] (X = Cl or 

Br) react with aldehydes or ketones to form diazoalkane cunplexes, [MoXz- 

(NN:CRR')(IMe2Ph)3] [534]. 

The preparations of [W(CD)gL] (L = MeNHNH&; cis- or tram- MeN:NMe) 

and [tram- hIeN:NMeCW(CD)5}2] have been described and preferential oxidation 

of the coordinated hydrazine to the cis-diazene has been observed [535]. 

Monaneric and dimeric ccmplexes, involving M(CQ5 and M(cO)s (M = Mo or W) 

moieties with diazirines have been synthsised [536] . The cmplexes 

[MoCCl(P-P)]+[MoCC13(RcQN2Ph)]-(P-P = dppe or dppee; R = Me, Ph, ~-C~CGH~, or 

4-MeCCsHs) have been obtained by reacting the hydrasines K0NHNHPh with 

[{MoCC1~(P-P)12], or [MoCC13(P-P)], in refluxing MeGI. A crystal structure 

dete&nation, for p-p = dppe and R = 4-C1CsHI,, has shown the anion to have a 

distorted octahedral geanetry, with an Iv,0 bond diazene ligand [537]. 
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Treatment of [Mo(XC6H4CSN2H)J (X = H, 4-Me, 44&k, or 4-Cl) with acetone, 

in the presence of dilute acid, yields the complexes [Mo(4-XC6HhCSN)- 

(4-XC6HGD;IH)(4-XC6H4CSNNMe2) ] possessing a condensed hydrazonide ligand. The 

crystal structures have been determined for X = 4-Me or 4-Cl; these molecules 

involve a coordination polyhdron intermediate between trigonal prismatic and 

octahedral and (for X = 4-Me) the chelate rings involve MO-N dimensions of 

l-786(5) (a and 142.8(3)" for the diazenido(l-) ligand, 1.967(5) 2 and 

131.6(4)-O for the diazene group, and 2.216(5) 2 and 116.9(4) o for the 

hydrazonide ligand [538]. 

7.14 NITHCSYL 03MPIHXES 

The interaction of NC with molybdenum(IV) centres on Si02 [539] and 

A1203 [540] have been investigated, and the latter considered to involve 

a dinitrosyl complex. A mechanism, whereby molybdenum-nitrosyl canplexes 

could catalyse the formation of HCN, from NH#H and HCHO has been described; 

this mechanian is considered to involve the initial coordination of N&OH 

[541] . 'Ibe structure of (hydroxylamido-U,N)nitrosyl ccmplex [Mo(phen)P- 

(NO)(CWH1)]IE.H20 has been determined and several new, related complexes 

have been synthesised [542]. Reduction by Zn/Hg of [Mo(ttp)C12] in C6H6 

(Hzttp = meso-tetra-4-tolylporphyrin) under NO leads to the formation of 

two canplexes [Mo(ttp)(NC)2],C6H6; the structures of both of these compounds 

have been determined. The former involves a &s-arrangement of the nitrosyl 

ligands, with the MO-N-O groups significantly bent (average bond angle 

158.0(8)“ ) towards each other; the latter possesses a trans arrangement of 

the MeQH and an essentially linear MO-N-O (bond angle = 179.8(4)" ) group 

[543]. An excess of [NO]Y (Y = BFI, or PF,) reacts with [Mo(CD),] in MeCN 

to form the p aramagnetic salt &!!NOXNCMe)s]Yn which reacts with NO gas to 

produce the diamegnetic cis-[Mo(NO)2(NCMe)~]Y~ compound. The reactivity of 

these canpounds has been explored and several new nitrosyl canplexes isolated, 

these include: IWW(N~)(dppe)21Ym Cm = 1 or 2) and 
[MoC1(NO)(dppe)2]Yn (n = 0 or 1) 15441. [MoHb(dppe)~] reacts with [No][PF6] 

in C6H6/MeOH solution to form the protonated nitrosyl canplex [MoF(HNO)(dpps),l_ 

[PF,] , and the normal nitrosyl complex trans_IMoF(NO)(dppe)2] .0.5CsH6; the 

reactivity of these ccqlexes has been investigated and other nitrosyl 

derivatives prepared [545]. 

A full account of the preparation and reactivity.of [CrMo(OiPr),(NC)2] 

has been published 13651 and the synthesis of [Mo2(OzPr)6(HNMe2)2(NO)2], 

fran [Mo2(OzPr)6(NO)2] and HNMe2, has been described. This new molecule is 

centrosymnetric and the lcoal geometry about each molybdenum is that of a 
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distorkd octahedron; cmprised of two ~2-OzPr, one terminal 0%~ and 

I@&%+ group, and one linearly (MO-N-0 = 179.4(5) ") bound nitrosyl ligand 

[3661. ‘Ihe canpounds [ (PhSP>2Nl,[NaCMoe(C0)6(N0)3(yz-OMe)3(~3 -0)ld 
and [~ed[b3(~)6(No)3(F12 -CMe)3(p3-CMe)] have been synthesised by 

refluxing [MJD(CO)~], NaNOz,, NaCEI in MeOH and adding the appropriate cation. 

The crystal structure of each of these novel materials has been determined. 

The anions of both consist of equilateral triangles of molybdenum atans, 

with two carbonvl and one nitmsyl ligand terminally bound to each molybdenm; 

the non-bonding Mo-MO distances (3.297(2) and 3.428(l) 8, respectively) are 

bridged by u2 -CMe ligmds and a ug -0 atcm or a u3 -CMe group, respectively, 

caps the triangle; the anion of the fomer ccqmmd contains tm such units 

linked by a Na+ ion octal-&rally coordinated by the six oxygen atans of the 

p2-CMe ligancki [546]. 

Cmmnts concerning the hydrazido-canplex, [~-NF&ie,{qMo(NO)X)2] , 

and related mnaneric cyclopentadienyl-nitrosyl carplexes of mlybdenun 

[ 523,524] have made earlier (Section 7.13). The crystal structure of the 

"piano-stool" molecule [c~W(NO)~C~] has been detailed [547]. [ CPW(WI212 

has been prepared and shown to react with various Iewis bases (L = PPh3, 

W=h)s, *Pb, or CD) to produce the mncmeric [cpW(NO)12L] canplex, but 

the carbonyl umplex slowly reverts to the original reactants. [cpW(NO)I2]2 

reacts with Tl+ cp- or Na+ cp- to form the novel, stereochemically non-rigid, 

=q?lexes I (cP)~W(NO)II and [ (cp)3WW)l [5481. [cpWW)I2@(oPh)~~l ad 

[ c~W(NO)I~]~ react with Na[AlH2(CKR2CH2cMe)2] to form the hydride-nitrosyl 

cmplexes, [cpW(NO)(H)I{P(OPh)3}] and [cpW(NO)(H)I12, respectively [549]. 

The canplexes [(q5-C5Me5)M(C0)2(NO)] (M = MO or W) have been synthesised, 

and spectroscopically and structurally characterised; the crystals involve 

disordered M(CO)2(NO) moieties, in which the ligands are C- or N- bonded to 

the metal in a linear fashion [550]. The reactions of [cpM(NO)(cO)PPh~] 

with HgC12 and SnCll, proceed via electrophilic attack at the metal centre 

with retention of configuration [551]. The displacment of carbonyl ligands 

f?.+an [@(r13 -C3HS)(CO)ND]+ and qther allyl-containing cmplexes has been 

discussed [552], and the attack of nucleophiles on this type of cuuplex has 

been the subject of an extensive investigation [553]. 

7.15 CAmmYL AND 'IHID azm.mES 

The polar tensors, effective charges and vibrational intensities of 

[M(m)61 (M = MO or W) molecules have been considered [554] and CcmparatiVe 

mass spectranetry has been detailed for these canpounds and their 

mnothiocarbonyl counterparts [555]. g5Mo NMFt spectra of molybdenum carbonyl 
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cm@exes have been detailed, in an elegant and important study which has 

clearly demonstrated the ability to observe 55Mo-X (for X = 31P) coupling 

constants in such spectra [6] . 170 NMR spectra of enriched metal carbonyl 

canplexes, such as cis{Mo(CD)~Lq] (L = PPh3, AsPha, SbPhs or PPhMez) have 

been obtained [556] and the synthesis of molybdenum and tungsten Carbony 

cmrplexes enriched in 13C has been developed using the CC-labilizing ability 

of (%u>3Fo 15571. 

The preparation, spectroscopic properties and resonance Ramn profiles 

of [v-pyrazinelW(CD)S)2] , the preresoname Raman spectrum of [W(a)s- 

(pyridazine)] [558] , the resonance Raman, electronic, photochemical 

reactivity and MCD spectra of [M(CO),_&{P(CMe)3)J (M = MO or W; 3: = 0 or 1; 

L = 1,4-diazabutadiene, pyridine-2-carbaldehyde imine, bipy, or phen) have 

been described and discussed [559], and the MCD spectraalkylaminopentacarbonyl 

complexes of molybdenum and tungsten have been presented and interpreted 

[560]. The quenching of emission and photochemistry of [W(cO)5(4- 

cyanopyridine)] by anthracene has been described, this relationship implying 

that the emitting state of this molecule is irrplicated in its photochemistry 

[661]. F'urther studies of the photolysis of molecular rnolybdentm and tungsten 

carbony complexes, isolated in an inert gas matrix at low temperature, have 

been acqlished [562-5641 ; in 2-methyltetrahydrofuran (mthf) at77 K, 

evidence has been obtained for the photoconversion of Mo(cO)s into 

[Mo(CO) (tnthf)] [565 1. 

The MO SS,~, C IS, and 0 1s binding energies of [IMo(CD),] (L = PX3 or 

Co) funds have been measured and found to be linearly related to each 

other and to the phosphorus lone-pair IP of the free PX3 rmlecule [566]. 

'Ibe HYPE3 and 13C NMR spectra of [W(cO)5(PR3)] (R = CsHII, Ph, or OPh) have 

been presented and assigned by wnparison with the spectra of free PR3 and 

[W(a),1 [5671. The heats of formation of a n&r of [M(CD)6_&J (M = 

Mo or WY; L = piperidine, py, pyrazine, Pyrazole, or thiazole; x = 1, 2 or 3) 

canpounds have been reported [56&J]. 

[M(CQ),] (M = MO or W) have been found to be active hanogeneous catalyst 

for the water gas shift reaction, CO(g) + HnO(Z) = H*(g) + CQ(g), in the 

Presence of a large excess of sulphides generated by Na2S dissolved in aqueous 

nrethanol[569]. Phase-transfer catalysed nucleophilic reactions of 

hydroxide ions at metal-bound carbonyl centres, [M(CO)6_zL,r] (M = Mo or W) 

have been discussed [570], as have the requiranents for rmltinuclear centres 

to catalyze the hydrogenation of CO [571]. M2[W(CD)5] (M = Li or Na) 

Salts in thf have been shown to reduce Co1 to Co [572]. Lewis acid 

pramted CO insertion into a metal-aryl bond has been observed with [PhW(cO)s]- 

r5731, and the nature of the catalytically active species, for mneous 
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acetylene metathesis, in the [Mo(CO)2]/PhoH system has been discussed [574]. 

Thiols can be desulphurized in good yield by treatment with [Mob] 

either in HOAc or when pre-adsorbed on SiOp [575]. 

The half-wave oxidation and reduction potentials have been detemined 

for [M(CO)s] (M = Mo or W) and for [W(CO) 6_&Me01),J (z = 1-3) in various 

aprotic solvents [576], and the electrochemical synthesis of [M(C0)6] 

(M = MO or W) and their phosphine derivatives, fran suitable metal canplexes 

in the +I11 oxidation state, has been developed 15771. 

The crystal structure of [Mo(CD)3(phen)(~2-302)J and [Mo(CD)2(bipy)- 

(n2-3&)2] have been determined and the r12 -So2 bonding has been considered 

in relationship to the dimensions observed [578]. [m-t41 t(lJ-c&l,s)0Vw,1zl 

involves a bent W-S-W (132.1(l) ") bridge and the v(C-0) stretching frequencies 

observed in the IR are consistent with this structure [579]. [W(ws(S,S- 

dimethylsulphonium 2-picolinyl(methylide)] has been shown by X-ray 

crystallography to involve the ylide coordinated through the pyridine N and 

carbony 0 atoms (5891. The syntheses and the structures of [(PhsP)zN - 

[NaCMo3(~),(IQ3(w -w)(n3 -0>321 and [NM% 1 [Mo3(cO)~(No)3(~~-~e)~- 

(~3 -CMe)] [546] have been presented earlier (Section 7.14). Histidinato- 

carbonyl complexes of rnolybdenun and tungsten have been prepared [581] and the 

activation volume for the reaction of [Mo(bipy)(a3)4] with QJ- has been 

measured[582]. Tetracarbonylbis(P,P-diphenyl-IV+nethylphosphino- 

thioformami do)bis(u-P,P-diphenyl-N-methylphosphinathio formamido)dimolybdentm. 

4C&.Cl2 has been characterised by X-ray crystallography, and one ligand found 

to be tridentate with theSandNataus coordinated to one molybdenum and the 

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

The relative stabilities of the geanetric isaners of [Mo(o3)2(Pph3)41 

have been assessed in terns of electronic factors [42] . The new five- 

coordinated -1exes [M(CO)3(P(cych)3)2] (M = MO or W) have been prepared and 

shown to reversibly add dinitrogen, dihydrogen, and other mall mOleCUleS 

[ 4981. The crystal structure of [Mo~Ph~P(~~)~pKn(~~)~pplI~~(cO)~1 has been 

determined [584] and 31P NMR data have been used to assign the structure of 

the ccmplexes formed between ((diphenylphosphino)methyl]-ethylenediamine and 

molybdenun and tungsten carbonyls [585]. The cunplete series of fifteen 

compounds of the type Ph2P(X)C&P(Y)Ph2 (L) (X = Y and X # Y for 0, S, Se, or 

Me+) have been synthesised and their [M(CO),L] (M = Mo or W) derivatives 

have been prepared [586]. The unsymmetrical bis(tertiary phosphine) ligand, 

Ph&I12P%u2 and its man+ and disulphides have been prepared and used as 

ligands (L) in [M(CD)4L] (M = MO or W) cunplexes [587]. Other CcrnpleXeS, 

involving molybdenwn or tungsten carbonyl moieties coordinated by P-chm 

liganck reported this year, have included: [M(CC)S(PX~)] (M = MO or W; 
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X = Cl or Br) [588], [(CC)&lo{PhPH(CH2)GPhH~] and its oliganers [589], 

cis-[{R2PCH2PR2)M(CO)~] (M = Mo or W; R = MeeCHO or MezN) and [{RrP(S)- 

CH~PRz~2Mo(CD)~] [590], [M(CO)$L] (where M = Mo or W; L = 2-Ph&H~CH:CRC~H~- 

PPh*, R = H or Me) [591], [(OC)mMo(PhP(H)PRn)J (m = 4 or 5; n = 2 or 1, 

respectively; R = Ph or tBu) and [(CC),MPPhHPPhPPhHMo(CD)5] [592]. The 

crystal structure of [Mo(cO)2(dppe)2F'j [PF,] has established a seven- 

coordinate geometry for the cation [593]. Reactions of the ligands of 

cis-[Mo(CD)l,(Me2PLi)2] [594], [(OC)&IoPPh&l] and cis-[(oC)1+Mo(PPh&l)2] 

[595] have been explored and the photochemical ligand substitutions of 

trans-[W(C0)&L'] (L # L' = 'Pr3P, PhBP, (Me2N)8P, ("p1o),P) have been 

categorised [596]. The reaction of [(CC),WPPhC12] with Hacac results in 

substitution of the Cl by the oxygen atom of the enolized dione [597]; the 

modes of coordination of (PXNR)2 (X = F or Cl) to metal centres, including 

M(C0)5, (M = MO or W) 15981 have been investigated and 3,5dimethylpyrasolyl- 

phosphine has been shown to coordinate as a mono- bi-, or tridentate ligand 

in molybdenum and tungsten carbonyl ccmplexes [599]. Phosphole [2+2J and 

[4+2] dimerisations have been observed around molybdenum and tungsten carbonyl 

moieties [600], and the coordination of P2(SiMe2)3 [601] and di- and 

triaza-u'-phosphole [602] to these and other metal centres have been 

investigated. 

Molybdenum carbonyl complexes with three new tertiary-arsine-containing 

macrocycles have been prepared and characterised [603] and extensive 

studies of the productions of the reactions of phosphine, arsine, and stibine 

donor liganck with molybdenum and tungsten carbonyl canplexes have been 

acccanplished [604]. New germylene [605] and stannylene [606] canplexes 

have been described and novel gallium-containine lipands have been prepared 

and reacted with organo-molybdenum carbonyl canplexes [607]. 

Other carbonyl canplexes of these metals have been described in earlier 

sections, including those dealing with : molybden~(I1) and tungsten(I1) 

(7.6 [326-329, 332, 333]), hydride canplexes (7.8 [342-345, 355]), metal-metal 

bonds (7.9.5 [416, 418-425, 428-4441 ), organodinitrogen ligands (7.13 [513-5153) 

and nitrosyl complexes (7.14 [546, 550-5531). 
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