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INTRODUCTION 

The coordination chemistry of molybdenum, report& during 1991, has been reviewed. The 

complexes are grouped prirnarily by oxidation state of the molybdenum atom(s) (sections 1.1 to 

1.7) and then further divided acconhng to the ligand donor atom. Where a complex contains mixed 

donor atoms, priority is given to the donor atom nearest to the top left of the periodic table. Sections 

1.8 and 1.9 contain reports of mixed valence molybdenum complexes and dimetallic compounds 

respectively. The final section, (1.10). deals with cluster species. In general, references to purely 

organometallic compounds have been omitted from this review although a range of phopshine 

complexes has been described; only discrete cluster compounds are included_ 

1.1 MOLYBDENUM(VZ) 

1.1.1 Complexes with nitrogen donor ligandr 

1 .l .l .I Monodentate ligands 

The monomeric nitrido complex MoN(NPh& has been prepared by the reaction of 

MoNC13 and LiNPh2 in thf [l]. Structural analysis showed the molybdenum atom to be in a 
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tetrahedral environment with a Mo-N(nitqide) bond of 1.634 A and an average MO-N(amido) 

distance of 1.992 A. Two bis(amido)bis(i&do) molybdenum complexes have been synthesised, 

also containing an N&%rahe&al geometry ahout a molybdenum(VI) cenq 121. The reaction of 

Mo02C12 with Ar’NCO (AI’ = 2$-diisopropylphenyl) in thf at 70 ‘C yieW the dichloro product 

(Ar’N)2Moc12.thf. The reactivity of this pmduct was expld. resulting in derivatives of the fotm 

(AI’N)ZMOLZ (L = NEt2. NHAr’, mesityl, neopentyl); of these (Ar’N)2Mo@JHAt’~ was structurally 

characterised (Mo-N(amido) = 1.987,1.975 A, MeN(imido) = 1.764.1.753 A, average N-Mo-N = 

109.5’). A similar strategy was used to synthesise (Cp)Mo(NtBu)$l in high yield, i.e. via a 

dichlorobis(imido) complex as shown in equ. (1). The cyclopentadienyl complex was characterised 

by NMR spectroscopy, mass spectrometry. and elemental analysis [3]. 

soc1* @WikO 
MOQ - MooQl- Maqclz = Mc@Bu)&12 

JWP) 

I 
(Cp)Mo(I+Bu)zCl equ. (1) 

Several complexes containing hydrazido(2-) ligands have been reported. Considering the 

relevance of hydrazido complexes (M=N-NH2) in the role of nitrogen complexation, and the related 

diazenido complexes ((M=N-NH) as an intermediate formed from the pmtonation of the initial N2 

complex, a study on related alkyl, NNR2 and NNR molybdenum complexes has been reported [4]. 

The direct action of MqNNH2 and PhNNH (with excess [S$L!N&]- for the latter reagent) on 

MoO#$NEt2)2 gave MoO(NNM@)(S2CNEt2)2 and Mo(NNPh)(S$NEt2)3, respectively. 

Using l,l-methylphenylhydrazine as the source of hydrazido(Z) ligand, MoO(NNMePh)(Z- 

SQH3N-3-SiMe3)2 was prepared from MqO3(2-SCsH3N-3-SiMe3)4 [S]. An alternative route 

involves the replacement of the two chloride ligands of MoC&(NNMePh)(2-SC&N-3-SiMe3)2 by 

an 0x0 ligand using atmospheric dioxygen. ‘lie complex MoO(NNMePh)(2-SCsH3N-3-SiMe& 

(1) has been structurally charactaised and the complex exhibits a cis oxo-hydnwido geometry with 

the hydrazido(Z) ligand in a linear ql-coordination mode. The oxo-hydrazido complex 

MoO(NNMePh)(acac)a has also been characterisc& this is a precusor to a novel dinuclear 

hydrazido(2-) complex that contains bridging alkoxy ligands [6]. On reacting iMo@(acac)2 with 

1,ldiphenylhydtazine in methanol, either the above mononuclear complex or the dinuclear complex 

(MoO(NNMePh)(acac)(p-OMe))z is formed, depending on the maction teqe&um The complex 

MoO(NNMePh)(acac)z can be directly convated into a series of the dinuclear complexes, with 

varying alkoxy ligands, by simply refluxing hj the appropriate alcohol ROH (e.g. R = Me, Et, or 

Vr). Structuml Characterisation of the ethyl dc&ative (2) indicates extensive delocaliition thmugh 

the Mo-N-N unit, with the following structural parameters: Mo-N = 1.784(l) A, N-N = 1.298(2) A, 
MO-N-N = 169.5( 1). 



Me 

(1) (2) 

A potential use for hydrazido complexes was brought to light on studying the reactivity of 

Mo(NNMePh)(S2CNMe2)2Cl2 towards silver nitrate 171. Adding 3.3 equivalents of AgNO3 in 

alcoholic solvents results in cleavage of the hydnuido ligand from the metal and formation of 

alkoxyaniline derivatives as shown in equ. (2). A reaction pathway for this transformation is 

proposed, involving initial loss of one (or both) (S$NM~ ligand(s) and coordination of a nitrate 

ligand to the molybdenum centre. 

The potential application as a pol ymerWion catalyst is the main theme explcred on looking 

at the reactivity of the imido complex Mo(NAr)(CH~)(otSu~ (Ar = 2.CGjH3-ipr2; R = Me, 

C&) [8]. A range of 2,3difunctionalised 7-oxanorbomenes and 7-oxanorbornadienes were 

luzted with dlis complex, with two outcomes. whilst 7-oxanorbomadiare 2, 

7-oxanorbomene and 2,3-endo-cis-isopropylidenedioxy-7-oxanorbomene yield polymers with 

narrow molecular weight distributions, the reactions with 2,3-bis(trifluoromethyl)-7- 

oxanorbornadene, 2,3-bis(dicarboxy)-7-oxanorborn adiene and 2,3-n~-dicyano-7+xam&mrene 

lead to the stable metallacycloaddition products, namely Mo(NAr)(CHCMaR)(OtBu)2. The 

structure of the trifluorome.thyl derivative shows the molybdenum to be in a square pyramidal 

environment with the imido ligand in the apical position as illustrate4l in structure (3). Other five 

coordinate imido complexes have prepared by the addition of either PMe3 or the amine 

N(a2a2)3m to WCHW(NANOWz (k = 26cdI3+2; R = CMe(CP3h CMe2(CP3)) 

[91. Trimethylphosphine attacks a CNO face of the pseudo-tetrahedral complex to yield the 

st~cturally chatacterised, chin& trigonal bipyramidal species (4), whilst N(CH$H$3CH adds to 

either a COO or NO0 face to give achiral isomers, or to the CNO face to give chiral isomers 
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analogous to that of the phosphine adduct. Variable temperature NMR spwtmsq ic studies have 

been carried out to detumine the banks of k%.ation for intemonversion of the various isomrs. 

(4) 

A brief accouut [lo] has appeared concerning the non-linear optical and excited state 

properties of conjugated one-dimensional [NM(OR)31n polymers [M = MO, W, R = CMe3. 

CMezEt, c-2cF3)l. 

1.1.12 Dia!entateligan& 

The dinuclear molybdenum(W) 0x0 complex [enH2][03Mo(p-O)MP(en)O3] has been 

synthesised and structurally characterised [ 111. The two molybdenum atoms within this complex 
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have different coo&radon geometries: tetrahedral [It40043 and octahedra @4004Nz] as shown in 

structure 0. The diamine also plays two roles, coo&rutting as a didentatz ligand and pmtonated as 

the cationic counterion. 

(5) 

Using Mo(bpy)O2X2 (X = Cl, Br) complexes as starting material, there have been two 

reports on the synthesis of bipyridyl-alkyl molybdenum complexes, with Grignard reagents being 

the source of the alkyl ligand. The reaction of 2 equivalents of trimethylsilyl magnesium bromide 

with the bromo-molybdenum complex yielded (2,2’-bipyridyl)dioxobis(trisilyl)molybden~(VI) 

[12]. An unusual feature about this product was revealed upon structural analysis. The 

molybdenum atom is in a distorted octahedral environment, due, in part, to an intramolecular 

interaction between the silicon atoms and one of the 0x0 ligands as illustrated in (6). The 0% 

distance for this interaction (3.32(l) A) is considerably less than the sum of the 0 and Si van der 

Waals radii (3.6 A), and cannot be explained purely on the grounds of crystal packing. 

2-Methylbenzylmagnesium bromide has been utilised in an analogous reaction, giving 

Mo(bpy)O2(CH$Z&Me)2 [13]. Whilst this complex is stable in the solid form, in solution it 

decomposes yielding the oxygenated organic compounds 2-methylbenzaldehyde and 2- 

methylbenzylalcohol as the main products. Their formation is rationalised in terms of a pseudo 

“keto-enoY tautomeric equilitzium between one 0x0 and methylbenzyl &and. 

Si-O( 1) = 3.32( 1) A 

S-O(2) = 3.95(l) A 

(6) 



The reactiun of MoC4 with [H@PPh2NPPh2NH2]Cl results in the formation of two 

molybdenum(VI) complexes [14]. The Wt of these. Mo@-NPPh~NPPh2N)Cl3, was previously 

known whilst the second product, Mo@-tiPh$VPPh2O)cIz (7) is reporud to be the first example 

of a bicyclic phosphorane iminato complex. The 1:l adduct of this new compound with MeCN 

crystal&s and shows a cis arrangement of the two Mo-N bonds. This is rationalised in terms of 

efficiency of x-bonding, the short Mo-N bond lengths (average 1.778 A) typify double bond 

character and a~ close to values obtained for other molybdenum(VI) imido complexes. 

cl 

(7) 

The reactivity of the isocyanate PhNCO with dioxo and diimido molybdenum complexes 

has been explored [ 151. In the case of the dioxo complex Mo(O)2(mes)2 (mes = 2.4,~C&Me$ 

the expected outcome of forming Mo(NPh)z(mes)z, with the concurrent release of @, was not 

observed. Instead, the isocyanate inserts into the molybdenum-mesityl bond to give a four 

membered MoNCO-ring as shown in sm~cture (8). This product was identified by l3C NMR 

spectroscopy but decomposed to an amide complex on chmmatographic work-up. 



I .l .I .4 Tridentate ligands with nitrogen and oxygenlsu&r donors 

The tridentate Schiffs base ligands salicylidene-2-aminothiophenol (9) and N- 

(hydroxyethyl)salicylideneimine (10) form chelating OJV,S- and O,N,O-molybdenum 0x0 

complexes, respectively [16,17& In each case, addition of imidaxole (11). or an imidazole derivative 
L, to these complexes results in the fmmation of a 6-coordinate, diamagnetic MoO2(0-N-X)L 

complexes (X = 0, S) which a~ non-electrolytes. Infrared specttoscopy indicates the presence of a 
cis (MoO#+ core and tH NMR spectmscopy is used to establish the mode of coordination of the 

ligands to the molybdenum centre. In the case of the thiophenol-complex, the lability of the 
imidazole ligand is also explored with the use of conductiometrk measurements [ 173. 

0 

R = H, 0CH3, CH3, F, Cl, Br, C0CJ-I 3- NO2 
HMPA = hexamethylphosphoramide 

(12) 
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Activation of ammatic amides has been achieved using the complex oxopemxo(pyfidine2,6 

dicarboxylato)(ylp~~h~de)~ly~n~~ [ 183. A proposed reaction scheme 

involves initial attack by the nitrogen of the amine at the electrophilic pemxy oxygen atom of the 

molybdenum complex. Subsequent rearrangement and loss of water gives a complex containing a 

hydroxyamido ligand (12); this product has been isolated in yields gmater than 80%. On heating, 

this new compound decomposes to give my (< 2%) and axe benxenes (10%). 

I .l .I 5 Tetradentafe kg& with nitrogen and oxygenlsu#br donors 

Them have been two reports containing information about molybdenum peroxo-complexes 

containing tetuulentate Schiff’s hases[ 19,201. Factors that infhtence the mode of coordination of the 

(02) ligand have been examined. These include the effect of changing the adonor nature of 

ONN’O’-donor ligands, viz. changing from [(C6H4) (NC(H)(C4H40)]2]2- to 

[ (NC(H)(C$LtO) )@ [ 191, and the influence on varying the transition metal for complexes of the 

‘formula MO(W(C&iz4N4S4) (including M = MO), whem the @and [C3$-124N4S4J2 provides 

an SNN’S’donor set [2O]. 

1.1.2 Complexes with oxygen donor ligands 

Oxygen-transfer from peroxometallates is shown to be a new and general route for the 

synthesis of oxopolymetal&s 1213. Amid the higher nuclearity polymolybdates obtained, a rational 

synthesis for the dinuclear anion [M~O7]2- is presented. Treatment of Ma with hydrogen 

peroxide gives the peroxomolybdate [Mo2O2(u-O)(O2)4(H2O)#-, then use of PPh3 as an 

oxygen abstracting agent yields the dinuclear 0x0 complex as shown in equ. (3). Structural analysis 

reveals that the two Mo03 fragments are bridged by a single oxygen atom, (LMo-O-MO = 

180.0(g)‘), and the terminal oxygen atoms of each fragment are staggered with mspect each other. 

[Md2@-o>@?2)4(H20)212- + 4PPh3 -+ ~@j+- + 4OPPh3 + =I20 equ. (3) 

Structural analysis has been carried out on a similarly bridged dimer, namely (Cp*MoO$zO [22]. 

The intramolecular packing forces of four crystallographically independent molecules have been 

examined, with reference to the various intermolecular bond parameters. The ranges of values are 

LMo-O-MO =172.7 to 180.0’, Mo=O = l&7(8) to 1.721(S) A, and MO-(p-0) = 1.855(6) to 

1.894(4) A. The same molybdenum fragment, Cp*MoO&-0). is present in a series of hetero 

dimetallic p-oxo compounds [23]. Complexes of the formula M(Cp)$l(p-O)MoCp*@ (13) (M 

= Ti, Zr, V) have been synthesised as part of a study on the reactivity of the oxyanion [Cp*Mo@]- 

with [(CphMCl]+ fragments (from the corre$ponding neutral dihalii). A similar type of approach 

has been used to prepay another ‘H-MO 0x0 compound Reaction of [MoO4]2- with a related 

titanium source, (q~MeC$L&TiClg, gives the complex ((q5-MeC&)gTi(~2-Mo04))2 (14) 

which contains an eight-memhemd titanium lybdenumoxo ring [24]. Suuctuml analysis shows 

1” that the four metal atoms am coplanar, with the oxygen atoms displaced up and down alternately 

around the ring. 



M=TjZr,V 

(13) (14) 

An eight-membemd ring is also pn%ent in the diorganotin molybdate (aBuN2[(phzSnh(CI- 

OH)2(~-M~4~].~2Cl2 (15) [25]. This is prepared from the reaction of (nBu@O~M~~l 

with Ph2SnC12 and ~~~~H in acetonitrile, and the product has been structuraUy chamcterised. 

Two cis diphenyltin units are linked both via (O-MO-O) bridges @mating the eight-membered ring) 

and via two hydroxy bridges (giving rise to a four-membered Sn-O-%-O ring). 170 and %n 

NhIR spectral data indicate that the solid state structure is retained in solution. 

Ph 

Ph Ph 

Starting with the molybdenum(O) complex ETpMo(CO)3]- [Tp = hydrotris(l- 

p~yl)~~~, oxidative d~~ylation with dioxirnne gives flpMoO31- qu~ti~dvely as is 

shown in equ. (4) [261. Although this monomer is formed very readily, two ~ly~enurn~~ 

intermediates have been isolated from the reaction mixture, namely the known dimer (TpMoOz)z 
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and a new tetramer (TpMa)4. Both the tetramer and the monomer have been structurally 

characterised. Irradiation of Cp*Mo(CO)3Cl in the presence of @ all results in oxidative 

decarbonylation, forming Cp*MoO$l(j6) [27]. This new complex acts as a catalyst in the 

conversion of alkylhydropemxides and all&es to the cornsponding epoxides and alcohols. In the 
absence of alkene, Cp*MoO$Zl reacts directly with alkylhydroperoxides to give the peroxo 

complex Cp*MoO(O&I (17), though this molybdenum complex is shown to be inert to ftuther 

xeaction with alkenes, i.e. it is nor an inWmediate in the catalytic &on. 

[TpMo(CO)J + 6 - [TpMoOJ- + 3Cq + 6R’COR equ. (4) 

The structure of the peroxo complex IQ[MoO(@)F4].H20 (18) has been redetedned 

[28]. Together with molybdenum-doped K#Ib(&)Fs].H20, the results of single crystal EPR 

spectroscopic investigations have been analysed and extended Hiickel calculations on the system 

have been carried out. 

(16) 

0 

(17) 

Bond lengths (A) 

Mo-ti 2.037( 10) 
MO-$ 1.976(8) 
MO-$ 1.974(g) 
MO-@ 1.972( 10) 
MO-~ 1.709(11) 
Mo-d 1.948( 11) 
Mo-d 1.951(11) 
d-d 1.419(15) 

Theze have been two reports on the chemistry of Mo@(mesh. The anion Fl@(mes)]- is 

the product from the &on of MoO_r(mesh ~with ethylidenetriethylphosphde in thf at O’C [29]. 
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A reaction scheme is proposed that involves coos&ration of the ethylidene to one molecule of 

MoOz(mes)z with subsequent oxygen transfer from this adduct to another molecule of 

MoO&nes~viaanoxobridgedditmaicintenm&te. lhestructureoftheresultantanionhasbeen 

determined as the [F+h@]+ salt. Dimesityl ketone (5% yield) and 1.1’~bis(mesitoyl)-1,1’,4,4’- 

tetrahydro-4.4’-bipyridine (25% yield) can be prepared from this same starting material, 

MoO2(mes)2, on reacting with CO (3 atm) in pyridine at room temperature [30]. The high 

oxidation state of the molybdenum inhibits the coordination of the CO ligand to the metal centre, 

and a mechanism is pmposed in which CO insertion into the tr~~lybdenum-mesityl bond is the initial 

step. The analogous reactions are repeated with Mo(N&h(mes)a, prcducing the diketone in a 

much higher yield (60%). 

Several complexes between molybdenum and organic acids have been isolated, and these 

contain various ratios of molybdenum : acid [3 l-341. The results with salicylhydroxamic acid (19). 

citric acid (20). Dglucaric acid (21) and compound (22) am summan ‘sed in Table 1. 

HO#,+oH 

0 OH OH 
0 

(19) (21) 

Ho# @t!#& 

OH o OH o 0 

(20) Tl&it’ (22) 

Table 1 Molybdcnwn complexes with acids (Z9)-(22). 

Acid Mozligand ratio Comments mf 

(19) l:l, 1:2 t311 
(20) 1:l W-@W@Hh14 WI 

22 WoO2o(cit)21~, [@foo2)2WW2P 

(21) 2:1t pH l-2. high concentration [331 
1:l. 22 pH l-2. low concentration 

2:1t pH 4.5-6 

2:1t pH 6-8.5 

j(22) l:l, 1:2 1341 

tcufupkxcsllredistinctfnxuoneanuther. 
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A dimeric 0x0 complex Na~~o$&jL].14Hfi is obtained Finn the maction of Nam41 

with HsL &I.& = l-hydroxyethylidenediph@phonic acid) [351. Structural analysis shows that each 

molybdenumatomisinadistcrtedocmhe&@armyofsixoxygenatoms. On$molybdenumatomis 

coordinated by one bridging and thaw te&inal oxygen atoms plus an oxygen atom from each 

phosphonate group; the other is coordinated by one bridging and two termiual oxygen atoms, two 

phosphonate oxygen atoms and a W aurY1 oxygen atom 
Potentially of biological significance, vitamin Bg (HPN) (23) forms a 2:l complex with 

molybdenum(W) [36]. The complex MoOz(PN)2.3H20, formed from the reaction between 

Naz[MoO41 aad HPNHCl in aqueous solution, has been structurally characterised. The [PNJ- 

ligand is didentate, coon%adng thmugh the 4-hydroxymthyl and pknolic oxygen atoms. 

(23) 

The reactivity of coordinated oxygen ligands in cis-Mo02(acda)z has been investigated 

where Hacda = 2-aminocyclopent-lcne-lcarbodithioic acid [37]. Using catechols as reagents, 

oxygen abstraction results in complexes of the general f&rmula MoO(L)(acda~ (24), where H2L is 

a catechoL ‘lose complexes have been isolated and sptcaoswpically character&d On a similar 

theme, oxygen abstraction reactions of dioxo-molybdenum(Vl) complexes with PPh3 have been 

investigated [38]. The subsequent dimerisation between the starting complex Mo02(S$NR2h (R 

= Me, Et, @r, iBu, Ph, or PhCH2) and the reduced product MoO(S2CNR2h to the oxo-bridged 

molybdenum(V) complex Mo$I3(S2CNR2)4 is very sensitive to the electmn donating ability of the 

substituents on the dithiocarbama te l&and. This study focuses on the effect on the dimerisation 

equilibrium constant of varying the substituent R. 

(24) 
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1.1.3 Complexes with su@r donor 1igatA 

The reaction between MoO&CNR2)2 (B = Me, Et, Pr, Bu) and propylene sulfide (C3H&) 

is a new efficient route to the 7-coordinate, blue complexes MoO&)(S2CNB2)3 [39]. Although 

this class of complex has been synthesised pmviously, this one pot reaction results in a much higher 

yield. At temperatures greater than 16OT partial decomposition occurs, and the dimeric complex 

Mo3O&-S)2(S#NB~ is obtained 

Addition of copper(I) chloride to salts of [MoS4]2- in CH2C12 or MeCN results in the 

formation of new dimetallic complexes that display various geometries whilst retaining the same 

Mo:S:Cu composition of 1:4:4 [40]. Crystal structures of the anion [MoS4Cu4C4]3- with three 

different sets of counterions have been solved. The presence of the cation [B@j+ results in a 

structure with discrete anions (25) separated by the [BuqN]+ cations. With the mixed cationic 

combination ( [Ph4P][Pr4Nj]2+. them is a dimeric aggregation (26) in the solid state, whilst with 

[pr4NJ+ as the counterion, a polymexised linesr anionic chain is present in the lattice. The variation 

in the solid state structures is discussed in terms of the cation sizes. 
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1.1.4 Complexes with halide doltor @an& 

Hydrogen chloride complexes of a series of fluoride uqxnmds, including I%&, in a solid 

argon matrix at 12K have been studied by B spectroscopy [41]. Two distinct 1:l complexes am 

obtained for molybdenum, with HCl bonding thtough either the H or the Cl atom, i.e. bfoF6-HCl 

and MoFe-ClH. 

Chlorinated solvents provide the source of halide in the preparation of complexes of the 

formula [(Cp)(Cl)(PMe3)2MoCR]Cl [42]. Photolysis of the molybdenum(IV) carbene complex 

(Cp)LzMoCR & = CO, P(OMe)3] in the presence of PMe3 in chlorinated solvents results in 

oxidation, as well as ligand substitution. The chlorine plays a dual role, as both a ligand and a 

counterion. 

12 iUOLYBDENUM(V) 

12.1 Complexes with nitrogen donor liganak 

12.1 .l Motwnuclear complexes 

Conversion of an amino ligand to an amido, imido and then niuido &and has been achieved 

starting from the molybdenum(V) complex [Cp*Mo(Me)3(NH3),][OTfJ (x = 1.2; HOTf = tritlic 

acid). Deprotonation yields the unstable amid0 complex Cp*Mo(Me)3(NH3) (for both x = 1 and 

2), which is oxidised by [CpFe]+ to give the molybdenum(VI) imido complex Cp*Mo(Me)3NH. A 

further deptotonation, using LiN(SiMegh, produces the bridged nitrido complex Cp*MoMe3(NLi). 

The initial preparation of [Cp*Mo(Me)3(NH3)J+ involves the reaction of Cp*Mo(Me)3OTf with 

ammonia; if this starting material is reacted directly with LiN3H3, the final nitrido complex is 

obtained directly. Work on this system also covers hydraziie as a ligand 1441, with potential 

relevance to the reduction ofdinitrogen to ammonia. The cationic complex [Cp*Mo(Me)3(N$J4)]+ 

has been synthesised. The hydraxine ligand adopts an q2-bonding mode as shown in structure 

(27). Reduction of this complex by sodium amalgam results in cleavage of the N-N bond of the 

hydraxine ligand, and formation of NH3 and the imido complex Cp*Mo(Me)3NH. 

Me- 

/ 
Me 

: 

2 

+ 

(27) 
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Continuing the work on sterically hi&red thiolate ligands. mentioned earlier [5], a 

7-coordinate molybdenum(V) diazenido complex has been synthesised and structurally 

charactuised [45]. Mo(NNcaH5)(2-SCsH3N-3-SiMe3)3 has a pentagonal bipymmidal geometry, 

with the phenyldiazenido @and occupying an axial po&ion (28). The uncommon, nearlinea&yof 

this ligand (LMo-N-N = 171.7(3)‘) together with the bond lengths @lo-N = 1814(3), N-N = 

1216(5) A> indicate considerable delccalisation. 

(28) 

H3C 
CH3 

CH, CH3 

H ----o distances2.111 Aanaz102A 

(29) 

The ligand meso-octamethyl-porphyrin (H4L) has been used to bind the 

oxomolybdenum(V) ion 1461. X-ray analysis of [Li(thf)&Mo(O)L] reveals hydrogen-bonding 
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between the 0x0 group and two of the meso- methyl groups in the anion (29). The compound 

N,N’-dimethyl-N,N’-bs(2-mercaptophenyl)-1.2-diaminoethanc (H2L’) (30) also acts as a 

tetradentate ligand. Complexes of the formula FIooxL’]- and D&O(XH)L) (X = 0. S) have 

been synthesised to act as mudels for molybdenum(V) sites in xanthine oxidase [47l. Using EPR 

spectroscopy as a tool, infotmation as to the coadination of the molybdenum(V) centms in the 

VSliOUSfX.lZpCSitCShl4StJCUlObtaillCd. 

(30) 

12.12 Dinuclear complies 

A series of repotts has appeared on dimeric (MeC$I4)Ivlo(ido) complexes containing 

0x0 or SuMdo ligands [48-511; the main topics covered sIe: 

(i) oxidation of [(McQH4)Mo(CO)3]2 by nitrobenzene to give the oxoimido complexes 

(MeCsH4hMozoz(Cr-o)(CI-NPh), K~eCd-LWoW-~~)l~ ad (MeCsH4)2MwWJWQ- 

O)W’h) WI; 
(ii) the reactivity of (McC$-I,&It4o&&-O)@IPh), including the reaction with HzS to 

give (MeCsH4hMoz(S)(CI-O)(~-~h) with subsequent studies on the reactivity of this product 

WI; 
(iii) electrochemistry of complexes of the formula (MeC$l.t)2Mc~X(NPh)(@JF’hphh (X = 

NPh, S, 0) and the oxo-dimer { (MeC$-I4)MoO@O))2, the results being interpreted in terms of 

the x-donff abilities of the ligands NFQ-, Sz snd 02 [50]; 

(iv) synthesis and electrochemistry of the crown ether imido complexes 

(MeCsHs)2Mozoz(CI-O))(CI-N(benzo_15-crown-5)) (31) and ((MeC5H4)MoO[Cr-N(benzo-15- 

crown-S)] 12, and their maclivity with phenylisoqWW [51]. 

In the above examples, the source of imido ligsnds is either a nitrobenzenederived reagent 

orphenylisocyanate. On studying thephotuchemical reactions ofCp$vfqt(COk with azobenzene, 

Cp2Mo&-NPhh(p-q’-Nfl~ is obtained as the major product; the subsequent oxidation of this 

product gives the oxoimido complex ~Mo20&-NPh)2 in almost 50% yield (based on the 

car-bony1 starting dimer) [52]. 

Flash photolysis of the complexes [Mo2O4(H2O)e&ICS)x]c2-x>+ (x = 1,2) in aqueous 

acid has been studied as a continuation of studies on the parent complex cation [Mo204(H2O)&+ 

1531. Three p-oxo-bis(oxo-molybdenum(V)) species are identified as intermediates, namely 

[Mo203(H20)814+, [Moz03(NCS)(H20)713+ and [Mo203(NCS)2(H20)612+, which decay 
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following first order kinetics to molybdenum(VI) products and dihydrogen. Another class of 

molybdemum(V) oxo-dimer containing benzimidaxole ligands has been studied [54]. 

[Moz04(Cl)(t)(L1)(H20)~].nH20 and [Mo2O4(C$)(L2)2].2H2O (L = benximidaxole; Ll = 

EtOH,H& n = O-2; L2 = 2+wetylbenzimidazole, 2-benzylbenzimidazole or 2-(0 - 

aminophenyl)benximidaxole) have been isolated and characterised spectroscopically. The data 

indicate the presence of a (M0204)2+ core. Also rejmted in this wodt wem several mononuclw, 

octahedral molybdenum(V) complexes containing the derivatised ligands 2- 

(hydroxymethyl)benximidazole and 2-(a-hydmxyethyl)benxSdarole. 

(32) 
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An oxo-dimer containing the didentate nitrogen donm ligand 4,4’dimethyl-2,2’-dipyridyl 

(dmbpy) can be synthesised by one of two routes. The complex Mo$I#-0)2(Cl)#nbpy)z, 

(32), can be obtained from the reaction of Mo$l&WN)4 with 02 and dmbpy, or ahetnatively by 

the direct oxidation of MgCl&fmbpy)p with oxygen [55]. Structural analysis indicates that the 

terminal oxygen atoms are in a sy~configuration, and the MO-MO distance of 2.562(2)A is typical 

of a molybdenum(V)-molybdenum(V) single bond. 

Circular dichroism spectrophotometry has been used to study the effects of various cationic 

surfactants on the complex dianion [Ma@-0)2(0)2@-cysteinato)#- (33) in aqueous micellar 

solutions [56]. Depending upon the concentration of the surfactant, e.g. [CH3(CHdtsN(CH$$Br, 

the didentate [I? cysteinato]~ ligand either partiahy dissociates a -0&- atm or is totally liberated. 

0 0 

2- 

(33) 

12.2 Complexes with phosphorus donor ligands 

The reaction of MoC4(PPh3)2 with 2,4,6-tPr3C&SH in CHzC12, followed by the 

introduction of excess 02, results in a dinuclear molybdenum(V) 0x0 complex containing both 

thiolate and phosphine ligands [57]. The structure of the product, Mo204(2,4,6- 

iPr$!eH2S)2(PPh3)2, shows the common (M0204)~+ core with a typical MO-MO distance of 

2.595(4) A. Each molybdenum atom is in an irregular, square-based pyramidal geometry, with the 

terminal oxygen donor ligand in the apical site. 

12.3 Compkxes with oxygen donor lig& 

1.2.3.1 Simple oxygen donor ligan& 

An BPR spectroscopic study on the coordination sphere of molybdenum(V) centres in UV- 

irradiated silica-supported Mo03 catalysts has been carried out to determine the number of 

coordination vacancies at the transition metal centre, with relevance to the absorption/catalytic 

properties 1581. Absorption of t3CO and Hz results in a M0(0)3(0H)~%0 environment (34), as 

indicated by the hyperfine snucture (atuibuted to the t%IO l&and) in the BPR spectnuu 
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0 

O- MO -co 
5. 1; \ 

3 
HO 6 

(34) 

The Complex aniOnS ~~04(C~04)2(Hzo)232’- and [M~04(OCHO)4(p-O$X)]f (35) 

have been structurally characterised. They both contain two molybdenum centres octahedmlly 

coordinated by six oxygen atoms [59,60]. The latter complex contains a strong non-complexing 

acid, and is quantitatively hydrated to [Mo&(Hfl)&+; this pmvides a viable alternative route to 

this hydrated complex [60]. 

(35) 

A range of carboxylate complexes Mo$I&t-O)(Cc-S)(RC@h (R = n-pentyl, n-hexyl, n- 

heptyl, iso-octyl, cyclohexyl and phenyl) have been synthesised to investigate the effect of presence 

of a sulfur bridging atom compared to the related dioxo bridged complexes [al]. The bis(sulfido) 

bridged molybdenum complex [MozOzBr4(p-S)#- has been synthesised and structurally 

character&d [62]. Whilst there are no exceptional features about this anion, an intriguing 

transformation involving thf and aBu3p to the cation pIBu3p(CH&tPaBu#+ takes place during the 

synthesis of the anion ~@02Br4Q-S)z]2-. The molybdenum(V) dimer is prepared from 

MogSTBr4, “Bu3P and thf, and although no intermediates were isolated, a viable route to the 

products is shown in Schemcl. 
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Scheme 1 

Finally, a range of chalcogen complexes of the general formula C!p2Mo202(Cr-X)&-Y) 

(X,Y = 0, S, Se) have been prepared by a variety of mutes [63]. The selenium complexes, cis- and 

tranr-C&.M~(O)2(@e~ and frawt&M~O&-Se)(O) have been structtually characterised. 

Recrystallisation of the latter complex in hexane-CH&!lz gave the complex ci.r-Cp2Mo2~Q- 

Se)u.g(p-c1)t.z. Them are several other oxwnolybdenum complexes containing more exotic sulfur 

ligauds, and these am discussed in section 1.2.4. 

I 2 3 2 Didentate liganak with oxygen and su#iu donors 

Spectroscopic and electmchemi~ studies have been carried out on a series of monomeric 

oxymolybdenum(V) complexes containing 5-membered chelate rings with oxygen and/or sulfur 

donor atoms (36) [64]. The mono alkoxo and alka&tklato compkxes, LMoO(Cl)(XR) (37) have 

also been included in the study, and the effect of the number of methykne units on the reduction 

potentials of the complexes has been discussed. 

Reduction of [MozO2(OzCC(S)Ph2)2]2- provided a route to the first structurally 

character&d molybdenum(V) complex containing both coordkated thiolate and carboxylate groups 

1653. i.e. the fmt example of a MovO(S202) donor set (38). The bulky phenyl groups of the 

Ph2C(S)C@- ligands prevent the square pyramidal mononuclear compkx 6om dime&kg to the 

usual cL_oxo dimolybdenum(V) complexes. An alternative route to ~oOQCC(S)Phihl_ involves 

the naction of the same molybdenum(W) starting complex with aliphatk thiols under acidic 

conditions [Sal. In this mpott, the ekctmchemkal properties of the molybdenum(V) compkx are 

iIlVestigated. 
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(36) 

c = Tp=[(~$H] 

0 Et 
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S Et 
S n-R 
S i-R 

(37) 

A dimeric complex M~Lg(H20)2 (H2L = HSCH2cooH) is obtained by the direct action 

of H2L on MoO3.H20 under an argon atmosphere [67]. Using a range of techniques (EPR, IR, 

N?+4R and electronic spectmscopies, magnetic susceptibility measurements, cyclic voltammetry and 

XPS Bnts) both molybdenum atoms are found to be octahe&aUy coordi~ted through the 

0- and S-donor atoms of ligand L and the water molecules; the two molybdenum centres are in 

slightlydiffemnt en vimnments due to the presence of three asymme&ally bridging ligands. 

12.4 Complexes with mlfur dotwr ligands 

The complex [NEu][MoO(a,2-toluenedithiolateh] (39) contains a distorted teuagonal- 

pyramidal MOOS4 core [68]. The two classes of MO-S bond, i.e. molybdenum-arenethiolate and 



23 

molybdenum-alkanethiolate, are distinctly different in length, and this is rationalised in terms of 

Jt-hondingbetweenthesulfuratcmsandthemolytxienumcentre. 

Mo-St(av) = 2.37(l) A 

Mo-Sa(av) = 2.42(l) A 

An increasing number of complexes with a [ ( MOO@-S))A2+ core are now known, and a 

range of didentate sulfur ligands [55,69-711. The molybdenum atom resides in an S40-square- 

based pymmidal environment with the 0x0 ligand in an apical site. The crystal structures of the 

complexes [Mo202(p-S)2( 1,2-dicyanoethylene-2,2-dithiolate)@ (40) and [MozOz(p- 

S)2&)(S4)]2- (41) [69] have been determined. The structure of the extended tetranuclear 

molybdenum complex anion [ ( (S~)MOO(~~-S)~M~O(S))#- (42) has also been solved [70]. 

InframdandRaman spectroscopies are also very useful in determining the pmaence of p-S, S2 and 

S4 ligands for this class of compound The effect of isotope substitution by % on various inframd 

and Raman absorptions has been investigated for the complex [ (MoO@-S)#2))~~ as well as the 

bromo complex [ (Mo(p&)Brq)& (43) [7 11. 

NC 

NC 

(40) (41) 

(42) 

(43) 

The complexes M~(NC6H4CH3)2[S2P(OCzH5)212(S)(O#C!H3)(SSR) and 

(Mo~(NC~H~CH~)~-[S~P(OCZH~)~~~S~(OZCCH~)]~ (44) have ken used to generate 

dimolybdenum thiyl radicals [72] by photolysis using UV or visible radiation. Complexes 
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coneainingM~-s~)radicals~fwmdineachcape,~andthesehavekentrappadandobsavedby 

EPR spectroscopy. The radical species abstract hydrogen atoms from thf, and can also be used to 

polymerise styrene and effect the cis-trons isouxzisation of 2-butene. 

R’ 

R’ 

(44) 

12.5 Complexes with halide donor ligand 

Refinement of electron diffraction data for gaseous MoC15 (45) gives rise to two 

descriptions for the strwture of this molecule. One is based on a distorted square-based pyramid 

and the other on a distorted lrigonal prism with one apex removed t731. The structi parameters 

far the two refmements are given in Table 2. 

Table 2 Geomtwicai parameters for the tw r~cnts of MoCla 

I II 

Bond angles /deg 

Cl3-MO-Cl1 87.8(4) 87.9(3) 

Cl3-Mo-Cl3’ 90.4( 1) 87.9(3) 

@-MO-Cl2 90.4( 1) 84.2(8) 

CP-M&l3 85.6(4) 90.7(l) 

Cl’-Mo-Cl2 113.1(5) 111.6(S) 

a~-~~~13 158.4(9) 160.5(7) 

Bond lengths /A 
MO-Cl3 2.269( 1) 2.234(2) 

MO-Cl1 2.207(5) 2.234(2) 

Mo-Cl2 2.269( 1) 2.291(3) 
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(45) 

Two molybdenum-magnesium complexes are obtained on reacting MgCl&hf)q with the 

complex MoCl3O(thf)2. If the reagents are in a 1:l ratio, then the trichloro-bridged complex 

MoOCl&&l)3Mg(thf)3 (46) is produced, whereas if the molybdenum starting ma&al is in 2-fold 

excess, a linear Mo-0-Mg-O-MO complex. ((thf)Ch+MoO)3Mg(thf)4 (47), is produced. Both 

complexes have been structurally chamc&sed. 

(46) (47) 

1.3 iUOLYBDENUA4(N) 

13.1 Complexes with group 14 donor liganak 

The reaction of the qklisilene complex Cp2Mo(q2-Me#iSiMe2) with a variety of 

inorganic and organic substrates has led to new compounds as a result of either Mo-Si or Si-Si 

bond cleavage [753. For example, with Sa in benzene at 25-C, the only product is the 

molybdenum(IV) complex ClyLMo[(SiMe&$] (48). the sulfur atom having inserted into the Si-Si 

bond. With Ph3pS as the source of sulfur, (48) is still produced (25% yield), but the main product 

(75% yield) is the isomeric compound where the sulfur atom has inserted into the M&i bond (49). 

Both isomers have been structurally character&d. 

Oxidation of the stannane complex Mo(SnPhg)(CO)3L & = Cp, Cp* or ?$C!9H7 - indenyl) 

to give the catbene complex Mo(SnPhg)(CO)z( =C(OEt)R)L can be achieved by teaction with LiR 

(R = Me, Ph) followed by [OEt3][BFqJ [76]. The reactivity of both stannane and carbene 

complexes (for L = Cp. Cp*) with iodine is examined, the former undergoing oxidatlve addition of 

iodine aud substitution of the stannane ligand to give MoI3(CO)&. 
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Me 

Me 

(48) (4% 

13.2 Complem with nitrogen &nor ligands 

The reactivity of the imide complexes Mo(NAr)(CH$HSiM@(OR)2 (Ar = 2,6di- 

isoptopylphenyl; R = CMe(CF3)2 or tBu) has been studied [77]. One of the more intriguing results 

is the outcome of the reaction with excess ethene. For R = CMe(CF3h the vinyltrimethylsilane is 

displaced by a dime&d CsHs ligand; for R = ‘Bu the complex Mo(C!H&!H$IH~)(NAr)(OtRu)2 

is produced, although this decomposes to the imido bridged dimer ~M~~u~~-N~)~~. 

The coronation of molybdenocene fragments to DNA is modelled in the complexes 

[Cp2MoL]+ where HL = 9-methyladenine or I-methyicytosine [78]. The structure of the 

methyladenyl complex shows N,N’-chelation with the molybdenum atom in a tetrahedral 

environment as illustrated in structure (SO). Two isomers exist in solution; one has the solid state 

structure and the other is chelated through the atoms N(6) and N(7). Amid the other complexes 

reported is a dimeric complex [CpzMoL]2 where L’ contains a phosphate group as a model for the 

phosphodiester backbone of DNA (51). The various sites available for coordination to 

molybdenum centres are discussed. 

the 

The bulky nature of the tridentate nitrogen donor ligand ~s(3,5~~~ylp~lyl)~mte 

(Tp) has been utilised to prevent nucl~ph~c attack at the moly~num centre of the carbene 

complex Tp(CO~M~l[79]. Reaction with aryloxide anions results in a &an conversion to 
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aryloxylcarbyne complexes. Structural analysis of the related complex Tp(CO)2MoCFe(CO)2Cp 

(52) indicates that the C~e(Cp)(C0)3 fragment can be treated as a carbene ligandz a typical Ma-C 

bond length of 1.819(6) A and an Mo-C-Ee angle of 172.2(5)’ are observed [80]. A similar 

nitrogen donor set is generated by the ligand HC(py)g as observed in the complex 

[Hc(py)3Mo(NO)3(CO)][SbF& (53) [81]. Due to the high effective charge on the metal centre, 

the CO ligand is readily lost to generate the Lewis acid [Hc@y)3Mo(NO)3][SbF&; the adduct 

formation of this unsaturated compound with a wide range of aldehydes, ketones and esters is 

ilWSti@ted. 

co 

(52) (53) 

Addition of MoO3C12 to the pterin 6&5,6,7,8-tetrahydro-L-biopterin (54) in methanol 

results in almost quantitative reduction of the molybdenum atom to the octahedral molybdenum(W) 

complex containing the cationic ligand lJ-quinoid-7,8-dihydro-6H-I..-biopterin (55) [82]. 

Structural analysis shows that the molybdenum atom is coordinated by N(5) and O(4) of the pterin 

ligand, with an unusually short MO-N distance of 2.02A; the chloride hgands are in a meridonial 

arrangement 

Eight coordinate MONA (X = 0, S, Se) complexes have been prepared using the didentate 

N,X-donor l&and S-tbutyl-2-hydroxypyrimidinato [bhpml- and its mercapto and hyroseleno 

derivatives, [bmpml_ and [bspm]-, respectively [83]. Whilst Mo(bhpnQ4 was too air sensitive to be 
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isolated, Mo(bmpm)4 and Mo(bspm)s have been fully characterised. The effect on stability of 

changing the donor atom from oxygen through to selenium is discussed. Two substituted pyridine- 

Z-thiol ligands have proved to bc very versatile on reaction with chloro and bromo molybdenum 

complexes 1841. A whole range of products has heen stmcmmlly chamcmrkl with the pyridine2- 

thiol ligands adopting an NJ-chelating mode of bonding, as well as acting as the terminal or 

bridging ligand (in dimeric complexes) bonding through the thiolato sulfur atom (see section 1.3.5). 

A meridial N,O,O’-donor set is provided by the tridentate ligand [2(a- 

oxidobenzylidcnehydraxonomethyl)phenolate]- [85]. The structural parameters of the complex 

M~O#I~H~&@)(H~O) (56) indicate considerable delccalisation within the tridentate ligand. 

The N-N bond length is l&3(4) A. This value is intermediate between a single and double bond. 

A typical MoN bond length of 2.261(3) A is observed. 

(56) 

13.3 Complexes with phosp~rus donor ligands 

Two reports have broached the subject of the so called “bond stretch isomers” of the 

complex cis-mer MoOCl2(PR3)3 (PR3 = PEtzPh, PMe2Ph) [86, 871. Whilst only one Mo=O 

stretch is observed in the infrared spectrum, two distinctly different Mo-0 bond lengths were found 

on structural characterisation (1.698(8) and 1.866(7) A). A reinvestigation of the structure [86] 

revealed that the different bond lengths appeared to be due to an MoCl3(PR3)3 impurity present in 

the sample rather than due to different isomers. 

Phosphine ligands have been used to stabilise the unsaturated chloro complex CpMoCl3 

[88]. The eighteen electron adducts C~MOC~~(R~PCH~CH~PR~) (R = Me or Ph) and 

CpMoCl~(P(OCH2)$!Et)2 have been obtained by simple addition of the free phosphine ligand, 

although use of PMe3 results in decomposition. The hydrido phosphine complexes 

[MoH(SC&R3-2,4,6)3(PMe2Ph)2] (57) (R = Me or iPr) have been prepared and structurally 

characterised [89]. The geometry about the molybdenum centm is based upon a distorted trigonal 

bipyramid with the three thiolate ligands in the equatorial plane and the phosphine ligands 

essentially trans. The hydride ligand was not located directly; its presence was established by tH 
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NMR and IR spectroscopies. Reactions with the neutral ligands L (L = R’QIQN, P(OR”)3, 

IvIeCN, R’ = H, 2-,3-,4-Me; R” = Me, Et) result in phosphine substitution giving a series of 

complexes MoH(SC&R3-2,4,6)3(PMeBPh)L; in contrast reaction with CO results in the 

displacement of the hydride and one thiolate ligand [90]. The structure of ~o(SC!&@r3- 

2,4,6)2(PMe2Ph)2(CO)2 (58) reveals a trigonal prismatic coordination sphere about the 

molybdenum atom. 

R / e -d 
S 

R 

(57) R = Me, ‘Pr 

1.3.4 Compk~s with oxygen donor ligank 

It has already been seen with molybdenum(W) complexes that CO ligands can act as a 

source of 0x0 ligand (see section 1.1.2); cleavage of the C-O bond in a molybdenum carbonate 

complex also yields an 0x0 ligand, with liberation of Coz [911. In this case there is no formal 

change in oxidation state of the metal centre; the source of energy for the transformation (equ. (5)) 

isfmmanargonionlaser. 

Cp2Mo-CO, hu_ cp$Io=O + CQ equ. (5) 

The sauchue.s of the complex MoC4(dme) (dmc = 1.2~dimethoxyebne) and its adduct 

with 15crown-5 have both been solved [92]. Each complex contains a distorted octahedral 

Mock02 centre. The W-VIS and magnetic properties of MoQ(dme)(U-crown-5) are 

discussed. 
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MO-P(I) 2.4.59(2) A 
MO-F(~) 2.463(2) z& 
MO-S(~) 2.464(l) A 
MoS(4) 2.395(l) A 
MO-c(J) 1.954(5) A 
MO-C(~) 1.981(S) A 

Me 

(58) 

The pyridine-2-thiol ligands 3-(trimethylsiIyl)pyridine-2-thiol and 3,6-bis- 

(tbutyldimethyl)pyridine-2-thiol have already been mentioned as versatile, d&mate nitrogen/sulfur 

ligands (section 1.3.2.2). They can also act as neutral, monodentate sulfur ligands (L and L’, 

respectively in structure (59)) [84]. A variety of mononuclear and dinuclear molybdenum(IV) and 

molybdenum(III) complexes have been synthesised and structurally characterised, including 

MoX4L’z (X = Br, Cl), MoCl3L’3, MoByL3 and MqCleL3. 

(59) 

L : R=H,R’=SiMes 

R 
L’ : R = R’ = Si ‘BUM% 

On using cp2Mo(r12-S4) as a startiug material, addition of the alkyne MeC(O)CCR results 

in formation of the perthiolate-thiolate complex Cp2Mo(MeC(O)C(S2)=C(S)R) (60); the alkyne 

inserts into the S42- ligand with loss of one sulfur atom [93]. Further reaction with PPh3 results in 

sulfur abstraction, giving the corresponding dithiolate complex ~~eC(O)C(S)~(S)R (61). 

Both classes of complex have been structurally character&d and can be considered as model 

compounds for moly~opte~n~ont~ning enzymes. The same strategy was applied using the 
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related alkyne PhCCR (R as befm, but only the pbtl~alaxine substituent (i) as defined in structure 

(60)) aud fJ4o(S)(S4)d2- [94]. In this case lun. octahedral tris(dithiolate) complex (62) is obtained. 

The redox chemistry of this product is explored both elecuochemically and using 13 as an oxidant 

Taking this technique a stage further, MeC(O)CCC(O)Me has been reauted with a range of 

molybdenum sulfido complexes: [Mo(S4)2] 2-. i?+-f~(s4)212-~ ~oZ~2~712-~ fMmW912-. 
[M02St5]3- and [Mo$I&-. This generated a variety of complexes inning the ligand 

1,2~~c~~me~oxy-l,2~~yIen~~olate [95]. A proposed mechanism involves electrophilic 

attack of the alkyne on either Mo=S or Mo-S3 with subsequent insertion to give unstable vinyl 

sulfides or vinyl disulfldes, which decompose to the final thiolate ligand. 

NH 

An alternative approach has been used to synthesise ~s(~thiola~) moly~enum~) 

complexes analogous to (62). in which 1,3,4,6-tetrathiapentalene-2,5-dioue is used as the source of 

dithiolate l&and 1961. Reaction of pC1S41~ with this reagent results in a formal two electron 

reduction of the ~y~enurn(~) centre, and the dianionic complex lMo(S2C&$!O)3]~ is 

isolated. The oxidation of this diauion back to a moiy~enum~1) compiex can be achieved 

electrachemically, and the reactivity of this neutral complex is compared with ~o(S&&$O)3]~. 

Rlectrochemistry is also me topic of a mport on a ttis(quinoxaline-2,3-&hiolate) molybdenum(IV) 

complex 1971. ‘Ilmre are two distinct redox active sites; one llgand based and the other on the 

molybdenum cen?.m. 

Another class of didentate Sulfur ligands is based upou the ~~i~~ group. The anion 

[Cp*Mo(S4)(~CO)l-, which contains a chelating ~~~na~ ligand, has been isolated and 

structurally character&d [9gt. Obtained from the reaction of a polysulfide solution with 

Cp*MoKO)3(CH3), the metal centre has undergone oxidation with elimination of the carbonyl and 

alkyl figands. Two different carbodithioate ligands are present in the complexes 
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M~(S$XR~)&WL~~_~ (R = Et, R; n = 2,3; Hacda = 2-aminocyclopent-l-ene-l-cwbcdithioate) 

[99]. The differing properties of these complexes are rationalised in terms of the o-donor and 

Ir-acceptor properdes of the sulfur ligands. The complex Mo(O)(S2CNEt2)2&0) (63) has been 

sm~cturally characterised [ 1001. The Sfi ligand is bound to the molybdenum cenue in a side on 

manner through both S atoms, and forms part of the equatrnial plane of a distorted pentagonal 

tJiPyt=idal geomtry. 

h 

(63) (64) 
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The dianionic ligand 2,3,8,9-dibenzo_1,4,7,10-teaathiodecane(2-), (‘S4’). coordhtes to 

molybdenum via two thiolato and two thioeqler sulfur atoms in the complex (~oo(‘S4’))2@-0) 

(64) [loll. The p-oxo ligand in this dime$c complex acts as both a TV an+! mionor ligand, the 

shortMo-Oba~dd&ances (1.866(6) and 1.891(6) A.mspectively) beingindicativeofdoublebond 

character. The related ligand (‘&4’), having tertiary butyl groups on the 3 and 5 positions of the 

two benzyl rings, forms the molybdenum(R) catbonyl complex Mo(C!O)3(lh94’), which undergoes 

intriguing mdox chemistry [ 1021. Fragmentation of the tetradentate ligand giving two didentate 

dithiolate ligands occurs with the loss of ethylene; a CO ligand is also lost to form the 

molybdenum(W) complex Mo(‘buS2’h(CO)2. The structure of the related phosphine substituted 

complex Mo(‘buS2’)2(CO)(PPh3) (65) shows that the molybdenum atom is in a S4CP pseudo- 

trigonal prismatic environment. The same transformation for the parent (S4’) ligand has been 

achieved for the complex Mo(NO)(Cl)(‘S4’), giving either ~o(‘S2’)2(0)]~ or [Mo(‘S2’)2(NO)]3- 

depending on the reaction conditions [103]. 

055) 

CMti3 

CJ’) p(l) 

,/z I\ 0 
spy- 7s (2) 

%l) 

hioc(t) 2.042(e) A 
M&(l) 2.517(2) A 
MO-S(I) 2.349~) A 
h&S(2) 2.358(2) A 
MO-SO) 2.3&t(2) A 
r&-S(4) 2.350(2) A 

The reactivity of the crown thioethercomplex tranr-Mo(N2)2(syn-Meg[l6]anesq) towan& 

sources of S2- ligands has been explored [104]. Replacement of both N2 ligands by terminal 

sulfido ligands is possible using either Sa or two equivalents of tBuSH, the latter reagent 

undergoing C-S bond cleavage. The structure of the product trans-Mo(S)2(syn-Mea[16]aneSq) 

shows the molybdenum atom to be slightly displaced (0.03 l(5) A) from the plane of the crown ether 

ring. 

13.6 Corqkrcs with selenium donor rigan& 

A complex of molybdenum contaiuing the metal atom in a coordination sphere of six 

selenium atoms is synthesised in the reaction of (“BuqNhFloSe4] with excess As4Se.4 [1051. On 

solving the structure of the product C”BtqN)2[MoAs2Setol(66) by means of X-ray diffraction, 

ambiguity arose as to the formal oxidation state of the molybdenum atom. Whilst each AsSeg 

ligand can be considered as trianionic, formally indicating a molybdenum(IV) cenne, one &Se 



contact is shorter than would be expected from a simple van der Waals interaction. However, this 

distance of 2.702 A is also longer than that expected for a single Se-Se bond (approximately 

2.35 A); if the interaction does constitute a Zcentre Z-electron bond, then the molybdenum atom 

would have a formal oxidation state of +2. Hence the actual formal oxidadon state of molybdenum 

in this complex depends on how the SeSe interaction is interpmted. 

2.702 A 

\ 

13.7 Complexes with halide and hydride ligands 

Chloro and mixed chlorofluoro nitrosyl molybdenum complexes are obtained from the 

addition of NaF in MeCN to MoC12(N0)2 at room temperature, in the presence of 15crown-5 

[106]. Structures of the two products isolated [Na(l%rown-5)]2(MeCN)[MoCl4(NO)2] and 

[Na( 15-crown-5)]2[MoF4Cl(NO)] are presented. The crystal structure of the latter compound 

reveals an interaction between the three ions of the molecular formula, each sodium centre being 

lied to the five oxygen atoms of the crown ether as well as the two fluoride ligands of the anionic 

molybdenum complex. This generates an unusual geometry about the fluoride atom fruns to the 

nitrosyl ligand as shown in structure (67). 

Another class of didentate sulfur ligands is based upon the carbodithioate gmup. The anion 

[Cp*Mo(S4)(S$O)]-, which contains a chelating dithiocarbonate ligand, has been isolated and 

structnrally character&d [98]. Obtained from the reaction of a polysulfide solution with 

Cp*Mo(CO)3(CH3), the metal centre has undergone oxidation with elimination of the carbonyl and 

alkyl ligands. Two different carbodithioate ligands are present in the complexes 

Mo&CNR2)u(acda)4_,, (R = Et, &, n = 2, 3; Hacda = 2-aminocyclopent-l-ene-1-carbodithioate) 

[99]. The differing properties of these complexes are rationalised in terms of the o-donor and 

x-acceptor properties of the sulfur ligands. The complex Mo(O)(S$NEt&(S20) (63) has been 

structurally character&d [ 1001. The S20 ligand is bound to the molyhdenum centre in a side on 

manner through both S atoms, and forms part of the equatorial plane of a distorted pentagonal 

bipyramidal geometry. 
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(67) 

There have been two reports on the formation of Cp/Cp* molybdenum complexes which 

also contain halide ligands. The unstable compound CpMoCl3 [88], generated either by oxidation 

of CpMoCl2 with PhI.Cl2, through reduction of CpMoC14 with Tic13 or by valence 

conpmportionation of CpMoCl2 and CpMoC&, has been mentioned previously (see section 1.3.3). 

Interaction between atomic molybdenum and CsMesH results in the formation of the hydrido 

complex Mo(Cp*)92; the reactivity of this product has been explored, and one area of 

investigation was the conversion to Mo(Cp*)& [ 1071. 

1.4 h4OLYBDENUM(ItI) 

1.4.1 Complexes with nitrogen donor ligands 

A range of mononuclear molybdenum(m) complexes containing imidazole ligands has been 

synthesised and spectroscopically characterised [108]. The effective magnetic moments of the 

complexes [MoL3X3] (X = Cl-, Br, NCS-; L = imidazole, benximidaxole and their respective 

2-methyl derivatives) are in accord with an octahedral molybdenum(m) centre. Inkared studies 

indicate that the imidazole ligands bond to the molybdenum atom via the tertlq nitrogen atom, and 

also that each thlocyanate ligand coordinates through its nitrogen atom 

Examples ofdimeric molybdenum a&oxide, amide and amine complexes have been reported, 

together with structural analyses [109,110]. Reaction of Mo2(0%)6 with aniline results in the 

formation of MoWBu)4(HNPh~(h)~ (68) in about 80% yield [ 1091. ‘Pie structure shows 
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the presence of hydrogen-bonding between the amide/amine ligands and the oxygen atom of the 

alkoxy ligand. The molybdenum atoms atr in a square planar O$I~-enviromnent with a MO-MO 

bond length of 2.2538(7) A, typical for a Mo=Mo triple bond. Using the bulkier alkoxy group 

OCPh3 (and the silicon snalogue OSiPh3), amine complexes of the formula Mo2(OEPh3)2(NMeti 

f,E=C,Si)havebeenpqated[llO]. StructuralanalysisforE=Cindkatesan~awngementof 

the amine and alkoxy ligands (69), though in solution variable temperamre 1H NMR spectroscopy 

indicates the presence of both anti and gauche mtamers. 

Ph 

end on view: 

(69) 

Atlti 
(2 Me resonances) 

GtlUCk 
(4 Me resonances) 

The catalytic activity of Cs~[MozQ5H(NOh] towtuds oxygenation of NO with insufkient 

oxygen has been described [ill]. The report also includes a synthetic method to prepate this 

complex and solution IR data, indicating the presence of bridging nitrosyl, hydride and chloro 

ligands together with two absotptions at 310(w) and 295(m) due to stetching modes of the krminal 

chlorine atoms. Finally, a dime& fluoro complex containing pyridine ligands has been structurally 

character&d [ 1121; this is discussed in section 1.4.5. 
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i.4.2 Complexes with phosphors donor ligands 

Various attempts have been made to synthesise the seventeen electron mononuclear 

molybdenum complex CpMoX#npe) (X = Cl, Br, I) [ 1131. As a result of this work both the 

molybdenum(IV) complex [CpMoCl3(dmpe)]- and the mixed molybdenum(II)/molybdenum(III) 

salt [CpMo(dmpe~+[]- have been stntctumlly cm, the desired complex was 

formed, but it proved unstable with decomparition pmducts as above. 

The complex MoX3(thf)3 (X = Cl, Br, I) has bean milked as a convenient starting material 

for reaction with a variety of phosphines; the labile thf ligands readily undergo substitution [ 114 

1181. Amongst the studies undertalten, mononuclear phosphines of the type PPhxRs, (R = Me, Et; 

x = O-3) and PR’3 (R’ = aPr, aBu) have been considered Complexes of general formulae Mo$& 

and MC&&~ (X = halide; L = phosphine) have been characterised, the former consisting of an 

edge-sharing bioctahedral geometry, and the latter a face-sharing geometry. Various mechanisms 

are proposed for the formation of the different products, with consideration given to the differing 

bulk of the phosphine ligands used [ 1161. Structures are reported for Mo$&j(PMe$h)4 [ 1151, 

MozXg(PMezPh)3 (X = Br [ 1141, Cl [ 1151) and MQChj(PEt3)j [ 1151. Not surprisingly, 

Mo&j(dppe)2 also transpims to have an edge-shared bioctahcdral configuration [ 1171. The 

mononuclear species MoXJ(dppe)(thf) has been isolated, and this dimerises in non-coordinating 

solvents following the loss of the thf ligand. A more unexpected result is obtained when the thf 

ligands are displaced by the tripodal ligand N(CH$H2PPh& (for X = Cl) [ 1181. Stmmral 

analysis shows that whilst the amine is indeed acting as a tridentate ligand. coordination is through 

the amine nilrogen atom and the two phosphorus atoms. The third PPh2 group is pendant as 

illustrated in strWure (70). The coordination adopted (N and 2P as opposed to 3P) is discussed, 

along with the fact that a mer-arrangement of chloride ligands is observed. 

Ph 

‘Ph Q 

(70) 

An alternative synthetic route is used to obtain the dppm analogues of hloXtj(dppe)z. 

Oxidative addition of halogens Y2 (Y = Cl, Br, I) to the quadruply-bonded M&(dppmh gives the 



38 

edge-sharing, bioctahedral molecules Mo&Y2(dppm~ in high yield [ 1191. All combinations of X 

and Y (X and Y = Cl, Br, I) are now known and the complexes have been investigated both 

electrochemically and by IR and UV spectroscopies. Structures of lvlo$l&(dppm)2, 

Mo2Bre(dppm)2 and Mo&(dppm)2 (71), with bridging chlorine, bromine and iodine atoms 

respectively, have been compared. The increasing MO-MO distances of 2.827(l), 2.879(2) and 

3.061(l) A in the series are primarily due to increasing size of the bridging atom. A related 

hetercdimetallic complex MoW(~)~-~)~-~)~dp~~ (72) has been characterised as the first 

multiply-ads he~~~l~ edge-sharing biocn&edral complex 11201. WhiIst the bridging 

hydride was not located by the X-ray di&action, its presence was supported by IR and NMR 

SptXWC+Cdata 

Ph P-PI’h 2 

I I 

2 

.Mo<:?&oCC) 
/ 1X/ 1 

I I 

ph2p-pph2 

PPh2 

) 
PPh2 

X = Cl d = 2.827(l) A 
Br 2.879(2) A cl cl 
I 3.061(1) A 

MO-W = 2.4932(G) A 

(71) (72) 

PMe3 

I 

Cl 

I a.Mo/Q\Mo/PM~ (73) 

Me@ ‘5’ ‘PMes 

I I 
L Cl 

L = PMes or MeC’N 

PMe3 

I 
cl 

/ cl-~oOcl----Mo 
M%P’ ‘S’ 

-PMe3 

I \ 
(74) 

PMe3 
Cl 
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Labile or cooniinatively unsaturated molybdenum(IIl) dimers are the final topic of this 

section. The compound SPMe3 proves to be a useful reagent with Mo(PMe$&lz 11211; sulfur 

abstraction results in the formation of a dimeric molybdenum(III) complex of the formula 

Mo&-S)(@I!l)Cl3(PMePMe3)5 (73). Trimethy~phosphine is readily lost from this compkx to form a 

unique dimer with one molybdenum atom Coordinated and the other e as shown in 

structure (74). This loss of PMe3 is reversible, as is the reaction of the unsaturated complex with 

MeCN which yields the related compound Mo2(Cr-S)g-U)Q3(PMe3)4(MeQIJ). The structures of 

all three products have been solved crystallographically. One notable feature about this work is the 

use of SPMe3 as a source of sulfur, with P-S bond cleavage and sulfur atom transfer to the 

molybdenum centre. Typically, as encountered earlier [93], phosphines are used to &tract sulfur 

from metal complexes, due to the favourable strength of the P-S bond (cu. 385 kJ mol-l). 

(76) 

1.4.3 Complexes with oxygen donor ligands 

Furthering the understanding of dimeric molybdenum alkoxides of general formula 

MQ(OR)Q the bonding present in these complexes has been investigated using Fe&e-Hall type 

molecular orbital calculations on the model hydroxy compound Mg(OI& [1221. The short Mo-0 

bonds are found to be due to significant O(px)-Mo(dx) bonding. with a lesser ionic contribution. 

The thermal decomposition of Mw(OR)~ (R = CMe3. c-C,$Itt) under helium has also been 

studied. These complexes have proved to be single soutce pmcm~~~ for molybdenum carbides and 

oxides [ 1231. Returning to the actual synthesis of this type of complex, mom novel examples with 

didentate and tridentate oxygen donor ligands have been prepamd [124,125). Using the bulky diols 

2,5dimethylhexane-2,5-dial (HzLt) and 2,2’Cmcthyk~-bis(~‘butyl-pcresol) @-I#), reaction with 



Mo2(NMe& yields M@(Lt)3(HNMe&. Mo(L*)3 and Mo2(NMe2)@IL2) [ 1241. In the two 

former complexes the diolate ligands span the MO-MO triple bond giving rise to eight membered 

rings; the latter complex. crystallographically characterised, contains seven membered rings. 

Reaction of M~(otBu)6 with the tripodal, cage-like ligand trisilanol (c-C&Ilt~Si7Og(OH)3 was 

hoped to create the complex Mw( (cC&I1t)7Sifi(O)3)2. each 3-siloxy ligand chelating each 

molybdenum centre. This is shown schematically in structure (75) [US]. Whilst a complex of this 

formula was obtained, a far less symmetrical atrangement of the siloxy ligands was observed from 

the solid state structure determination as represented in (76). 

1.4.4 Complexes with su&ur donor ligattnb 

Transformations of the Mo&-94 core of the two molybdenum(IV) dimeric complexes 

[cpZMo&-SR)(@$!H2)1+ and Cp*zMo&-S)2Qt-S2CH2) results in two new molybdenum(lII) 

dimeric clusters [126, 1271. For the former complex, addition of various alkenes HzC=CHR’ 

converts the Q-S)Qt-SR) ligands into the chelating thiolatc-thioether ligand RSC(H)=C(R’)S. The 

product with R = tBu, R’ = H has been isolated and crystallised, and the structure indicates that the 

double bond of this new ligand interacts with one of the molybdenum atoms as indicated in structure 

(77). The bis(sulfido) complex has been reacted with chloroform in the presence of 1 to 2 

atmospheres of Hz at 50X!. Again, a chelating ligand is formed, this time from the two monodentate 

(tt-S) ligands; the resulting product is Cp*$4o&-S&XI~)2 (78). 

H H + ‘C’ 

Cp*- Mi,MM~- Cp* 

S 

\/ 

1% 
H H A 

H H 

(77) (78) 

Examples of molybdenum(IlI) complexes with pyridine-2-thiol ligands, binding exclusively 

through the thiol sulfur atom, have aheady been mentioned in section 1.3.5. 

1.4.5 Complexes with hali& l&ads 

The bulk of the examples of molybdenum(lII) complexes containing halides as ligands also 

contain phosphhre ligands; these have been mentioned aheady in section 1.4.2 [ 113-1211. 
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The hexafluoro complex MozF&Fh(py)4 (79) provides the first example of an cdge- 

sharing, bioctahedral complex containing bridging fluoride ligands [ 1121. Another unexpected 

feature revealed during structural analysis is, that the four pyrldine ligands are all in equatorial sites. 

This contrasts with the tungsten and tantalum chloro analognes, where two pyridine ligands on one 

metalcenaeareeq~,andthetwobondedtotheothermtalcentrearcinaxialsites. 

MO-N 2.272(4)-2&U(3) A 
MO-f.@ 1.913 A (av) 
MO-F(axial) 1.841 A (av) 
MO-MO 2.533(l) A 

(79) 

15 MOLYBDENUiU(II) 

15.1 Complexes with boron donor ligarufs 

The nonaborane anions [NMe4][B9Hl4] and lNMe4][B9HI2] have been reacted with the 

seven coordinate molybdenum(II) complexes MOISTLY (L = PPh3, PPh2Me. PPhMe [128]. 

The known metallaborane 6.6,6.6-(CO)~(PPh3)2-6MoBgH13 was isolated in a low yield (12%), 

though this was an improvement over previous results using the cation WBu4]+ (4% yield). 

15.2 Complexes with group I4 donor ligands 

Although this review is not concemed with organometallic compounds, it is the bcnxyl ligand 

that is the interesting featnm of the ‘piano stool’ complexes Cp*Mo(NO)(CHflh)(CH$Wvle$ and 

Cp*Mo(NO)(CH2ph)Cl[ 1291. Both solution and solid state data indicate that it adopts an I$ 

bondingrnode,actingasathmeelectnmdonorligand. 

The synthesis of MoCl(GeCl~)(COh(NCMe~ (80) and its reactions with EPh3 (E = P, As, 

Sb) give rise to several new seven coordmate molybdenum complexes [130]. The pmposed structure 

for (So) is a face-capped octahedron, and depending on the solvent used (C!H2C12/l&CN) either 

MoCl(GeClWO)~(NCMe)(EPh~) or Mot!!l(GeC13)(COk(NCMe~(EPh~) can be prepared. The 

reaction of this latter compound with but-2-yne, for E = P, results in formation of the novel complex 

MoCl(GeC13)(CO)(NCMe)(PPh3)(q2MeC~Me) in a good yield [131]. The molybdenum centre is 

surrounded by six different ligands. Applying the same synthetic strategy, the related tin complex 

Mo(CO)3(NCMe)~(SnCl~Bu)Cl has been prepared [132]. Again, the displacement of CO and 
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NCMe ligands is examined, but in this report phosphite ligands P(ORh (R = Me, Et) are used. The 

structure of Mo(C0)2{P(OMe)3]3(SnCl2Bu)Cl (81) is best described as a cross between a 

distorted face-capping octahedral geometry, with Sn or C( 1) in the capping position, and a distorted 

uigonal prismatlc geometty, with the Cl ligancl capping a square face. 

oc’ SnClzBu 

\/ (MeOhPlrrfi+ . . . . . . MO . . . . . . . ..,&ICO 

(MeO)sP/ L P(OMe)3 

i;eC13 Cl 

(W (81) 

15.3 Complexes with nitrogen donor liganak 

‘Piano stool’ molybdenum(II) complexes show interesting and unexpected coordination 

chemistry. Interconversions of terminal isocyanate ligands CNEt and CNrsu have been examined 

under the effect of thermolysis and of chemical reagents [133-1351. Alkyl migration from the metal 

centre of complexes of general formula Cp*Mo(C0)2R(CNR’) gives complexes containing 

RC=NR’ ligands, which adopt an q2 bonding mode [133,134]. Further reaction of this iminoacyl 

product, Cp*Mo(CO)2(q2-RC=NR’), with more isocyanide results in insertion products containing 

a four membered MoQN ring [ 135 3. A MoCNz-ring is present in the anionic ‘piano stool’ complex 

CpMo(CO)2iC(OMe)NMeNCHMe] (82) [136]. This product is one of several nitrogen- 

containing complexes obtained from the reactions of CpMe(CO)g(ql-CH$OR). The reaction of 

aminopyridine with the molybdenum carbene complex Mo(CO)$=CR(OEt)] (R = Me, Ph) results 

in the loss of ethanol and carbon monoxide, and formation of a chelating pyridine-carbene complex 

(83) [ 1371. Further reaction of this product with diphenyl acetylene provides a synthesis for some 

previously unknown pyrrolinones. 

Deprotoriation of the complex rranr-Fro(NMe)Cl(dppeh]+ results in the imide ligand being 

converted to a reactive methylenamide ligand (N=CH$, which loses dihydrogen on oxidation to 

form the cyanide ligand in trans-[Mo(CN)Cl(dppe)z] [138]. t3C NMR spectroscopic labelling 

studies indicate that an intramolecular MO-NC to Mo-CN framework rearrangement occurs. The 

methylenamide ligand is also replaced readily by NCX (X = 0, S, Se), the structure of the sulfur 

analogue showing that the NCX ligand comdinates via the nitrogen atom, as an isocyanate. 

The reaction of Mo2(02CMe)2C12(dppe) with pyridine gives rise to the dimeric and 

mononuclear pyridine complexes Mo$l2(O$Me)&q and MoO@(dppe)Py. Both of these have 

been structurally characterised [ 1391. Molecules of the dimeric product (Ss) are linked via Cl.***Mo 

bridges to form infinite chains. 
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0 

Y 

0 

(84) 

The tetracationic complex [MozcMcc=N>t& has beeu synthesised as a potential startiug 

mate& for other ~ly~n~ complexes, since the M& cm? is smmuuded by neutral, weakly 

coordinating ligands (Mo-N 2.129(6), 2.600( 13) A) [MO]. This bright blue compound is unstable 

in air, readily turning brown, and is also hygroscopic; preliminary investigations show that it 

undeqoes apron with other ligands. 

As seen with tbe higher oxidation states of molybdenum, there is great interest in hydmzido 

and related ligands coordiuating to molybdenum centres. The hydrazines NHN& (R = H, Me) 

bind in a ‘side-on’ fashion to the molybdenum(II) centre in the cumplexes Mo@JHNR&NO)(‘S43 

(Ss) 11411. Structural analysis of the dimethyl derivative shows the molybdemun atom to be in a 

distorted pentagonal bipymmidal envimnmc nt, with one sulfur atom, S(2), an& the nitrosyl ligand in 

the axial sites. The 9sMo NMR chemical shift is compatible with the assignment of a formal 
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oxidation state of +2 for the metal centre. Two other complexes with N2 based ligands have been 

prepared using quite different routes. Photolysis or thermolysis of Cp*Mo(CO)~e in the presence 

of aromatic diaxenes RCeH.+N=NC&R (R = H, p-Me) results in formation of the chelated 

complex C~*MO(R-C~H~N=NC~-~~R)(CO)~ (86), where one aromatic ring has undergone 

cyclometallation [142]. The silylhydraxenido complex fruns-[Mo(NNSiRzR’)(dppeW[(p- 

CO)Co(CO)3] (R, R’ = Ph, Me) (87) is prepared fmm the dinitmgen complex Mo(Nh(dppe)2 and 

R2R’SiCo(C0)4 [143]. One nitrogen atom undergoes silylation. Structural parameters for the 

diphenyl methyl product show delocalised bonding within the hydraxenido ligand with the N-N, 

N-Si bond lengths being 1.21(l) and 1.73(l) A. respectively. 

4::: 
I 
N)177.1(10) 
I 

c m~p,Jo,p~ 
Ph*P' ‘PPh2 I 3 

P (87) 

Examples of didentate amidinato ligands with a one carbon liier have been reported for 

both a mononuclear complex (creating a four membered MoNCN-ring) [144] and a dinuclear 

complex (with a five membered MaNCN-ring) [145]. Both CpMo(CO)2[(NPh)$Mel and 

Mo@$Ph)2[(NSiMe3)&Ph] have been crystallographically character&d. The (NR)2CR’ 

ligands bond symmetrically with average Mo-N bond lengths of 2.18 and 2.117 A for the 

mononuclear and dinuclear complexes, respectively. 

A range of didentate amine complexes has been synthesised from Mo@$Me)4 [146]. 

The solid state structures of the products, derived from amine addition or from substitution of one 

[02CMe]- ligand, are pmsented. The dimolybdenum complexes Mo2(02CMe)& with L = 

Me(H)NCH~CH2N(H)Me, H2NCH$H2CH$W2, form infinite 1-D chain structures. the Moz- 

units being linked by the didentate ammo ligands; [Mo2(02CMe)3L’2]+[OzCMel- (L’ = 

H~NCHZCH~NMQ, H2NCH$JHfl(H)Me) are present as discrete molecules in the solid state, 

with hydrogen-bonding between the equatorial diamine hydrogen atoms and oxygen atoms of the 

displaced acetate group as shown in (88). In related work [147], Mo(@CMe)q is reacted with the 
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parent ethylenediamine in the pmsence of slhynes 4-RC&&CH (R = H, Me, iPr), giving rise to the 

first example of alkyne addition to a Mo-Mo quadruple bond. The structure of the methyl product 

[Mo2&4-MeC&&CH)(p-O$Me)(en)4l[O$Mel3.2(en) (89) is presented, as is a discussion 

about the isomeri sm in these systems. Work on the complex M~(O$CP3)4 has shown that the 

trifiuoromethyketate ligands am displaced by the didentate ligand bipytidiw [148]. Two isomers 

of the formula Mo3(Q&!CP3)4(bpy)2 are produced. As in (Ss) and (89). the acetate ligands adopt 

either monodentate or didentate bonding modes, forming the neutral complex 

M02(~~-oZCCP3)4(bp~h and the ion Pair Complex [Mo2(~-ozCCP3)2(bp~)2l(~C~3~. The 

bpy ligands chelate to a single molybdenum centre in each case. Another example of a bpy complex 

with a monodmatc RCQ- ligand is obtained on exchanging Cl- for C3P7CO3- in the complex 

lMoCl(CO)2(q3-CH3C(CONRR’)C=CH3)L]- (L = bpy, phen) [1491, though the main theme of 

this article is the bonding and reactivity of the butadienyl ligand 

e.g. L = HsNCH2CHsNHz 

(88) (89) 

A range of didentate pyrazol- l-y1 complexes have been prepared using the ligands RHCPz’ 

(R = H, ph; pz’ = pyrazol-1-yl, 3,5-dimethylpyrazol-1-yl) [lSOl. The Mo(RHCpz’)(CO)3(x-allyl)Br 

complexes could be prepamd either by ally1 bromination of Mo(RHCpz’)(CO)4 or by the reaction 

of Mo(MeCN)3(CO~(x-allyl)Br with HRCpz’. The suwture of the dimethylpyrazol-l-y1 derivative 

(R = Ph) is reported (90). The related R1C(H)C(R2)CH2 (R1, R2 = H, Me, Ph) ally1 bromo and 

chloro H2Cpz’ complexes have been pmpared under mild conditions [151], and some of these cis- 

complexes am fluxional. 

(99) 
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The ligand Tp has already been encountered as a tridentate nitrogen donor ligand for 

molybdenum(W) and molybdenum(V) complexes (see 1.3.2.1, 1.2.3.2). A mixture of 

aminocarbyne, $-iminoacyl and I$-acyl Tp molybdenum complexes am prepared by the addition 

of Me1 to Na[TpMo(CO)2(rBuNC)] [ 1521. The reactivity of these products and that of the starting 

material is explored further. A synthesis of the carbyne complex Tp(CO)$AoCH is also mported, 

together with a dimerisation reaction which produces (Tp(CO)pMo)&.-CCH2) [153]. The 

phosphine pyrazolyl tris-(3.5dimethyl-1-pyraxolyl) phosphine oxide was reacted with 

Mo(MeCN)2(CO)2(x)(q3-~2~~2) (X = Cl, Br. R = H. Me, Ph), in the expectation that the 

former would act as a didentate nitrogen donor ligand [ 1541. This was not observ* instead, partial 

hydrolysis of the phosphine oxide gave the unexpected product Mo(CO)2(q3- 

CH$JHRCH~)(~(C3N2Me$l~) (91), containing an N,N’,O-chelating ligand 

A = CH$.& 

(91) (92) 

Other molyhdenum(II) complexes containing multidentate N,O-donor ligands, obtained by 

design, include a series of seven coordinate complexes of cyclic amides [ 1551. NMR spectroscopic 

data show that the complexes have fluxional pentagonal bipyramidal structures in solution (92). 

N,N’,O,O’donor sets have been used to link Ma-units together [156,157], using, for example, 1,8- 
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naph~~~nyl-2,7~oxide. Depending upou reaction conditions, either a discrete molecule 

containing two MqL-units linked together or an extended polymer of &?o famula units can be 

obtained. The crystal structum of the former product (93) has been solved, and can be considered 

as a model for the tetrsnuclear subunit of the polymer. 

Finally, the dimrclear moly~en~(~ complex of the ~~en~~ ligand dibenmtetra- 

axa[l4huumlene has been reacted with tetracyanoethylene flSS]. The consequent intercouversions 

of the oxidised mononuclear and quadruply bonded dinuclear pmducts am examined chemically and 

ektlWhemiCaRy. 

15.4 i%tplt~s witltph0spbus donor #gads 

If.4.f Monodentate ligandr 

A new route to derivatives of molybdenocene using mild conditions has been reporta the 

report includes a structural analysis of the derivative ~2Mo(PnBu3) [lS9]. Reactions of such 

phosphine complexes with a&y1 halides, halogens and ~e~yl~s~~ have also been investigated. 

The structure of a triethylphosphine complex has been solved as part of a kinetic and spectroscopic 

study of transients produced by the flash photolysis of Mo(CO~~(PR~)X~ (X = Br, c1, R = aryl, 

alkyl or a mix of these) [160]. The unsaturated complex Mo(CD)2(PEt3)2Br2, character&d 

crystallographically, is one of the class of transients produced in the photolysis pmcess. 

Earlier, it was seen how MoI2(CO)3L2 (L = PPh3, PPhzMe, PPhMe$ could be used as a 

ma&ant [128] (see section 1.5.1); the syntheses of the ~phenylph~~me derivative and related 

complexes containing a range of didentate oxygen donor ligands have also been reported [161J. 

Variable temperature NMR spectroscopic studies have been carried out on the 

~~ylp~nylph~phine derivative Mo~z(~)3~M~h~ [1621. 

Although mainly organometalli~ in nature, the reactions of P(OMe)3 with 

[CpMo(=C(Me)CHMe)(r$MeCZMe)Brl[BF&J [163] and PPh$Me30+ with [CpMo- 

(MeCHO)(CO)$ El641 produce interesting conversions of the organic ligands as well as forming 

phosphin~phosphi~ derivatives. In the first example, C-C coupling gives rise to the butadieny] 

complex [CpMo(=C(Me)-$- (C(Me)C(Me)~(Me)) { P(OMe)3)Br]+ (94) while the second 

reaction yields, amongst other products, tams-[Mo( CHMe(PPh$](CO)z(PPh3)(Cp)]+ (95). 

Reacting a range of phosphines and pho~hi~s with the bis(hex~uo~~t-2-yne) complexes 

[Mo(SR)(CF$CC!F~)$pJ (R = QF5, @r) results in several conformational changes of the alkyne 

ligands, including cyclisation to a cyclobutadiene based ligand [ 1651. 

Application of the NMR active molybdenum nuclei provides a convenient method to assist 

the ~h~~~tio~ of complexes. Solid state 3lP NMR spectroscopic studies of cyclic and acyclic 

phosphine complexes of the type MoPPh@H&, (n = 3,4) and MoPPhzR (R = Et, Pr, Bu, pen@) 

have aimed at correlating the chemical shift and 95D7Mo-3*P coupling constants with structural 

features of the compounds f1661, whilst 9?Mo NMR spectroscopy has been used directly in the 

investigation of [CpMo(CY&L21+ complexes. Here, L includes a range of phosphine and phosphite 

ligands, as well as other group 15 donoriatoms (As, Sb, Bi) 11671. Decomposition of these 
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complexes in polar solvents gives low yields of [CpMo(CO)3L]+, the ‘piano stool’ structure of 

which has been determined for L = PPh3. 

Me 

(94 

-MO- 

(95) 

Suitable for duet piano playing is the linked complex Me$i( (?$Cs&)Mo)3(CO)3(p- 

PMe2h (96) which has been prepared along with the arsenic analogue [ 1681. An X-ray structural 
analysis has been carried out for the phosphine derivative. Two other dimetallic molybdenum 

complexes with phosphorus donor ligands are M~C4(PMePh2)4 and M~(O~5)4(PMe3~ 

[169,170]. Both complexes am square prismatic in structure, and in each case the isomerism of this 

type of system is discussed. 

Me Me 

\I 

(96) 

15.42 M&i&~e ligan& 

Extending work seen already [ 161,162], MoI2(C0)3(NCMeh has been react& with one 

equivalent of a monodentate llgand L fL = PPhg AsPh3, SbPh3) followed by half an equivalent of a 

didentate phosphine L-L’ (L’-L’ = dppm, dppe, dppb, dppf) [ 17 11. In this way, high yields of the 
seven coordinate dimetallic phosphine bridged complexes Mo$4(CO)eL2(+‘-L’) can be 
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synthesised. Infrad and tH NMR spectroscopic data and elemental analyses ate presented for the 

range of complexes obtained. Using the same molybenum starting materiali direct reaction with 

diphosphaxane ligands RN(P(OPh)& (R = Me, Ph) gives the distorted pentagonal bipyramidal 

complexes MoI2(CO)3( (P(OPh)&NR) 11721, with the phosphaxane ligand binding to two of the 

equabnial sites as shown in stna%ue (97). 

0 (98) 

The ligands dppe and dppm have been used to displace the bis(3.5dimethylpyraxol-l-yl)- 

methane ligand (H2Cpzz) from the complexes Mo@I2Cpz2)(CO)2Br2 and Mo(I-I~C~Z~)(CO)~(T~~- 

allyl)Br [173]. The structure of the product Mo(dppm)2(C0)2Bq (98) shows the two different 

bonding modes for dppm within one molecule. The complex CpMo(dppe)(CO)(C2II4) has been 

prepared from the dicarbonyl complex CpMo(dppe)(COh, and the analogous work has been 

repeated for the dimethoxyphosphinoethane derivative. Subsequent reactions of the alkene products 

with carbanion nucleophiles have been carried out [ 1741. 

(99) 

Pollowingonfiomalookatthe isomerism in square prismatic complexes MoX& in which 

x = halide and L = neutral monodentate ligand [170], a related complex 

MoCls(Ph2P(CH2)2P(Ph)(CH2hP(Ph)(CHahPPhz) has been synthesised to see how restraining 

the ‘L4’ donor set affects the ligand distributions [175]. Of thirteen possible isomers, for all 

monodentate ligands the most commongeometryisthatofthe 1,3,6,8ismerandthisisattributedto 

on steric factors. For didentate L2 ligands, the 1,2,7,8- and 1,3,5,7-geometries ate most frequently 
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observed Using this tetradentate ligand another geometric isomer is seen for the first time, viz. 

1,258 as illustrated in snucture (99). 

Two examples of multidentate organophosphorus ligands have been synthesised. The 

molybdenum phosphido complex CpMo(C!O)gPPh3 reacts with electron deficient alkynes 

RCC(C03Me) (R = H, COzMe) to give cyclic complexes of the general formula 

CpMo(CO)2(Ph2pCR=C(CO2Me)CO) (100) [176]. The chelating ring is formed by linking of 

the phosphido group, the alkyne and one CO l&and A carbonyl ligand is also transformed into part 

of the chelating ligand in the synthesis of CpMo[o,q3-C~(PH3)(PC(OH)CH(C&I4Me-4))- 

1,2](CO) (101) from the carbyne complex CpMoC(C&tMe-4)(CO)2 and the didentate phosphine 

C,5H4(PH2)2-1,2 [177]. The central phosphorus‘atom of the chelating core can be considered to be 

part of a phospha-ally1 moiety. 

0 
I 

o~~tio\;Bm 
\c 1” =c 

’ ‘R o=c\oMe 

,Me 

w-w R = H. C&Me (101) 

IS.5 Complexes with bismuth donor ligands 

Exchange reactions of Mo$p3(CO)6 have been discussed, including reactions with Bi$%4 

[ 1781. MoCp(BiPhz)(CO)3 can be formed on stirring the reactants together for three days, though 

no reaction takes place in the absence of daylight. In contrast, the same product can be prepamd in 

the dark if iMoCp(CO)31- and BiPhzCl are used as reactants. 

15.6 Complexes with oxygen donor ligands 

Various complexes with RC@- ligands have been synthesised and investigated [ 179- 18 11. 

Lability studies have involved looking at scrambling reactions between Mm(02C!R)4 and 

Moz(OzCR’)4 (R = %I; R’ = CH2’Bu. p-‘BuCaHq) and related MeCN solvated systems [179]. 

Unsaturated aliphatic carboxylate bridging ligands are targetted for a study of molybdenum 

complexes as potential polymerisation catalysts. Complexes of the form Mo&-02CR)4 (R = 

HC=CH2, MeC=CHs, H2C-C(H)=CHz) as well as the cationic species [Mw(p- 

0$Xh(MeC!N)412+ have been prepared [ 180,18 11. 
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The &d&tones of general formula R(C=O)CH&kKr)R’ (R, R’ = Me, CF3) selectively 

protonate terminally bonded q3-ally1 ligands of Mo2~~~3-aUy1)2(q3-a2 to produce complexes 

of formula Mg(pp-q3-ally1)2(q2-R(C=O)CH(C=O)R’) (102) [182]. Multinuclear NMR 

spectroscopy has been used to elucidate the stnrcmres of the three products obtained, and a 

geometry with one exo bridgiug ally1 and one endo bridging ally1 is pmposed. 

\ , (102) 

15.7 Complexes with sulfur donor l&a&s 

A range of thiolate complexes MoSR(Cp)(CO)(PhCCPh) (R = Me, Et, Vr, ‘Pr, ‘Bu) has 

been prepared by the addition of TlSR to the chloro complex MoCl(Cp)(CO)(PhCCPh) [183]. 

Restricted rotation of the SR ligand, owing to S(px)-Mo(dn) bonding, results in two isomeric forms 

of the product. Diphenylthiophenol (dptH) complexes of molybdenum show that as well as acting 

as a monodentate thiolate ligsnd, as in Mo(dpth(CO)&py) (103), dpt- can adopt a novel ‘didentate’ 

bonding mode with one phenyl ring hound in q6 fashion to the metal centm [ 1841. This is observed 

for M~dpt~(CO) (10, the geometry of which can be described as a distorted ‘three-legged piano 

stooi’. 

Three different synthetic routes can be used to prepare the sixteen electron complexes 

Mo(rl2-(S,S?)(cOh(q3-allyl) [(S,S? = WV-diethyldithiocarbamato, pynolidlne-l-carbodithioate] 

11851. Addition of didentate phosphines results in the displacement of one CO ligand and the 

formation of eighteen electron complexes Mo(rl2-(S$9](CO)(q3-allyl)(~2-CP93) where (P,P’) = 

dppm or dppe. The versatile complex MoIz(CO)$NC!Meh (see sections 1.5.4.1 and 1.5.4.2 above) 

has been employed yet again; this time’ as a basis from which to synthesise the species 

(Mo(~-I)(Co)3[S2CN(CH2Phh])2 and MoI(CO)~L(S~CNR~) (L = PPh3, AsPhj, SbPhg; R = 

Me, Et, CH2Ph) [ 1861. Some related complexes containing the didentate sulfur &and S&!(Iky3) 
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have also been characterised, viz. [MoI(CO)3L(S&!(Fky3))]+I- (L as befw plus P(OPh)3) [187], 

as well as [Mo(W3(S2c(pcy3))12+2Dl- and MoMCOh(S2c(pcy3)). 

(104) 

The oxidatiou and fragmentation of the molybdenum(n) carbonyl complex Mo(CO)3(‘t”Q’) 

[112] has already been discussed (see section 1.3.5) as a route to molybdenum(IV) dithiol 

complexes. The related phosphine derivative Mo(COh(PR3)(‘%4’) (R = Me, ph) has also been 

charactised [ 1881. Solution NMR spectroscopic studies indicate fluxionality in solution with the 

complex exhibiting a higher degree of symmetry than expecti 

The half-sandwich cyclopentasulfido complex Cp*Mo(NO)Ss has been synthesised from 

Cp*Mo(NO)Iz and methanolic ammonium polysulfide [ 1891. Sawtural analysis of the tungsten 



53 

analogue shows the S5 ligand to be in a chair conformation. The related pentaselenido complex has 

also kn characteked from the analogous reaction with HSe solutions. 

Finally, electrochemical reduction of the molybdenum(II1) diuuclear complexes 

[MozCpz(CO)&-SMe)3]+ and [Mo2cp2(CO)2(Xz)Q.t-SMe)21 (X = Cl, Br) gives the common 

molybdenum(R) product Molcp2(CO)&t-SMe)2 (105) [190]. The final thermodynamic product 

is the tram isomer, although in each case the cis isomer (106) is the kinetic product and is 

produced as an inmrmediate. The reactivity of both isomers towards isocyanide is mpomzd. 

slowintuconversion 
1 

8 (106) 

15.8 Compittxes with halide &an& 

Many of the complexes with phosphine ligands are halophosphine complexes; these have 

been considered earlier in sections 1.5.4.1 and 1.5.4.2. The majority of the remaining complexes 

with halide ligands are better classed as orgaucanetaW the maction of molybdenum complexes with 

organohalo compounds can result in halide transfer to the metal centre [ 191, 1921, whilst the 

addition of HX (X = Br, I) to Mo(RNC)6 complexes gives rise to coupling of two RCN ligands to 

form a complexed alkyne ligand [MoX(RNC)4(r$R(H)N-CC-N(H)R)] [1931. Photolysis of 

organometallic polyurethanes containing (-C5H4hMo(C0)6 units along the polymer backbone 

produces results that are similar to those obtained for CpMo(CO)6 [ 1941. After 11 hours of 

radiation in CCl4/thf the MO-MO bond undergoes cleavage and the chloro product 

( C~(CO)~MOC~H&H$ZH$)C(O)NH(C!H~)~)~ is isolated. Coupling and rearrangements of the 

CF3CCCF3 ligands obtained fmm the reaction of MoCpX(CO)3 (X = Br, I) with this alkyne are the 

focus of another report [195]. The halide plays no role in the conversions. The iodo complex 

(MeC5IQ)Mo(C0)31 is an unexpected product from the reaction of (C$QI)Mo(C0)3Me with 

(Me$nCg&)(C!p)TiC12 in the presence of a palladium(O) catalyst [l%]. The linking of two Cp 

rings to form a fulvalene heterometallic complex and MegSnI, the predicted outcome, was not 

observe& methyl/iodine exchange was the ouly reaction seen. 

An improved synthesis of dichlomnitrosyl molybdenum complexes is kchieved using PC15 

as a chlorinating agent [197]. The reaction of Cp’Mo(NO)(C0)2 (Cp’ * Cp, Cp*) with an 

equimolar quantity of PC15 gives {Cp’Mo(NO)Cl2)2 in 80-95% yield. The structural 

characterisation of the Cp* derivative (10’7) shows two ‘piano stool’ monomers linked in a rruns 

geometry by two bridging chloride ligands. 
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MO(l)-Cl(l) 2.559(2) A 
MOW-CI(~) 2.4oq2) A 
Mo(l>Cl(l’) 2.495(2) A 

1.6 iUOLYBDENUU(1) 

The dimer {(C5Phg)Mo(C0)3)2 has been reacted with the chelating phosphine 2,3-bis- 

(diphenylphosphino)maleic anhydride, L2 (log), to try and obtain information on the equilibrium 

between ((C$h5)Mo(C0)3]2 and its 17 electron monomer [198]. Two products are obtained, the 

17 electron complex (QPh5)Mo(CO)&2-P) and the 19 electron complex (C5Ph5)Mo(CO)&2- 

P,P’). The phosphine coordinates in ‘dangling’ and didentate modes, respectively. Structural 

characterisations of the didentate phosphine molybdenum(O) and molybdenum(I) complexes 

[Mo(CCPh)(dppe)(rl-C7H7)]n+ (n = 0,l) ate used to examine the effect of a one electron oxidation 

on the structural parameters [199]. The major alteration with oxidation is the incmase in MO-P bond 

lengths, from 2.467(l) and 2.477(l) A in the neutral complex to 2.538(2) and 2.538(3) A, 

respectively, in the cationic complex. All the results mported are consistent with a metal based redox 

process. 

0 

Either solid state thermolysis or solution photolysis of Bi{Mo(C0)3(C$QMe)]3 pmdwe~ 

the dimetallic complex M~(CO)4(C$14Me)2(p-‘t12-Bi2) (109) in which the Biz-ligand acts as a 
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four electron donor [200]. Extended Htickel calculations have been used to look at charge 

distribution in this new system and the rest&s suggest that the best descriptian of the molybdenum 

atoms is ds molybdenum(I). 

EPR spectroscopic studies have been carried out on pammagnetic complexes formed from 

the photolysis of Mo(CO)6 and ((MeC$I4)Mo(CO)3)p with diketones [201.202]. In the former 

case, 9,10-phenanthrene and 1,2-acenaphthene coordinate to Mo(COht fragments in a chelating 

fashion with the unpaired electron density residing mainly on the quinone ligands with a small 

amount of delocalisation to the metal centte. 

1.7 IUOLYBDENUU(O) 

1.7.1 Cow@ezes with nitrogen donor ligandr 

With possible relevance to the biological reduction of N2 to NH3, the reactivity of the 

molybdenum(O) complex Mo(N&(dpepp)(PPh3) (dpepp = O(CH$!H3PPh&) with strong acids 

has been explored [203,204]. The initial stage of the reaction encompasses protonation at one of the 

N3 ligands and intramolecular reorganisation to give a hydrazido(2-) molybdenum(IV) intermediate; 

thii either disproportionates or reacts with reducing agents, e.g. SnC13, to give various yields of N2 

and NH3. In an effort to elucidate the role of iron in nitrogenase, the reaction between 

[FeH(H$(dmpe)3]+ and Mo(N2)3(dppe)2 has been csrried out in the hope of obtaining an N2 

bridging Mo-Fe complex [2(X]. In practice, the reaction shown in equ (6) is followed. The driving 

2[FeH(H2)(~pekl+ + Mo(Nzh(dppek + XRIVN2)(~pekl+ + w&(dppek equ. (6) 

force for the reaction is thought to be the Mo-H bond energy, since IR spectroscopic data indicate 

that N3 binds more strongly to a molybdenum centre than to iron. The related starting material 

rruns-Mo(N2)3(dppe)(dppx) (x = m, p) has been used to prepare complexes containing dmf as a 

ligand [206]. Under reflux in benzene under argon, these complexes react with dmf to give 

Mo(CO)(dmf)(dppe)(dppx), though an attempted recrystallisation under nitrogen of the dppm 

product gave crystals of frans -Mo(CO)(Nz)(dppe)(dppm) instead. 

W-J) 
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A range of diniuosyl molyhdenum complexes, in the presence of either Et.+NSn and AlC13. 

or EtAlCl2, can act as catalysts for alkene metathesis [207-2091. For example, a 1:2 adduct (110) is 

formed between Mo(N0)2(OR)2 and AlC13; the aduct then interacts with the Et&n [Un]. This 

could be through an alkoxy ligand or directly with the molybdenum centre. Absorptions in the NO 

stretching region of the IR spectrum of the complex (Et$n.AlC!&(p-OR)~o(NO)~(=CHMe) 

indicates the presence of a cis Mo(NO)z core and a de configuration for the molybdenum centre 

Pm. 
A discrimination of the C=O and C=N bonds in PhNCO is observed in the macrocyclic 

complex rrans -Mo(q2-PhNC0)2(syn-Meg[l6]aneS4) (111) [210]. The q2-0,C bonding mode of 

PhNCO is sterically less demanding than the r$C,N bonding mode, and hence occupies the mote 

congested site. An eight coordinate complex of molybdenum has been structurally characterised 

[211]. Two dimethyl-7-acetyl-7-axabicyclo[2.2.l]hept-2-ene-2,3dicarboxylate ligands each bond 

viu the nitrogen and two carbon atoms to a Mo(COh fragment (112). There are two independent 

molecules per unit cell, and Mo-N bond distances am 2.336(4). 2.339(5). 2.347(5) and 2.361(5) A. 

(111) 

(112) 

R’ = COMe 

R2 = CQMe 

3-Diphenylphosphinocamphouiimethylhydrarone acts as a chelating NQ-donor ligand on 

complexation with metal (M) carbonyls. forming a six-membemd MPCCNN-ring (113) [212]. On 

heating, isomerisation occurs with the formation of a five-membemd ring containing an exe MQN- 

group (114). This latter complex has been structurally character&d for M = MO. A tridentate 
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P,!VJV’-donor set is provided by bis(3-aminopropyl)phenylphosphine @rap) [213]. This ligand 

adopts a facial mode of coordination to a Md(CO)3 hgment (115). 

A series of complexes Mo(ZV-W(co)q. where (IV-W is a didentate amine ligand, have been 

prepared from the direct reaction of Mo@ip)(CO)q (pip = piperidine) and (IV-IV) in U&Cl2 at 4OC 

[214]. One product, MO{ (PhCH~)(H)NCH$HdUM~)(CO)q has been structumlly character&d, 

and the gmater donor ability of an a-N(H) nitrogen atom as compamd to an a-N(R) nitrogen atom 

is discussed. Bipyridine is one of the ligands used to displace acetonitrile from 

[Mo(COh(NCMe)3(~3-C7Hg)]+ [215]. To compensate for the loss of all three MeCN ligands on 

addition of a molar equivalent of the didentate bpy ligand, the cy&-C7Hg moiety converts to an qs- 

bonding mode. The product is [Mo(CO~@py)(qs-C7Hg)]+ and this reacts reversibly with MeCN 

giving an q5-q3 interconversion to [Mo(CO~(NQMe)(bW)(113-C7Hg)]+. Closely related to bpy is 

22’bipyrimidine (hpym) and this has been used to synthesise back to back’ complexes [216-2181. 

A set of homo and heterodinuclear complexes of the genertd formula (L,,M)‘Q&pym)(ML,,) (116) 

has been charat%+& including L,,M=(L,,M)‘=Mo(CO)4. 

A more unusual didentate nitrogen ligand is provided by 8-axidoquinoline (117) [219]. On 

coordinating to a source of Mom, whchc X = CO, PPh3, or labile solvent molecule (S), Nz is 

lost and a bent nitrene complex is obtained &hich is stabilisal by the chelating nature of the ligand 

For X = PPh3 this product turns out to be an intermediate to a phosphinimine complex 

Mo(CO)3(S)(N(PPh3)(CgHeN)). On substitution of CO for S. structural characterisation of the 
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complex was achieved. The Mo(CO)q unit is also observed m by axo22-pyridine (apy) 

12201. A mononuclear species is formed, with a ‘dangling’ pyridyl group (118). as well as dinuclear 

cob& and copper species. Stmctural characterisation of Mo(colq(apy) shows that the free pyridyl 

group has been rotated into a cis configuration (compared to frax.r in the free ligand) and this is 

explained in terms of the steric interaction between a pyridyl hydrogen atom and a carbonyl ligand, 

as well as a possible weak MO-.-N intemction. / \ 
00 \ I N' 

N3 

(117) 

MO-N( 1) = 2.197(2) A 
Me-N(3) = 2.190(2) A 
I&N(4) > 3 A 

(118) 

1.7.2 Complexes with phosphorus dorwr i&ads 

As part of a study on restricted rotations in metal-amne complexes, the complex dicarbonyl- 

{q6-1,3,5-triethyl-2,4,~ais(trimethylsilyl)~~e) (biphenylphosphine) molybdenum(O) was 

synthesised [221]. The structure is reported and shows steric interactions between the phosphine 

ligand and the ethyl substituents of the complexed atene ligand. NMR spectroscopic data am also 

discussed. Binding energies are the target of kinetic studies on ligand substitution for the 

complexes M(C0)3(Pcy3h(L) [M = Cr, MO, W, L = py, P(OMe)3] [222]. An inmrmediate species 

MO(C0)3(ky3)2 is proposed, with stabilisation of the unsaturated metal centm by an agostic 

Mo-.*HC interaction. The ligand cyclenophosphoraue (L) coordinates to molybdenum via the 

phosphorus atom in LMo(CO)s (119) [223]. The structure of the complex shows that the axial 

NH group interacts with the coordinating phosphorus atom (P.-N is 2.3Sq23)A); the reactivity of 

this nitrogen atom towards elecuophiles is examined. 



~~~~ have been solved [224]. The strWWal 

Molecular orbital analyses am uSed to investi 

reactivity of ~~~M~~c)~{~~~ and ale ~~v~tiveS {22511. Here, ~~~~ 
between the nentra? and pro&mated, (AC. fCN@i)Me] unit) complexes are made. Exchange 

reactions of ~~~“M~~)~M~~ with the cheladng phosphines P-P (P-P = dqm, dqx., depe, 

dppe) and isocyauides CNR (I4 = tBu, Cy) @de efficient routes to the new (CD& adducts 
IX%]. The various possible isomets for pmducts of general formula ~~-M~~k~~-~)~~3k, 

~~-M~C~~2(P-Pk and ~~-Mo~~2)2~depe)~Me3)~~) are discussed toB;ether with a 

prwaafim of viable tempemture NMR spectrosopic Studies. Increasing the a&y1 chain length, 
Ph~P~~2)~Phz (dpph) has been reacted with Mo(C.!t3~ f223. Depextding q~n the reaction 

locutions two different outcomes are observed. On refiux in d~ahy~onaph~a~ene, 

~h~g~ati~ of dpph to dpphn (dpphn = ~~~~~~~~2P~) occurs, along with 
the f~don ~~~~~)~(~phn)* using tohlene aS the Iefluxing Solvent% the dpph ligand ~ 
intaCt and the dimer trans-M02(Co>a(~-dpphfz iS formed. The same length Of &lab% (G) iS 

provided by 2,~“biS(diphe~yIphosph~ometh~l)-~,~I-biphe~yl (bdppmbp) [228]. Using 
Mo(C!O)q(nbd) as the source of molybdenum, Mo(~)4(~pprnb~} (X20) was Synthesised, with 

the ~p~sph~e iigand adopting a cis coo&nation with a P-MO-P bite angle of f03.54(2)“. 

OC- Mo- a2 

/\ 

8 $3 
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There have been two reports on the coordination chemistry of CH2=C(CHZPPh2)2 to 

Mo(C0)4 and the related 1,3-bis(diphenylphosphino)-2-methylallyl complex obtained on 

deprotonation [229,230]. This latter complex, ~o(CO)4(MeC(CHPPh2)21-. reacts readily with 

electrophiles generating the tridentate phosphine ligand 1,2,3+is(diphenylphosphino)-2- 

methylpropan- lene on reaction with Ph$X Q = halogen) 12301. 

(121) L: 

n=l,R=Me:mtppm 
n=2,R=Me:mtppe 

n=2,R= ‘Przitppe 

(122) 

A novel didentate phosphine ligand h) is provided by bis(di-tert -butylphosphino)sulfur 

diimide, ‘Bu2P(NSN)PtBu2, as well as the asymmetric analogues tBuZP(NSN)P(tBu)(Ph) and 

tBu2P(NSN)PPhz [231]. Using Mo(CO)g(thf) as the molybdenum source leads to formation of a 
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dindear linked complex ~M~~~~~2~2) as well as the &elate complex ~~~~2). If 

M~~~(R~) is used as an altemative raarting mwerlal the latter &elate xxmplex is obtakd 

exchzsively. Whilst acting as a didentate tigana is a tstmcid bonding mode adopted by bis( bis(2- 

methylrhiopheay~)phasphino)methane (mrppm) and mlated ligands (121). other more exotic 

bonding modes, in which coordination takes place via phosphorus and sulfur donor atoms are 

observed. Examples ant ~Moz(CO)2R~2)2(mtppm) (122) and (MoGk)a(cr-L) (L = mtppnt, 

mtppe and itppe, defined in (121)) [232]. The coordWion chemistry of dppme is also explond. 

A potential PzQ-donor set is pmvided by the ligand cSs-l,S-bis{(diphosphenyl)methyl]--J- 

oxabicyclo[3.3.0&Xaneane, L [233,2341. The don of this l&and with ~~c~~e~~)~~~h 

does yieki the&c complex ~~~,~~~~)3 (123), althaugh the remion of this complex with 

CO 12331 ca use of the altematk molybdenum source ~~e)~~~ [234] rest&s in the 

formation of ~~~~M~~)4 fw) with the oxygen appendage dangling &eely. 

Increasing the number of phi &nor ato- there is a study on the stabil&y of 

fac&~er isomers of ~~~)3~~3-~~~~~ni {n = OJ; PzP' = bis~2~ph~ylph~ph~a~~y~)- 

phenylphosphine] [235]. Aithough potentially a tctradentate, ~s~2-~h~ylph~p~m~~y~)- 

phosphine also adopts a q%onding mode 12363. The complex Mo(P(CHzCH2PPh&)2 (125) 

has been stiucturaUy characterised and shows an unexpected ‘MOPS coordination sphere about the 

molybdenum ceutre. 

Whilst (cycl~P#Tp) complexes arc’akady kaown. the fii examples of carbony ($-P5) 

complexes havle been prepared from the -on of p$- with M(COj3(RCN)3] (R = Me, Et) or 

M(CO)a (M = Cr, MO, W) 12371. The resulting product I(@-Ps)Mo(CO)3]- is identified 

fpectroscopcally; the 3tP NMR spectmm shows a single peak at 8 141.6. 
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MO-P = 2.393(3)-2.525(3) A 

LP-MO-P = 77.~1).107.3(l) 

Another group of molybdenum phosphine complexes can be classified as dimetallic, but 

with no direct Mo-M bond (for dimetallic complexes containing Mo-M bonds see section 1.9). The 

classic example of this type of complex contains dppf as a ligand. There have been two mports 

concerning Mo(CO)5(qt-dppf). One report differentiates the two chemically distinct phosphorus 

environments by X-ray photoelectron spectroscopy 12381 (a potential tool for diagnosing pendant 

and c~~na~g phosph~es). The other piece of work studies thermal d~~ylation of the 

chelating complex Mo(CO)4(dpp~ using a variety of solvents [2391. Similar to dppf, didentate 

phosphinotitatmcene and xirconocene ligands have been used to coordinate to molybdenum 

carbonyl fragments 1240, 241). Amongst the products characterised are f(q5-C5H4PR2)2 

MC12 ]Mo(CO)3 (R = Ph, 4-QH4Mq M = Ti, Zr) 12401 and { (q5-C5M~PPhz)TiClz} Mo(CO).+ 

[241 J. The former contains an Mo-M bridging chloride ligand, whilst in the latter, both chloride 

ligands am bonded solely to the tiuutium centre. An unusual bridging phosphme ligand is pmvided 

by (q5-(dimethylphosphino)cyclopentadienyl) ) {q7-(dimethylphosphino)cycloheptadienyl ) titanium 

[242]. This ligand reacts with Mo(CO)C in xylene under reflux to give the chelated heterodimetalhc 

complex (126) in high yield. 

The molybdenum/rhodium complex (CO)3Mo(p-dppm)2Rh(CO)Cl has been nsed as a 

starting material to form (CO)3Mo(p-dppm)&-S@)RhCl by passing S@ through a sohuion of 

the former complex [243]. Structural analysis shows that one of the ~ly~enum carbonyl ligands 

is semi-bridging between the two metal atoms. FinaIly, an unusual type of dimetaRic complex is 

obtained from cis -Mo(C0)4{Ph~(~2~2O)~~~~Phaf (n = 3-S). a type of metaRacrown 

ether 12441. Titration with LiBF4 or NaEtP4 yields 1:l adducts for both alkali metals when n = 5 
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and 1: 1 and 2: 1 adducts with Li+ and IUa+, respe&vely, when n = 4. The ma&on may be followed 

by 31P NMR spectmscopy. 

1.7.3 Compkzes with bismuth donor ligands 

The salt [PP~Esicl2(Mo(CO)3(~)]2] (127) has been synthesised and structurally 

character&d [245]. The bismuth atom is te&&drally coordinated with direct bonds to each 

rno~~~ centrc (MeBi bond lengths 2944(l) and 3.~2~2)A). The complex can be co&de& 

as two [Mo(CO)3(Cp]- fragments interacting with a [BiCld+ fragment; these interactions are 

studied by theontical calcuhuion using various geometries for the complex. 

(127) 

1.7.4 Compkxes with oxygen donor ligatd 

The chiral enone R-(+)-pulegone (128) forms the q4-1-oxa-1,3-diene complex 

(pulegone)2Mo(C0)2 on reaction with Mo(CO)3(thf)3 [246]. A comparison of solution 

spectroscopic data with those of the structurally character&d tungsten analogue indicates a 

coordination geometry about the molybdenum atom that is best described as a distorted trigonal 

prism (129). 

W8) (129) 



The coot&adon chemistry ofC!O3 to molybdenum in tranr_Mo2(CO2)2PMe3)s has been 

examined by vibrational spccrroscopy ps7.l. Complete assigtmlent of all vituaknal mudes of bcth 

the FTIR and Raman spectra are made, and the conclusion is that C@ is bound in a sideon 

manner. Exchange reactions of trans-Moz(co2)2(PMe3)4 with a range of didentate phosphmes and 

isocyanides [226] have been discussed in section 1.7.2. 

The anionic tricatbonyl complexes [Mo(xyxCO)3(PR3)]- have been synthesisad by the in 

situ reaction of Mo(COw3 (L3 = C7Hg, 3MeCN, 3py) with (X,Y)- and PR3 ((X,Y)- = 2-picolinate 

(O,O’), 2quinaldinate (O,O’), xanthates (S,S’), pyridine-Zthiolate (&IV); R = Ph. CH3CH3CN) 

12481. Surprisingly, these products could not be isolated either by reaction of 

MoW)&‘Ph3h/Mo(cOho3 with fX,Y) donors, or by tmatment of l?WCOh(x,yIl- with 
phosphine. 

An unusual 03-donor set is provided by [(Cp)Co(P(O)R3)3]- (LR) [249]. The 

molybdenum(O) anionic complexes lJ..~Mo(C0)3l- (R = OMe, OEt, @Pr) are reacted with various 

iodides R’I to give the oxidised a-ally1 complex. Partial or complete isomerisation follows, 

depending upon the steric restraints of R’ and LR) to a $-acyl compound (l38). 

R 

(130) 

1.75 Complexes wirh sulfur donor atoms 

Synthetic routes to molybdenum(O) carbcnyl complexes containing the xanthates [&COEt]- 

and [S$XX!&t I]- have been mentioned briefly in the preceding section, along with formation of a 

complex containing pyridine-2-thiolate, which acts as an SJvdonor ligand [248]. The tridentate 

crown thioether 1,4,7-trithiacycl~ L also forms a n&bdenum(O) carbonyl complex, namely 

Mo(CO)3(L) [250]. The synthesis of this product along with the chromium and tungsten analogues 

isreported. 

1.7.6 Complexes with halide and hydride ligands 

The mechanism for the protonation of the molybdenum(O) ethene complex 

Mo(QH&(dppe)2 with HX (X = Cl, Br) in thf at 25’C has been studied by stopped flow 
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spectrophotometry [251, 2521. There appear to be two pathways operating: a slow, direct 

protonation on the mtal cenae or a rapid protonation of the CgH4 ligand followed by a relatively 

slow phydrogen migration 6om the new ethyl ligand to the molybdenum atom Either route leads 

to the formslly oxidised molybdenum(R) compkx [Mo(H)(C$i&(dppeh]+. This product slowly 

loses ethene with subsequent binding of Cl- to yield, ultimately, MoClz(dppe)z and ethane. If a 

more concentrated solution of HC!l is used initially, the molybdenum(W) complex cation 

DloHz(C!~~(dppe)&+ is obtained pricar to its deconq&tion to MoH2Clz(dppe). 

1.8 MIXED VALENCE MOLYBDENUM COMPLEXES 

On oxidation of the bridged molybdenum(V) dimer [Mo204(H~O)u]~+ to the 

corresponding molybdenum(W) dimer, with a source of chromium(V), a pink intermediate 

chtomium(IV) compkx is obtained [253.254]. No indication of any formation of dinuckar Mo-Cr 

pnxlucts was found, so it is proposed that oxidation of the molybdenum(V) dhuer pmceeds in one 

electron steps through a reactive transient, namely the mixed valence complex 

[MovM0~~04(HzO)e]~+. The complex TpMovOCl(p-0)MovIOzTp (131) (Tp = tris(3,5- 

dimethylpyraxolyl)borate) ptovides the first example of a structurally characterised MovMovI 

dinuckar complex [255]. It is obtained as an unexpected product on reaction of TpMmCl with 

Grignard reagents in an attempt to synthesise TpM&R. A possible reaction pathway is shown in 

equ. (7) and R2 has been isolated from the reaction mixture as supportive evidence of the pathway. 

A similar M&MO”* complex has also been structuraUy characterised [256]. [L’(acac)Mdn(cc- 

O)Mov@&‘](BPh& (132) (L’ = 1,4,7-trimethyl-1,4,7-triaxacyclononane) is synthesised from 

MflBr&’ and excess Na(acac). As in the previous example, the two units are lii by a p-0x0 

bridge: M&p(O) = 2.034(4) A, Mov$t(O) = 1.804(4) A. 

cl 

(i) TpMo%&l + RMgX v TpMo”0, + $Rz + MgX#I!l 

(ii) TpMo”0, + TpMo%&l - TpMo%&r-O)Mo”OC~p qt. CI) 
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(132) 

Trinuclear MvlMoIvMvl complexes (M = MO, W) have been prepared by reacting 

(PPh4)MS4 with MoO&cach in boiig acetonitrile [257]. For the homonuclear case, crystals of 

composition Mo30l.gS8.1 were obtained, which structural analysis showed to contain a 

Mo”I(~-S)~MOI”(O)()-S)~MO”I core with an MO-MO-MO angle of 151.3’. An unusual 

tetrametallic mixed valence Mo”Mov complex is obtained on reacting either 

(Mo~2-q1,~2-C~)(Co)(PMe3)3j2 or Mo(CO$(CO)(pMe& with water [2581. The structure of 

Mo4(~4-C03)(CO)2(~2-0)2(CL2-OH)4(PMe3)6 (133) shows a novel type of bonding for a 

carbonate ligand. The two molybdenum(V) centres are six coordinate, whilst the two 

molybdenum(II) centres ate seven cootdinate. 

Although, as far as the structural parameters indicate, both molybdenum centres of 

[(Cp*Mo)&-I)4]+I3- are equivalent (all Mo-I = 2.78kO.OlA, all MO-I-MO = 58.4fo.2’), in terms 

of formal oxidation states this quadruply iodo-bridged complex contains a molybdenum(III) and a 

molybdenum(N) centre [259]. The MO-MO distance of 2.718(3) A implies that there is a direct 

metal-metal bond, and this is in accord with theoretical calculations which pmdict that the five metal 

d electrons reside in a strongly u-bonding molecular orbital and three degenerate non-bonding 

orbitals of 6 symmetry. Whilst the average oxidation state of the molybdenum atoms of the 

dianionic complex Mo2(CC)3(S,@C$-I4-1.2)3 (134) is +2, x-ray photoelectron spectra and 
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elecooc~nsultsshow,infact,tfiatthetwomdywenum~aniadiffennto~~ states 
[260]; the absence of a molybdenum(O) cemtm is established. Structural analysis reveals that the 

anion has a pseudo C3 axis through the molybdenum atoms which possess distorted trigonal 

priSIXlatiCandOC&lh~l~. 

I 
\ 

S 

\ * a \I 9 P 
I MO/O\ / 

/ s// \o/My-(-c-o 
S 

d I \ 6 

(134) 

Although not mixed valence, in the sense of a discrete molecular compound containing two 

molybdenum atoms in different oxidation states, the ionic complex 

[Mo(SzCNEt2)412CM~J.~t has been synthesised and structumlly charactcrised [261]. The 

structure shows the plying cenuc of [MoCl& to be tetu&d&ly ~a~ by chloride 

ligands &lo-Cl = 22752.295 A; Cl-M&l = 105.8-l W), and the moly~en~(~ centtcs of the 
&fo(S$JNEt&tl+ cations to be eight cconiinate by sulfnr atoms. 

1.9.1 Gm4p I 

Amidst a report of complexes containing transition metal-hydrogen-alkali bonds, 

predominantly of tungsten complexes, the structure of [K(l8-ctown-6)][Mo(Cp)~~ (135) is 

presented [262]. This pmduct is pmpared in high yield &om the reaction of Mo(cphHz and KH in 

the presence of 18-crown-6. ‘I’he MoK distance of 3.614& together with the fact that the 

potassium ion is displaced by 0.87A out of the plane of the oxygen atoms of the mown ether ligand 

and towards the molybdenum atom, is very suggestive of the existence of a covalent W-H-K 

bridge. This is also supported by a peak in the residual electron density map of the structural 

analysis, with R = 0.041 at a distance 1.71A t&n molybdenum atom and 2.80A from potassium 
cxmle. 

Common starting materiak for heteronuclear complexes of molybdenum are the dimers 

~~~~CO)6 and C~M~(CO)4. For example, the complexes ~~~o~~)(CO~ (M = Nb, 



Ta) can be prepared by heating the molybdenum dlmers with Cp2MH3 and CpZM(CO)H, 

respectively [263]. Three diffctent modes of bonding for the three CO ligands are seen in this 

dimetallic fzomplex: tmminal, semi-brld*g and brldglng (l36). using R@z(C0)l0 and HPPh2 as 

magents with CpzMq(CO)6 in xylene under rcflux gives Rc&O)&-H)(cr-PPh2&kiCp(C!O~ as 

one of the major products (27% yield) [264]. The smctm of this hydride complex is presented, 

along with the reactions of pmton cxchangc for lsolobal (M(FTh3]+ fragments (M = Au, Ag, 01). 

(136) 

Tkm have been two reports on dimetallle carbaborane complexes [265, 2663. The 
compounds MoW~-C~MC-~)(~~(PMC~~(~~-C~~~~~~C~~C~) (137) aud MaCo@ 

~~X~~(~~~X~acieiowl~~) W@ hwe been SW-y cm In 
the~canpkx,themdywGnMl~isbwndtotheopenfaceofthe~yl~gand,aadin 

the former the tungsten atom is in this site. Compou&relatedtothesctwopfoductsarcalso 

discussedandmultlnuclearNMRspcctm~results~prescnted. 

The alkyl complex CpMoCH$C!R (R = Me, Ph) teacts with cl&r F&X& or M3(CO)12 

(M = Fe, Ru) to give the hetcronuclear p-allenyl complexes (C0)3Fe(p-q2,q3- 

RC=C=CH~MoCp(CO)2 and (CO)aM~(~3-~1,~~,q3-RC=C=cH~)MoCp(Co)~, rcspcctively 

12,671. Further rcactlvlty of these products is explored, including CO substitution, promnation, 12 

0~~~~~~~. ~g~~~~~k~~~M~~~ 

COz) forms the hydride bridged complex ~Mo(~-H~(~-CO)Co(~O)3 on reaction with 

HCo(C0)4 [26@ The structum and bond@ of this product m described ln detail [MO-H = 
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1.64(3), Co-H = l%(3), MO-CO = 2.844?(4) A; MO-H-CO = 108.(l)‘]. Results of extended 

Htickel calculations indicate a 4-cenmd Celecmn MO-H-Co-(CO) bond, and only a weak direct 

Mo-Cointeraction. 

k&T /c” ma lo,@ 
I 

\c,Mo\a’ 

I 
fi2Pq/PPh2 co 

.r , -co 

Oc I 
phY/pm2 

(X39) - solid state (140) - in sblution 
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The complex Mo(Co)3(~-Cl)(Cr-CO)(r-dppm)Rh(nbd) (139) is pm- by ring opening 

of Mo(CO~(dppm) with (RhCl(nbd)):! [269]. The solid state structure of (139) reveals a Mo-Rh 

tistance of 2.%5A, indicative of a M-M single hoti, the metal atoms are asmtricatly bridged by 

dppm, CO and Cl ligands. There is no evidence of a bridging CO ligaud in solution, so an 

alternative structure (140) is proposed with cleavage of the CO and Cl bridges. 

Eliiation of methane occurs between HMoCp(CO)3 and fruns-MeIr(CO)( P@-toIyl)3)2 

giving rise to the formation of Cp(CO)$vIo( ~-P~-~lyl)2]~-tolyl) (P@-tolyl)g ](CO)2 (141) 

[270]. Whilst thii product is unreactive tow&s CO, Me1 and PhCCPh, it reacts readily with H2 to 

eliminate toluene and form the corresponding mono-hydride complex (142) as well as a uihydride 

complex Cp(Co)2(H)Mo(ir-P(p-tolyl)2)~)2(CO)fP@-tolyl)3). The structures of both (141) 

and (142) are presented, the former containiig a rrans-arrangement of carbonyl ligands on the 

iridium centre. and the latter a c&asmugemeut. 

Me Me 

Me 

Me 

(141) 

Ir-MO 2.97612) A 
w@ 2.37qzj A 
Mo+tP 2.412(3) A 
MO-P-Ir 76.9( 1) 

(142) 

&MO 2.957( 1) A 
Ir-pP 2.334(3) A 
Moclp 2.391(3) A 
Mo-P-Ir 77.5(l) 

The reactivity of the dimer Cp(CO)NiMo(C0)3(CsH4Me) towards dienes has been 

examined I271 1. Depending upon the diene used, the Ni-Mo bond of the startiug material is either 

broken or retained. In the latter category is CpNif~-rlt,ll3-C(CMez)CHz)MolCO)2(CSHqMe), 

which isomerises on silica gel to ~Ni{~-qt,~3-C~e)C~e)CH2) (~-CO)Mo(CO)(Cs~Me). 

The synthesis and consequential reactivity of the dimeric MO-Pd and MO-Pt complexes 
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[Pd(u-CO)Qtdppm)~MoCp(COh]+ (143) and Pt(Cl)(PPh3)Qtdppm)MoCp(CO)2 have also been 

described [272]. The former product is made by heterolytic metal-metal bond cleavage of the 

trinuclear cluster P&qCp$O)+dppm) with a molar equivalent of dpptq the [Peal- salt of 

(143) has been suuchnahy chamcterised. This reveals a square pyramidal CpMoP(l)P(3)(CO)2 

fragment geometry, with the Cp ligand in sn apical position 

The rem&ring transition metal/molybdenum complexes are Hg-MO based 1273-2761. Both 

MoCp(CO)g(SnPh$ and Mo(CO)3(q2-N,N’)(rltdppm) (NJ’ = bpy, phen, 2,9dimethylphen 

(dmp)) have heen reacted with HgX2. For the first complex [273], (X = Cl, OCocF3) different 

compounds are isolated, their formation depending upon the reaction conditions. For example, 

using acetone as the solvent, addition of five equivalents of Hg(OCOCP~)2 results in the formation 

of the asymmetric complex MoCp(CO)~(HgOCOCF~) whereas with chloroform as the solvent 

Mo{ (rls-C~(oCocF~)~)(CO)~(HgoCocF~) is produced. Three types of complex are obtained 

from Mo(CO)3(q2-N,N)(qldppm) and HgXz (X = Cl, Br, I, CN, SCN) [274], namely: Fro(CO)3 

(r12-N,N)(X)2]Hg (N,N’ = bpy, phen; X = Cl, Br, CN, SCN or N,N’ = dmp; X = CN), 

[Mo(Co)3(q2-N~?(~-dppm)Hg~[Hg131 (NJ = bpy, phen) and MdW3O1~-dmpMW)o 
Q = Cl, Br, I, SCN). A rationalisatlon of the factors determining which class of complex is formed 

is presented as well as elemental analysis, conductivity measurements and IR spectra for all the 

products obtained. 

A structural analysis of (dtc)HgMoCp(CO)2P(OMe)3 (144) has been carried out and the 

results compared with those for the tricarbonyl derivative [275]. The solid state structum of (144) 

contains discrete molecules with a shortest Hg-S intermolecular distance of 6.12 A. This contrasts 
with (dtc)MoCp(CO)3 where such an interaction is present; this difference is attributed to a knock- 

on effect of the bulkier phosphite ligand as well as an electronic contribution. Whilst officially a 

cluster compound, (us-q2-C$Bu)Os3(CCQ&-Hg)MoCp(CO)g (145) can be considered as a 

nimetallic LJIgMoCp(CO~ complex [276], Its pmparatlon emphasises this, with the iodide l&and 

of I,,HgI being replaced by a source of ~aC!p(cO)3]: 
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(1441 

Mo-Hg = 2.680(I) A 

(145) 0 

MO-Hg = 2.718(3) A 

I.93 Group 13 

Altbough not strictly dimetallic, {MoH(AlIQ)(dmpe~]z (146) can be better described as 

two linked Mo(H@l dimers rather than a cluster coqund [2771. E&ch molybdenum atom is 

seven coordinate ax& although the tezminal molybdenum hydride ligands were not located directly 

in the stmcmml ~~, there is au apparently vacant site Funs to the ~-by~n atoms. 

Photolysis of {C!pMo(CO)3]2 and InR3 (R = Et, ‘Bu, neopentyl) forms CpMo(CO)3InRz 

efficiently 12781. The reaction is thought to follow a radical pathway which implies substantial 

Mo-In bond strength. As a consequence of this, direct photolysis of the molybdenum dimer and 

indium metal was carried out. This resulted in the reversible formation of {CpMo(CO)3)3In. 

~~W~~~~~~~R~ 

1.9.4 Group 14 

cYarba_e molybdenum, cobalt and tungsten complexes have been mentioned akady in 

section 1.9.2. A similar type of complex, with a molybdenum atom capping the nido face of 

[C$Wi&-, is syuthesised from equimolar quantities of TlCzBgHtt, M~~)3(Me~~3 and 
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Ph$GtCl along with PPNCI in MeCN [279]. With a direct Mo-Sn bond, the product D’PNI[qS- 

C2BgH1t)Mo(CO)#nPh3)] can be considered formally to contain molybdenum(O) and tin0 

cenues. The same oxidation assigntmnt is made for the molybdenum and tin atoms in the complex 

Mn(CO)+le)$n(MoC&CO)3) 12801. The reactions of this and related complexes with iodine ate 

used to compare the tin-transitiull metal bond reactivites. 

Two synthetic routes have been used to prepare the stannyl complex 

(CO)3(dppe)Mo(H)SnPh3 (147), either the thermolysis of Mo(CO)3(dppe)(S) (S = thf, acetone) 

with HSnPhs or the photolysis of Mo(CO)4(dppe) with the same stannane [281]. Spectroscopic 

NMR coupling constants indicate that the stannane ligand adopts a $&ordination to the 

molybdenum centre, and this has been amfhmed structurally for a related chromium complex. 

(147) 

1.10 SELECTED CLUSTERS 

This section details molybdenum complexes containing three or more metal atoms. Two 

classes of molybdenum compounds that fall into this category are cubanes, based on Mo4S4 or 

Mo4Sy cubes, and polyoxomolybdates of general formula MoxOy. As both of these areas of 

molybdenum chemistry widely studied, refetence is only made to discrue molecular compounds that 

exhibit novel and interesting featums of coo&~&on chemistry. 

I .I 0.1 Poiyoxomolybdates 

Reaction of [aBu4N]4[MogOz] with 2-hydroxymethyl-2-methyl-1,3-propan-diol 

(H3hmmp) in MeCN yields [aBu4Nj~[Mo307Qumnp)~ which readily undergoes protonation or 

alkylation to give the related 0x0 cluster PrBt$Jj[MqOe(OR)(hmmpmphl (R = H, alkyl) [282]. If 

the initial reaction is carried out using chlomemano 1 as the solvent, an alkylated product with R = 

C!H$H$l is obtained directly. Structural analysis of this pmduct (148) shows each molybdenum 

atomtobecoon%mUbysixoxygenatomsinad&ortedocu&dmlgeomeuy. 

There have been two structural characterisations of Mo4-0x0 clusters containing 

[Mov140#+ cores. The first of these, M0404(cr3-0)4(0SiMe3rooJHMcy1)4 (149) was pmduced 

as a minor product in the condensation :of MOO3 with MegSiNMez 12831. For the second 

compound, the [Mo40131*+ core is the building framework of a larger heterometallic cluster 



(Mo404Cr(Cl5H+I4))4 (150) where -O-C&O- groups bridge four pairs of molybdenum atoms 

diagonally [284]. Another dimetalk cluster that has been isolated and structuraUy charactetised is 

NMoWOWWMe)3~2 (151) [2851. This pmduct, along with W~MOZO~(OR)~(ROH))~ (R 
= ‘Pr, Et) is piepared by means of a c~~~Iuctiometric titration of molybden~ and sodium alkoxide 

precursorssoastoobtainal:lcompositionaf~etwometals. 

Me 

Me 

ci 
(148) 

(149) 

A novel five coordinate molybdenum atom is the distinguishing feature of the tellurium 

polymolybdate (“B$WTeMo&&OH2)1. PBu.$&(lS2) [286]. Structural analysis shows one 

molybdenum atom to be in a distorted square pyramidal MoOg-environment. The four basal 

oxygen atoms are coplanar to within O.O5A, and the molybdenum atom is displaced by 0.45A out of 

the plane. 



n 
N Y 
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I JO.2 Complete and incomplctG adsane clusters 

1 JO.2.1 Homome tallic chlsters 

Two new compounds containing Mo3(p3-S)(p-S)3 cores have been prepared from 

Mo3S7X4 (X = Cl, Br) by the reaction with PE@ [287], The role of the phosphine is to desultiuise 

a c(-S$- ligand to the corresponding Sz- ligand with formation of Et3PS. The products, 

M~Q3-s)(~-L-s)3C4(PEt3)3(H20)2.O~t d ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
have been structurally characterised and an explanation for the formation of H&PO in the latter 

cluster is presented. The related triangular compound [Mo3S7X& (X = Cl, Br, NCS) is used in 

reactions with KSCN and KSeCN [288]. With the second reagent, stenzoselective substitution of 

one sulfur atom of p2-Sp ligands occurs, and the structure of the product [Mo3(p3-S)@2- 

SSe)$l& (153) has been determined showing that the selenium atoms essentially lie in the M% 

Plane. 

A whole range of incomplete cubane clusters based on Fl03(p3-S)(j.t-S2)3]~+ and 

containing didentate @nds has been synthesised and characterised by various techniques including 



11 

mass spectromeay. where very distht fragmentation pathways are observed [289-2911. Ligands 

thatprovideo/N/sa~forbindingaregsedinthesy~andtypical~lesareligaads 

derived from 8-hydtoxyquinoline, NJV-di#hylthiocsrbamate (dtc)-, 2-mtrcaptobenzoic acid 

(Hzmba) and catechol. As part of the study, s@ucmml analysis of FroJ@.3-S)(Cr-sz)(dtc)lI 12901 

and ~t31[Mo3(C(3-S)(C(-S2)3(mba)31 [ZPll have been undertaken. Selenium based clusters 

containing dtr ligands have also been synthesised 12921 using a new route fmm polymeric forms 

of Mo3SeTX4 (x = Cl, Br). Consideration of the structure of MogSc7(dtc)q implies that the 

complex is better tmated as an ionic compounds Wo$e7(dt+l+dtc- (154) and. as shown earlier 

for sulfur, &on of (154) with phosphine gives a Mo$& compound, MojSy(dtc)q(Pph$. 

NE42 

(154) 
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Analysis of structural featnres and qualitative MO calculations are the topics of work on 

complete cubane clusters with dtp ligands [dtp- = -SZp(OEt)3] [293]. Clusters with both Mo4S4 

and Mo4S30-cores are considered, and eight structures are presented, for example 

Mt@4(pdtp)(q3-dtp)4 (US), along with synthetic routes to these new cubanes. The synthesis and 

pmperties ofcationic Mo4S4- and IUo4Se4~based cubanes wntaining tetracyano-ligands and having 

e.g. IFeq(NO)4(jt3-S)4]- as the cennterion have also been explored [294]. Along with several 

strucmml analyses, electrical condt~%vities and magnetic ptope&s are desuibed. 

Incomplete cubanes based on Mo3MS4 (M = Cu, Ag) (156) have been synthesised. The 

copper product (EtsN)[(MoCuS4)(edt)2(PPh3)] is prepared from the molybdenum dimer 

@ttN)[MoS4(edt)21 and Cu(PPhgk(dtp) [2951 and the structural parameters of the original dimer 

are compared with those of the product. In the analogous silver complex [296], a structural 

comparison with the homometallic [Mo3S4)4+ cluster core is made. 

PPhr f 
sN”ls 

I ch Brr 
MO-MO 2.852(2) 2.881(4) A 
MO-M 2.802(2) 3.010(4) A 

2.760(2) 3.227(4) A 

(156) M = Cu, Ag 

Another type of mixed metal incomplete cubane cluster is obtained by the replacement of 

tungsten with molybdenum [297]. The cationic aqua-clusters [~~WS~~H~O)Q]~~ and 

[MoW~S~~~O~]~ complete the series of @f3S4(Hzo)914+ clusters (M3 = W3, W2M0, Fv@W, 

Mo3). All four clusters are isomorphous and in the heterometallic examples the molybdenum and 

tungsten atoms are statistically disonit&. 

Starting with the inComplete mOlybdenUID aqUa CUbane [M03s4(H20)s]4f direct don 

with a variety of metals (M) yields clusters containing complete Mo$ISq-cubane cores [298,299]. 

Depending upon the metal, either a discrete cubane, singly or doubly bridged cubane clusters are 

obtained. A stt~cturally chamcterised example of each type of product is available for M = Ni, Hg 

and Co as the clusters [M~NiSq(H20)1&+ (157), [f(H20)gMo3Sq}2Hg]8+ (158) and 

[ (~20~03S4~]~~ (159), respectively. Starting with either the nickel pmxiuct or the related 

~ly~nu~~n cubane, tea&on with copper@) ions zsults in exchange of the hetemmetaI and 

formation of a ~~~S4(~]~ cubane [300]. 
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The complex cp2Mozcoz(co)4S3 (160) can be converted into a Mo$!0zS4 based cubane 

(161) using either thiophene or thiophenol as a souxce of sulfur [301]. The t&erse reaction is also 

possible under an a-hem of carbon mon@ide, the sulfur now being lost as COS. The potential 

of this system as homogeneous hydrodensulfurisation catalysts is discussed Complex (160) also 

reacts with phenyl phosphine to give a cubane l&e cluster that contains a &-PPh) group (162); 

further reaction results in substitution of PPhH2 for carbonyl on the cobalt atoms with cluster core 

rearrangement [3021. 

Addition of Pt(c.od)~ to Mo$C&l4(PEt~)3(MeOH)2 Q = S, Se) produces an unexpected 

result [303]. The incomplete cubane cog remains as such, and two Pt(PEt& fragments cap Mg2S 

faces externally to give the mix& metal product Mo$t$4CL+(PEt3)6 (163). The structure of the 

sulfur derivative shows that the Mogtz fmmework is essentially phmar. 

(163) 

(164) 

(165) 
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The synthesis and structure of the large MO-Cu-S cluster compound 

(*BuqNlq[CutgMo&~ has been presented [304]. The anion contains a condensed cubsne-like 

Cu&log dimeta% cage. There are two classes of molybdenum atom in the cluster: those with 

tanoinaland~~S~andthosewithc12_Sand~-Satoms. Ineachcasethemolyb&nunatoms 

am teaahedmuy coo&u& and MO-S bond kngths he in the range 2.o6s(29>2.301(17) A. 

There ate examples of dimetallic cubane based clusters where molybdenum metal is a 

minority component. The copper/molybdenum double cubane [MoS4(CuCl)5C!1214- (164) is one 

such example [305]. as are two linked selenium cubanes that contain MoFqSy cores [3061: 

BfozFess~(~Et~13- and [M‘Xb’~e8(~~h#‘- (laS). 

1 JO.3 

I JO.3.1 

Other clurters 

Hummetallic clusters 

Trinuclear molybdenum clusters containing chlom and acetate ligands have been prepamd. 

The cluster [Mo3OCle(OAc)s]- is synthesised from MoCl3.3HzO and either an acetic 

anhydridefacetic acid (HOAc) mixture or a one molar solution of acetic acid directly WI. Each 

molybdenum atom is in a distorted octahedml environment with an average oxidation state of 3.33; 

the 8 molybdenum d electrons are delocalised over the Mq cluster (average M&MO = 2.57q2)A). 

The related dianionic cluster and its phosphine derivatives [M~OCl~(OAc)3(PMe3)3_a11~ (n = 

1.2) (166) have also been prepared [308]. Structures axe presented for both values of n as well as 

for the unsubstituted cluster with n = 3. A comparison of Mo-MO bond lengths is shown in Table 

3. The molybdenum atoms have a formal oxidation state of +3. 

x 
0 O 2, \ 

0' \ l/y/ 
A 

tMlo (166) 

JMO,F& I!i!iI \u 
cl 

\ 

cl 

Cl 

Structural analysis has also been carried out on the iodo clusters Mo3HI7L3 (L = PEt3, 

PPh3) [309]. Whilst the hydride l&and is not located dimctly in the stmcture determination, lH 

NMB spectral data indicate that it adopts a p+nu+ing mode with respect to the Mo3 triangle. 

Comparisons are made between the stmcmral features of the two clusters as well as with previously 

&mcterised species (L = thf, MeCN, PhCN). 
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Table 3 Struc&ml pmmnetcrs for +z clusters [Mo3OCl3+,,(OAc)~ 

n MO-MO tmj length <A> 
1t 2.5878(5) 2.6117(S) 2.5764(5) 

2.597(l) 2.608( 1) 2.5673(9) 

2 2.637( 1) 2.573( 1) 2.567(l) 

3 2.617( 1) 2.598( 1) 2.598(l) 

~TwostNculnltaMlyseswiulaKlwithaltthfiatheuuitIx.ll. 

Higher nuclearity halide molybdenum clusters have also heen characterised. Intermolecular 

ligand exchange reactions between [@k~ijCht)F& and [(Mo&h3)X& (X = Cl, Br, I) have been 

carried out [310]. The mixed cluster ions [(Mo&ls)FaXe_u]~ (n from 1 to 6) have been 

characterised by their distinctive 1% NMR chemical shifts. The strucnue of the chloro cluster 

NaMoClt3, prepared from NaCl and MoCl2 (1:6) at 85o’C. consists of a 1-D chain of 

MO&Q-cl)8cl&l-a)2/2 moieties (167) [311]. The structure and physical properties of this 

cluster ate discussed. Retaining the [MogC@+ core, a cluster with (@cinnamylalcoholate ligands 

has been prepared [312]. Six of these O-donor ligands (168) bond tem&tlly to the molybdenum 

atoms i.e. in place of the terminal and bridging chloride ligands in (167). 

cl 

I Qt3-Cl over each Mos-face not shown) 

I JO.32 Hetemnetallic clusters 

The complex [Mo(CO)413]- reacts with two or three equivalents of [Fe&(CO)& to 

produce either [MoFe4S3(CO)1412 or ~oFe&(CO)1e12- 13131. Both clusters have been 

character&d ~tructurally~ though for the forma this was done via the triethyl phosphine derivative. 

The molybdenum atom was shown to be in a SsFez-square pyramidal envkronment for the first 

product, and a distorted Sg-trigonal prismatic envimnment for the second. If Flo(CO)$J- is used 

instead as the source of molybdenum, the reaction pmduces ~o$e&(CC)1& which contains 
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an octahedral M@e&-com. Mechanistic schemes for the fotmation of all three products are 

presented. 

The core isomerism from a planar to a tetrahedral geometry of PtzMq clusters is examined 

both experimentally and theoretically [3141. Clusters of the formula Pt2MoACsHyeh(CO),#R$ 

(169) have been synthesised for a wide range of phosphines, and 31P NMR spectral data show how 

theratioofi somers depends on solvent and temperamm as well as the steric and electronic effects of 

the phosphine ligands. 

w- PR3 

I 
Q (16% 

Tri- and teua-nuclear compounds have been pmpared which contain the metals memury and 

molybdenum Two results have been reported where the products can be better regarded as a chain 

of metal atoms as opposed to a condensed cluster [315,316]. Interaction of Cp(CO)3MHgX (M = 

Cr, MO, W, X = Cl, Br, I, N3, SCN) with M’(C0)3(bpy) (M’ = MO, W) fragments results in the 

formation of dimetallic compounds Cp(CO)3M(p-Hg)M’(X)(C0)3(bpy) which contain 

M-Hg-M-X linkages [315]. The formation of these products can be rationalised by the 

M’(CO)g(bpy) fragment inserting into the Hg-X bond The same MoHg dimer (X = Cl) is used to 

form a MqHg compound by reaction with lMoACO)&H)Q.t-L)l- (L = dppm, dppe, dppp) [3161. 

Unlike the corresponding tungsten system, from which a spiked triangle cluster is obtained, due to 

ligand redistribution the tetrametallic chain type complex (C0)4(H)Mo(u- 

L)Mo(C0)4 (HgMo(CO)gCp 1 (170) is formed. 

I I 
(CQ4Mo (179) 

I 

MN% 

I 
Hg H 

I 
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Trigonal planar complexes are fonue&betweui [Mo(cohcp]- fmgmen@ and the late group 

13 elements indium and thallium [278, 3171. These heteroatoms are dir&tly bonded to the 

molybdenum atoms by unsupported bonds. Both compounds E(M(CQ3Cp i3 @ = Er, Th) (171) 

b have been structurally characterised and co@xuisons are made between the [3171. Extended 

Hiickel calculations investigate the nature of the MO-In bonding, The related InXL(Mo(CO)3Cp)z 

(X = Cl, I; L = X, thf, py) compounds have also heen synthesised [318] and an exploration of their 

solution properties is nparbad 
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