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In recent years the chemistry of molybdenum compounds has attracted increa- 
sing attention because of their intrinsic chemical interest and their industrial and 

biolo~~l impound. Molybdenum exhibits a wide range of oxidation states and 
stereochemistries and forms complexes with most donor atoms. Iudividual molyb 
denum compounds or groups of compounds (e.g., molybdenum carbonyls and 
oxornoiy~en~~ complexes) have been important in the development of theories 
of bonding in co-ordination compounds and in the interpretation of their maguetic 



and sp~tros~opic properties. Work on moiybden~ ~o~~o~ds been sti- 
moated by c&rent interest in the chemistry of the early-transition metals, by 
the wider appli~t~ou of techniques for handling highly reactive, air- aud mojsture- 
sensitive compound’, by ~eco~~tio~ that molybdenum is essential for the activity 
of certain enzymes, e.g., xanthine oxidase2 and nitrate reductase3, and by the use 
of moiyhdenum compo~ds (e_e, molybdenum d~sulp~de) as anti-we&r additives 
and c ts iu the petroIeum i~d~t~4. 

s surveys the co-ordination chemists of molybdenum with pa~c- 
ular reference to recent work on WeI~~haracter~s~ compounds. Oxo-species of 
molybd~num~) and molybdenum) have receutiy beea reviewed and will not be 
dise~~ed in detail heres_ The solution chemistry of molybdenum is also excluded. 
(Of particuiar interest is the work of Ha t et at. on the role of mo~ybden~(IV) 
in moIybdate cataIysed reactions’.) No attempt has been made to include all malyb- 
denum impounds mentioned in the literature but it is felt that the major areas of 
current interest in molybdenum do-ordinatiou che~stry have been covered. There 
are no recent comprehensive ~~ou~~ of molybdenum Gh~mistry. ~seful~ but 
uncritical a~~n~ of earher work are availab~e7. 

B. GENERAL SURVEY 

~o~ybdenum is the second member of Group VIA of the Periodic TabIe and 
the fourth member of the second transition series. The v~~ency-shell electronic 
~nfi~ration of the free atom in the gtourid state is 4&5sL. Molybdenum difTers 
from ~~orn~urn, the first member of Group VIA, in two irnpo~~~t respects: 
rno~ybde~~ exhibits more stable oxidation states than ~~o~urn and the ~gh~r 
oxidation states of molybdenum are more stable with respect to reduction and the 
lower oxidation states are less stable with respect to oxidation than those of chro- 
mium. This trend reflects the smaller ionisation potential* for &electrons and the 
Iarget ionic and covalent radiF of rno~ybd~~urn. 

In’ its compounds molybdeuum exhibits ah oxidation states from - 2 to -i- 6. 
The lowest oxidatiou states, - 2 to -t 1, occur in complexes with z-acceptor ligauds, 
rna~~y carbon monoxide, ~Y~Io~~tadiene and related compounds, nitric oxide, 
and unsa~ated nitro u-, phosphor-, and ~e~c-do~o~ ligands. Zn these oxi- 
dation states rno~ybde~~ behaves as a class-B acceptor. 

The best known compo~ds of moIybdenum~1) are those ~~~i~ing the 
polyuuclear ion MoeCia 4+. Recently six- and seven-co-ordinate ~ouon~cIea~ 
comp[ex~ with ~~a~~eptor Ii~~ds have been prepared. 

Tn o~dation states + 3 to -i- 6 moly~euum forms a large number of com- 
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plexes with. nitrogen- and oxygen-donor Iigands and with the lighter haIogens. 
Complexes with suiph~-li~nds are fairly common, but there are very.~e~complexes 
with phosphorus- and arsenic-donors. In its higher oxidation states molybdenum 
behaves as a dass-A acceptor. 

The chemistry of the +6 and + 5 oxidation states is dominated by oxoi 
molybdenum species (Mo04’, MOODY*, MOO,, Mo,O~~+; Mo03*, Mo20J4+, 
lS40,0,~ *), with one or more oxygen atoms as terminal iigands (Le., bonded to 
only one molybdenum atom) or as bridging atoms (i.e., bonded to two molybde- 
num atoms). An important feature is x-donation from oxygen to the metal giving 
a multiple bond5. This type of donor n-bonding occurs less readily as the formal 
oxidation state of the metal decreases and only a few, poorly characterised ox@- 
species of molybdenum(N) and molybdenum(II1) are known. 

(ii) Co-ordination numbers and structures 

The most-common co-ordination number is six giving octahedral and, in 
certain suiphur complexes (section E.(viii)), trigonal prismatic stereochemistries. 
ln many compounds the metal attains six co-ordination through dimerisation or 
poIymerisation. Co-ordination number four is not known and the only well- 
established example of co-ordination number five is for MoCls in the vapour state. 
Co-ordination numbers greater than six are more common. 

Polynuclear complexes are known for most oxidation states and many 
contain one or more Mo-MO bonds. 

(iii) Magnetic properties 

Data for molybdenum complexes are included in a recent review articleg. 
It should be noted that because of the large spin-orbit coupling constants (2.) 
of molybdenum(V) and molybdenum(W), magnetic moments of their mono- 
nuclear octahedral complexes arc expected to be much iess than the spin-only 
values and to vary with temperature (ea. 1.0 and 1.8 B.M. respectively at 300 “K). 
The observed magnetic moments at 300 OK are IS-l.8 B.M. for MoV and 2.0-2.5 

B.M. for Moiv. The deviations from the spin-only moments are less than expected 
because the spin-orbit coupling constants are reduced from the free-ion ‘values 
through complex formation and because of the effect of asymmetric ligand fields 
in destroying orbital degeneracy. For octahedral low-spin molybdenum(B) 
(t,,“) and molybdenum(i) (tzs5) similar considerations apply except that the mag- 
netic moments should be greater than the spin-only values (3.3 B.M. for MO” and 
2.3 B.M. for MO’ at 390 OK.)‘. Observed and calculated magnetic moments for 
octahedral molybdenum~~1) are close to the spin-only value. Co-ordination 
numbers seven and eight give ground states which appear to be orbitally non- 
degenerate and the complexes areeither diamagnetic (MO”, MO”) or have moments 

Cmrrf. Gem. Rev., 1 (1966) 315-350 
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close to the spin-only value for one unpaired electron ~o’,_,~o~“, MoV). Corn- 

plexes of molybdenum(O) are diamagnetic. Bi- and po~~ucle~ conipiexes usually 

have magnetic moments ~o~esponding to less than 1.0 B.M&per MO atom. Tern- 
perature-independent par~a~etism has been observed ‘f&r spin-paired seven- 
,co-ordinate molybdenum~~ and for molybdenum(IV). The magnetic properties of 
molybdenum !ompIexes are much more complicated than is sometimes realised 
and caution is- newest in makin g deductions about ~t~ct~r~, spin-states and 
even oxidation states, 

Crystal-field (d-d) transitions are observed with complexes of the more elec- 
tronegative Jigands (halogens, saturated oxygen- and nitrogen-donors); but with 
ligands of low electronegativity, intense charge-transfer bands may cover thecrys- 
tal-field transitions in the visibte region. For a series of rnolybd~n~~ complexes 
with organic iigands the energies of the charge-transfer transitions decrease as the 
electron-donor character of the ligands increases suggesting iigand-to-metal 
charge transfer”‘, whilst in mo~ydenum~~) complexes the charge-transfer transi- 
tions are thought to be from metal-to-ligand”. 

S~ec~oche~~l and nephelauxetic series based on the moiybdenum~K1) 
ioa, have been obtained; these agree with the series for other metal ions”“~‘2. 

A strict class~c~ti~n of molybdenum complexes on the basis of donor atoms 
or oxidation states is not possible without extensive cross-r~f~re~cin~. Many com- 
plexes con~n more than one type of l&and and their chemist properties may 
involve more than one oxidation state. Because of this, substituted carbonyls are 

ther (section C) and so are complexes derived from the molybdenum 
halides (section E.i), Other complexes are cIassified on the basis of l&and donor- 
atoms. 

C. OXLDATKIN STATES - 2 TO + 1 

Many complexes of molybdenum in these oxidation states are derivatives 
of molybdenum hexacarbonyl, Mo(CO),, but a few are known which do not 
contain carbon monoxide. 

The Christy of Mo(CO), has been very extensively stu~~~3. Up to three 



CO groups may be replaced by monodentate ligands and up to four by certain 
bidentate ligands, but only rarely are ail the CO groups replaced in substitution 
reactions. Complexes of organic ligands6”- which have attracted much attention 
include z-complexes of ~clope~tadi~n~ (Cp), e.g., C~,MO,(CO)~, ~Cp~o(C~)~~.~,’ 
Cp~MoCi~; ~yc~ohepta~eue (C&H,), e.g., (C,H~~Mo(CO~~ ; and benzene, e.g., 
(C~H~~~o~CO)~, Mo(C6H& ~o~C~H~~~~~_ Carbony anions are also known, 
e.g., [~o~~O)~]‘- and ~~o~(~O~~e12-. 

interest in molybdenum ~arbonyls and or~~ometa~lic corn~~~~ has been 
~~~ntrat~d in two areas: (a) structural and theoretical studies with particulzjr, 
reference to n-bonding in the hexa~rbonyl and substituted carbonyls; (b) se’ 
stitutio~ and oxidation reactions giving new types of compound, corn~~ds with 
unusual structures, and compounds of uncommon oxidation states. 

(cz) Structures &d bonding. That Mo(CO), has a perfectly octahedral struc- 
ture with linear No-C-0 bonds has been shown by infrared, Raman, electron- 
~ffraction, and X-ray m~s~ernen~ L3b. The Mo-CO bond is desc~b~ in terms of 
a o-bond formed from the d@$, s, andg orbitais of molybdenum and the (sp)-lone 
pair of carbon, and z-bonds formed by donation From the ~(~~~-or~it~s of moiyb- 
denum to the anti-bonding ~-orb~ta~s of CO. The Mo-C bond has an order of 
more than one and the C-O bond an order of less than three, The order of the 
C-O bond decreases with increasing z-donation from the meta114. A molecular 
orbital treatment of MofCO), has been given and used to interpret its electronic 
spectrum~g. 

Replacement of CO by weaker n-acceptors causes a decrease in C-O 
stretching frequencies because of increased n-bonding between the metal and the 
~erna~~~~~ CO groups, The ~owe~~~ is greatest in ~omplex~ of ~trogen- and 
oxygen-donor which lack rr-aczceptor orbitah, e.g.16=, ~d~~~e~Mo~CO~~, and”6b 
(die~~~o(CO)~ and least in ~ompiexes of li ads w_hich are good z-amptors, 
e.g., inlbb cis~Cl~~~~o(CO)~. ~e~~rne~~s on a large rut r oi” tri~rbonyls 
give the following order of demising C-O stretching frequencies ~nte~~eted as 
decreasing rr-acceptor abihty of the ~iga~ds~: PC& - AsCI, - SbCt, > Ph,P - 
Ph3As N Ph$b 3 RrS > tu N digly ) py N dien’3b*14*16. 

For some tetracarbonyls, Mo(CO),A, the order is diphos > diars 5 bipy”. 

(b) Some chemical reactions of molybdenum carbony&. 
Substitution re&tions. Substi~ted molybdenum earbonyls may be obtained 

dire&y from bob or by displacement of another substitue~t, e.g., from 
C~~s~o~CO~~. As CO groups are removed further substi~tio~ becomes more 
difficuk. Thus diarsine displaces” two carbonyl groups at X50” and a further two 
at 200”. This efkct is a~~buted to increased x-bonding between molybdenum and 
carbon monoxide as the number of CO poups decreases. IO agr~ment, bip~idyl 
will displace oniy two CO groups from Mo(%O& but diphos and diars, which are 
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better rr-acceptors, will displace four CO gro~ps’~. A further CO group ts displaced 
from Mo(CO),(bipy) by Ph,P, Ph,S or pyridine’g. 

co 

-=L 
oc oc 

L 

Displacement of an czxid-C6 group occurs because the bipyridyl causes more 
enhancement of metal-CO z-bonding in the plane than out of the plane. 

Oxidaiion by #zaZogens. Reactions in which some substituted molybdenum 
carbonyls are oxidised by halogens are summarked in Table I. Tetra- and tri- 
carbonyls generally lose carbon monoxide to give dicar~nyls; but di~rbonyls 
react without further loss of carbon monoxide *6f*17v 20-23. Similar reactions occur 
with substituted c~o~urn and tungsten carbonyls, the ease of displacement of 
CO increasing in the order21*23 W < MO < Cr. 

TABLE 1 

OYUDATIQN OF SUHTITUTE D ~1~L~DE~UM CARBONYLS BY ?iA.LOGENS 

MoCCOMbipy) 
Mo(CO)~(diphos) 
Mo(CO)Jdiars) 

Mo(CO)&ithia) 
Mo(CO)s(~-tri~)b 

Br8 
Br, and I, 
Br,, I1 
Iz, hot CC!& 
I%, hot CHCI:, 
Br, and I, 
Br, and Is 

[Mo(CC&(v-triars)Br]BPh3 LiCl in n-propanol 
~fo(C~)~(diphos)~c 19 
Mo(CO),(diars), Br, and I? 

Mo”(CO),(bipy)Bra 
~o~(CO)~t~phos)X* 
Morf(CO)S(diars)XS 
Mon(CO),(diars)I, 
~ot”(CO)*(di~)~~ 
Mo”*(CO)~(dith~a)X~ 
[M~i’(~O)~{v-t~~~XIX 
and some Mo”(CO),(v-triars)X? 
Mo”(CO),(v-triars)C& 
~Mo’(CO)~(diphos)*?r~ 
[Mo”(CO~,(diars)~XX]X 

23 
23 
20 
21 

a dithia=2,5~thiah~a~e; Y-triars== l,i,l-tris(~~ethyla~inomcthyl)cthan~. For otherligand ab- 
brevations see p. 315. 
b The promotion of the d~~~~yl corn~~nd increas with increasing tempe~tor~ Similar 
reactions occur with Mo(CO)&-triars) and Mo(CO),(u-ttiars) (I-triars = methyl-bis(dimethyl- 
amino-3-piopyl)arsine; o-triars = bis(o-dimethylarsinophenyl)methylarsine)~ 
f Ttie anion is the tri-iodide ion, I,-. 

An important feature of these reactions is the formation of complexes of 
molybdenum(Il) formulated, on the basis of physical measurements (conductivities 
in nitrobenzeae, magnetic moments, and infrared spectra), with co-ordination 
number seven. A pentagonal bipyramidal structure with axial halogens has 
been proposed *’ for Mo(CO)~(d~ars)I~. The seven~o-ord~ate complexes are 
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spin-paired but have temperature-independent pararnagnetic moments From 0.4 to 
1.1 B.M.23 

The existence of complexes of moIy~d~~um(II) and (HI) with co-ordination 
number seven has been rationalised with Nyholm’s “nine-orbital rule” accordkg 
to which transition metals in their complexes with polarisable ligands tend to 
utilise all nine valency orbitals (i.e., five (n-l)d, one W, three np) for o-bonding 
pairs, non-bonding pairs, and single electrons. The co-ordination number is 
limited by the number of cr-acceptor orbit& availabie21. In the spin-paired con+ 

plexes of moIy~denum~~ there are two non-bonding electron pairs, leaving .@en 
a-acceptor orbitals (d3sp3)_ S’ mxilarly molybd~num(~i~) {d3 with one uni>&ed 
electron) has seven acceptor orbitats and so forms, e.g., Mo((Co)(diars)I, @ = 1.40 
B.M.)22, However, low-spin molybdenum(I) (d5) and molybdenum(II) (with two 
unpaired electrons) have only six acceptor orbitals and so form six-co-ordinate 
complexes, e-g., [Mo’(CO)~(diphos)~]I~ @ = 1.66 B.M.)zo and MO” (CO)Z(diars)I, 

(@ = 1.98 B.M.)22. 
Under vigorous conditions (e.g., excess halogen) carbon monoxide may be 

displaced completely: 

Mu&%), ‘c-s w MoBr, (ref. 24) 

Mo(FO), Fr* >=” -a MoF*~Mo~*~COF* 

1 F*.-7S0 -, 
MoF,-!-MoF, (ref. 25) 

Mo(CO),diars cxcess Rr* t MoBradiars (ref. 21) 

The compounds Mo(CO},(Ph,PO),, cis- and frans-Mo(CO),(PPh3)2, 
Mo(CO).&diphos), react similarly; ana1ogou.s oxomolybdenum(V) complexes are 
also obtained by chlorine oxidation26. 

(c) Compound with MO-MO Bonds There is a tendency for earIy-transition 
elements in oxidation states with unpaired electrons to dimerise through the for- 
mation of metal-metal bonds. This tendency can be rationalised by the inert-gas 
rule which is a special case of the nine-orbital rule*‘. Examples of low-valent 
molybdenum compounds with metal-metal bonds are the anion [Mo~(CO),,]~- 
which is diamagnetic2’ and isoelectronic with Frm,(CO),,] and the compound 
[(Cp)~Mo~(CO~~] obtained by the reaction of dicyclopentadienez8 or cyclopen- 
tadienyi sodium2p with Mo(C0)6. The compound contains rnoly~en~ formally 
in oxidation state +l, but is diamagnetic. The presence of the Mo-Mo bond has 
been shown by X-ray analysis, the molecule consisting of two [CpMo(CO),f units 

Cuord. C’hem Rev., I (1966) 315-350 
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united by a MO-MO bond of 3.22 A 3o Compounds con@Gng mixed Mo-metal . 
bonds have also been prepared, e.g., Cp(CO)~MoW(CO)j~p and Cp(CO),MoFe 
(CO)&p from C~MO(CO)~N~ and CpW(CO)31 and CPF~(CO)~I respectiveIy3’ * 32. 

The metal-metal bond in (Cp)zMoz(CO)6 is fairly readily cleaved giving dia- 
magnetic, bridged binuclear complexes: 

[CpMo(CO)SNal (ref. 31) 

[CpMo(CO),I] (ref. 3 I) 

[CpMo(CO)& Arx(CFJk fCpMoAs(CF;),fCO),l hr + ICPMOAS~CF,),(CO)J~ 

[CpMo(SMe)& (ref. 34) 

[Cp(CO),Mo(PMe&Mo(CO)&p] (ref. 28b) 

(ii) iktrosyl complexes 

(ref. 33) 

Rather few nitrosyl complexes of molybdenum are known; among these are 
the complexes3 ’ [CpMo(CO),NO] and K,[Mo(CN)sNO] (section E.(v)). Re- 
cently the compounds [Mo(NO),Cl,] and [Mo(NO),(MNT),] have been prepar- 
ed36* 37. (MNT is the maleonitriledithiolate anion, -S-C(CN)=C(CN)--S-). 

Mo(NO)~CI~ is obtained as a dark-green solid from the reaction of Mo(CO), 
with NOCl in di~~oromethane. According to the infrared spectrum (N-O 
stretching frequency) the NO groups are cis and co-ordinated as NO+. A polymeric 
structure with kinked chains is suggested: 

Octahedral compIexes [~o~O~~CI~L~] are formed with L = PhsP, Ph3As, pyri- 
dine, p-toluidiue, cyclohexyl~e, and Cl (from Ph,AsCl) and, according to the 
infrared spectra, the NO+ groups are c&36 to one another. 

With NazMNT in methanol, Mo(NO),Cl, forms a deep-green complex 
isolated as (ph4P)21J40(N0)2(MNT)2]. The infrared spectrum is in accordance 
with &-NO” groups and also suggests that in this compound MNT2- functions 
as a x-acceptor (in contrast to its behaviour with high oxidation states with which 
it is a good donor, see section E.(viii))37. 
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(iii) Complexes of molybdenum(O) with nitrogen- and phosphorus-donors. 

Unstable, air-sensitive complexes in which molybdenum(O) is fully CO- 

ordinated with N- and P-donors have been prepared, e.g., [Mo(bipy),] from 

[Mo(bipy),]Cl, and Li,bipy in THF3*, [Mo(tripy),] from Mo(CO), and 2,2’,2”- 
tripyridy13’, Mo(PP), from [(C,H,),Mo] and o-CgH4(PR& and also by reducing 
a mixture of MoCl, and the diphosphine in THF with lithium ahtminium hydride4’, 
and Mo(PF,), from3’ (CsH,),Mo and PF3. The existence of these conitilexes 
depends on the ability of the ligands to function as n-acceptors. 

D. COMPLEXES OF MOLYBDENUM(II) 

Molybdenum(H) may be stabilised in two ways: in mononuclear complexes 
with n-bonding ligands and through metal-metal bonding in polynuclear com- 
plexes with the more electronegative ligands. Unlike chromium(H), molybdenum- 
(II), does not form a mono-nuclear aquo ion or complexes derived from it. 

(i) Mononuclear complexes 

Complexes of molybdenum(H) in which the metal is seven-co-ordinate have 
‘Deen described in Section C in connecticn with halogen oxidation of substituted 
molybdenum carbonyls. 

Six-co-ordinate, low-spin complexes of molybdenum(II), Mo(diars),Xi 
(X = Cl, Br, I) (,u = 2.8-2.9 B-M.), are obtained in a slow reaction (24 hours) 
between diars and an aqueous solution of molybdenum(II1) and the appropriate 
halogen acid. The reaction appears to involve disproportionation41 of molybdenum- 
(III) to molybdenum(E) and or). 

(ii) Polynuclear halogen complexes 

The halides of molybdenum(H), MoXz (X = Cl, Br, I), are polynuclear. 
X-ray analysis of the compounds [(Mo,&~~)(OH)~(H,O),] 12 H,O and [(MO&~,)- 
Cl4(H,O),]6 Hz0 has shown that the basic structural unit is the octa-p,-chloro- 
hexamolybdenum(I1) ion, [(Mo&~,]~+, shown in Fig. l(a). Eight chlorines are 
at the corners of a cube and six molybdenums at the face centres. Each molyb- 
denum is in approximately square co-ordination with four chlorines and is also 
bonded to four other molybdenums 2.64 A distant42. The metal atoms form an 

octahedral cIuster43. 
The bonding in the Mo,CIs4+ cluster has been discussed in valence- 

bond&* 45 and in molecular-orbitai terms 43* 46. The treatment most readily com- 
prehensible in chemical terms is that due to Cotton and Haas43. They assume that 

Coonf. Chem. Rev., 1 (1966) 315-350 
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(Cd (b) 

Fig. I. Structures of (a) fMo,CiJ4* and ($1 [Mo(~~CCH~)~~. Closed circles”represent molyb- 
denum atoms. In (a) broke= lines define the octahedral cluster of moiybdenum atoms; MO-Cl 
bonds are not shown. Ln fb) the oxygen atoms of carboxyi groups, Me-0 bonds, and the MO-MO 
bond are shown. 

each molybdenum atom uses a &-orbital, an s-orbital and the px- and p,-orbitais 
to bind the four co-planar chlorines. The metal-metal bonding, using dzz, d,, d,,, 
z\nd d,,_ yz, is described in terms of molecular orbitals for the octahedral cluster. 
It is found that there are just suGicient strongly-bonding orbitals (Ala, T,,, Tzg, 
E,, Z’,,) to a~ommodate the 24 electrons of the cluster, thereby accounting for 
the diamagnetism and the stability of the cluster. Their treatment also shows the 
presence on each molybdenum of an empty, centrifugally-directed cr-orbital and 
so accounts for complexes of the type (Mo,CIs)L,. 

The structures of the dihalides, MO 6 X 12 (X = Cl, Br, I), have not been 
determined but they are thought to be polymeric, with Mo,X,‘* clusters joined 
through halogen bridges4’. 

The MO& 4f cluster will co-ordinate up to six ligands, one for each 
mc$ybdenum, and a large number of complexes of the cluster are known. Exam- 
ples include MX4Lz (where M = Mo,Cls; X = Cl, OH; L = py, NEt,, H,O, 
EtOH), MXs2- (X = Cl, Br, I, NCS)44*47, [Rlo,XsY+J2- (X = Br, I; Y = CI, 
Br, .I, OH), Mo6XsY4w, W = Cl, Br)47, MCl,(Ph,EO), (E = P, As)~*, and 
MX,L (L = dimethylsulphoxide, dimethylformamide, methylsulphonate, 
MeSO,-). According to infrared studies the ligands in the last complex are bonded 
to M0&1s~~ through bxyge#, 

There have been some mechanistic studies of the reactions of ehloromolyb- 
denum(II) complexes. The rates of chloride exchange (using 36C1) and bromide 
substitution in [Mo,CI~]C~,~- in water and moist ethanol are the same for both 
halides and independent of their concentrations suggesting that the reactions 
proceed through a common rate-determining step, probably aquation. No more 
than six chlorides may be replaced and there is no reaction with chlorides of the 
Mo&&~~ clusterkq, 

Halogen in the ions [Mo,X&.IH)~]~* (X = C15’, Br’“), may be replaced by 
hydroxide giving species [Mo~X~_.(OH)~](OH)~~- (n = 1, 2, 3,’ etc.). There is 
evidence for a bimolecular rate-determining step, the rate being dependent on the 
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moIybdenum(I1) and OH” concentrations. A bimolecular process is reasonable 
since the chloro- and bromo-Mo” structures are rigid, and a unimolecular process, 
involving distortion of the cluster to an activated complex of lower co-ordination 
number, would involve a very high activation energy. The rate is much less Zor the 
bromo complex than for the chloro complex suggesting the operation df -steric 
factors: there is “more room” for S,2 attack in the chloro compound than in the 
bromo compound”. 

(iii) Binuclear carboxylutes 

Tine compounds [Mo(O,CR),]~ have been obtained as y&&v, diamagnetic 
solids by heating Mo(CO), with various carboxylic acids. They are stable in the 
absence of SiJr but give molybdenum blue in moist air_ With pyridine the acetate 
givesg2 an’adduct [Mo(O,CMe),py],. 

X-ray analysis of molybdenum@) acetate 53 has shown that the structure is 
similar to that of cupric acetate with a short MO-MO bond of 2. I X A (Fig. l(b)). 

E. OXIDATION STATES +3 TO +6 

(i) Binary halides and their derioatines 

(a) Preparations. The binary halides of molybdenum are listed in TabIe II 
which also gives preparative reactions and some of their properties54-76. Of partic- 
ular interest is the reduction of MoCI, with benzene or chlorobenzene which has 
made MoCI, readily obtainable 67 The best procedure for the preparation of _ 

MoF, is said” to be the reaction between MoFk and PF3. 

(b) Structures mrdglzysicalproperties. MoFt is octahedral with Mo-F = 1.840 
A, as indicated by an electron diffraction study of the vapour. The infrared and 
Raman spectra are also consistent with an octahedral structure”. MoF, is tetra- 
merit in the solid (X-ray diffraction) 56 Each molybdenum is in approximately _ 

octahedral co-ordination with four terminal fluorines (two at 1.85 and two at 
1.70 & and two bridging fiuorincs (at 2.06 A) (Fig. 2(a)). Molybdenum is also in 
octahedral co-ordination in solid MoF3. According to Gutmann and Jackdo, 
X-ray analysis of MoF, indicates that the crystal has the cubic ReO, structure but 
a re-determination of the structure suggests a rhombohedral VF, structure’*. It 
is possible that the compound studied by Gutmann and Jack was, in fact, an oxo- 
fluoride”. 

An electron diffraction study showed that, in the vapour, MoCl, is trigonal 
bipyramidal with all bond lengths equal (2.27 &63_ Gillespie” considers that a 
re-investigation of the structure would be worthwhiIc since in most trigonai bi- 

Coord. Cfiem. Rev., L (1966) 315-350 
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TABLE II 

BINARY I%LIDES 

MC@* 
MoF, 

MoF, 

MoF, 

MOCf, 

MoCI, 

MOC& 

MoBrJ 

MoBra. 
MoXa 

MO-~-Fs 
Mo(CO), 4 Fz 
Mo(%O), + MoF, 
MoF,+Mo 
MoF, +PFJ 
Involatile residue in 

preparation of MoF, 
MoF~+Mo 
MoBr,+HF 
MO +-C& 
MoSa+CC& 
MOO&-CCI, 
MoCi, +C,H, or C&&l 
MoCl, j-H: 
Mo(CO), +Br, 
MoBr%l-Br, 
Mo+Br~ 
MofI, 
MoCI,+HI 
Mo(CO), + & 

octahedral* 54,%x 
tetrameric (octahedral) 25,56 

56 
56 
57 

25,56 
octahedral 58,60 

59 
trig. bipyram~d vapour 61,63 
dimeric (octahedral) solid: p = 1.67 62, 64.65 
p = 0.93 66,67 

67 
octahedral; p = 0.67 68, 69, 70 
p = 1.28 24.71 

71 
octahedral; p = 1.24 70,72,73 
p = 1.4 74 
or 1.85 75,76 

76 

D Magnetic moments @) in Bohr magnetons at ca. 20’. 

p~a~d~l molecules the axial bonds are Ionger than the ~quat~r~~ bonds. Ln the 
crystal, MoCI, is dimeric (X-ray diffraction) (Fig. 2(b))64. There are four terminal 
chlorines at 2.24 i\, two bridging chlorines at 2.53 A, and a MO-MO bond of 
3.84 A. The molybdenum is in approximately octahedral co-ordination, the shape 
of the MoCI, octahedron being similar to that of &‘foF, in MoF,. As in MoF, 
the bridging bonds are longer than the terminaI bonds. MoCI, is monomeric in 

(al 

Fig. 2. Structures (not to SC&) 
molybdenum atoms. 

(b) 

ofs6 (a) IMoFJ, ancP 
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be~ene’* and in ~~cIo~exa~e and carbon t~~~~oride”. In MoC&@ and Mo~rs73 
the’ molybdenum atom is also in octahedral co-ordination. The halide ions are 
hexagonal close-picked with the metal atoms in octahedral bobs; there is distor- 
tion which brings pairs of metal atoms close together: in Mot&, Ma-Cl = 2.40 
to 2.55 A, Mo-MO = 2.77 A; in MoBrJ, Mo-Br = 2.57 A, Mo-MO = 3.30 A, 

Rather few physical measurements save been reported for the molybdermm 
halides. The electronic spectrum of MoCI, vapour shows rather-broad bands at 
1-0, X5.2, 21.3, 27.8, 35.7, and >42.6 a. Assignments are dulcet because of the. 
broadness of the bands and some dissociation to MoCl, and chlorine; the. two 
bight frequency bands are assigned to charge-transfer traditions and the other 
bands to d-d t~~itions~g. 

The magnetic moment of beefy-puri~ed MoCI, has recentIy been re- 
determined over the range 83 to 333 OK, The value of 1.67 B,M.65 is somewhat 
higher than previous values (I.52 **, I.6470). Magnetic morning (where known) 
of the other hahdes are in Table IX. magnetic moments of the binary halides 
are less than the spin-only values and decrease with decreasing temperature_ 
is attributed to anti-~~omagnetism, the spin-exchange occurring via halogen 
bridges or through direct metal-metat bonding. It is noti~~bl~ that the deviation 
from the spin-only moments increases in the order MoV c Mo’v < MO”’ (corre- 
lating with the shorter Mo-MO bonds in MoCi, and MoBr, compared with 
MoCL,) and in the order L c Br < CL 

(c) React&w ~~~~a~ybde~a~ ~~~d~s. These are summ~r~sed in Table II182-g8, 
Reactions giving oxo-species of molybdenum~ and (VI) have been reviewed and 
are not included heFess 

Additm reactims. Reactions of this type are common for the halides of 
rnoi~~enurn~~ and m~lybdenum~1~ but rare for MoCl,. MoF6 wili add fluo- 

ving”’ MoF,- and MoF,‘-. The number of iigands added is genera 
Cl, and three for MO& and the products are rno~orn~~c, param 

six-co-ordinate’complexes except that with Ph&O (but not, apparently, with 
Ph,PO and Me.$JO), MO& gives” a diamagnetic, eight-co-ordinate complex, 
MoCl~(Ph~~O)~. 

Substitutim md solvolytic rew&xw. Molybdenum pentachforide reacts 
vigorously with compound containing an OH or NH group giving hydrogen chlo~ 
ride and substituted cbloro complexes. The commonest products are of the typo 
MoCisL, (L = OR, NRR’) which, acc#rdi~g to their low rna~~tic moment and 
molecular weights, are dimeric 88*89. Whether the carboxylates, MoCl~(O~CR)~~ 
are dimeric is not knowng2. An inves~gation of the mechanism of these substiti- 
tiun reactions would be of great int~F~st since it is u~ce~n whether MoCl, 
reacts as a dimer or as a monomer or whether the substi~tio~ reactions are foi- 
lowed by dimerisation of the products. In discussing the reaction between MO& 
and carboxylic acids in carbon tetr~cb~uride, Earsong suggests that MO& pre- 
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serves its dimeric structure and that the axial chlorines react preferentially. How- 
ever, the pentachloride appears to be monomeric (by the molecular weight) in 
benzene” and its electronic spectrum in cyclohexane and in carbon tetracbloride 
is the same as in the vapour (implying that it is also monomeric in these solvents)7g. 
A more plausible interpretation is that replacement of the axial chlorines of a 
trigonal bipyramidal monomer first occurs and is followed by dirnerisation. If this 

is the mechanism it seems likely that the dimeric reaction products contain nitro- 
gen or oxygen rather than chlorine bridges: 

t1 cr 
Dimeric compounds [MoCi,L,], are obtained from MoCl, and phenol 

and substituted phenoisfoa9” and some aminess8. A partial X-ray analysis of 
[MoC12(0Ph)3]2 has shown the presence of bridging chlorines and a Mo-MO 
bond of 2.8 A, considerably shorter than in [MoCl,], (3.84 @*. It appears from 
the trend in the magnetic moments of the phenolate complexes (p-CO,H > H > p- 
CH,) that metal-metal interaction increases as the para-substituents become more 
electron-donating. This is reasonable because increased electron donation will 
cause a reduction of the residual charge on the metal atoms and so the repulsion 
between them will be reduced. Also, orbital expansion, leading to better orbital 
overlap in the metal-metal bond, will result from a decrease in the effective nuclear 
charge of the molybdenum atoms”, 

A qualitative feature of the substi~tion reactions is that the reactivity of 
MoCl, towards phenols (measured in terms of the vigour and speed of the reaction 

and the yield of product) increases as thcp~~~-substi~ent is” COaH < H < CH, 
and increases towards ammonia and amines (in terms of the number of Mo-Cl 
bonds broken) in the orders8 NR, < NHRt < n-BuNHz < n-PrNH, < EtNH2, 
MeNHt < NH3. 

The deep colours of the phenolate complexes are due to charge-transfer 
transitions (ligand-to-metal), the energies decreasing as the electron-donor charac- 
ter of thepara-substituent increases”. 

Substitution reactions are less common for the halides of molybdenum(IV) 
and molybdenum(III). Iodide is replaced more readily than chloride or bromide, e.g., 
with bipyridyi, MoCi3 and MoBr, give complexes [MoX,(bipy),]‘[MoX&ipy)]- 
but MoI, givesg4 [Mo(bipy)J3 ‘3 I-. This difference is in accordance with the class- 
A character of moiybdenumfIII& 

Cuurd. Chem. Rev., 1 (1966) 315-350 
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(cl) Redtrctfon wit& complex formation, Reduction of M&l5 followed by 
complex formation is an important route to complexes of Moi=14 with alkyl cya- 
nides”, py~dine85,~3*gg and bipyridyl g4 The oxidation products of the organic . 

ligands are not known except that with pyridine the product is probably the l-4’- 
pyridyl-pyridiniumion . g3*gg Ligand-exchange reactions of the alkyl cyanide com- 
plexes of MoCl, l&e yielded many new complexes (see below). Mo13 is not re- 
duced by pyridine or bipyridyl but with diarsine a molybdenum(H) complex, 
Mo(diars)~I~, is obtained76. 

(e) Liganci-exchange reacfions. Complexes MoCI,L, and MoCl,B are formed 
in Ligand-exchange reactions of MoCl,(RCN), (where L = pyridiae, a-picoline, 
tetrahydrofuran, pentamethyl~ne oxide, Ph,PO, Ph3P, Ph3As, pyrazine, 2,6-dime- 
thyl-pyrazine; B == bipy, 1, lo-phe~anthroline) g6_ Similar reactions occur with Mo- 
Br,(RCX?& givingg6 MoJ3r,(RCN)L2 (L = P&P, PhJAs), MoBr,(MeCN)(bipy), 
MoBr~~y~~e~~, and MoBr,(THF)3, Alkyi cyanides are not displaced by thio- 
xane. The compo~d MoCl~(t~oxa~e~~ (in which tbioxane appears to be S- 
bonded) has been prepareds6 directly from MoCl,. 

These complexes of ‘MoC14 and MoBr, are monomeric non-electrolytes. 
According to infrared data the substituents are cis in MoCl,(MeCN), and tram 
in MoCl,(l?Ph,),. The magnetic moments of the moIybdenum(II1) complexes are 
close to the spin-o~y value but the moiybde~~m~ complexes have low magnetic 
momeats (2.2 to 2.7 B-M.). The electronic spectrum of MoBr,(RCN)J is similar 
to that of MoClG3- as expected from the crystal-fieId order RCN > Cl > Br; 
crystal-field transitions are observed at ca. l&21, and 25 kK and charge-transfer 
transitions at higher frequencies. In the molybdenum complexes c~stal-meld 
transitions occur*” at cu. 20 and 25 kK (also observed for MoCI~~-). 

(ii) Halide complexes 

(a) ~~e~aratians. The complexes are listed and preparative reactions outlined 
in Table IV’oo-108. Various features of these reactions are noteworthy. In reactions 
involving more thaa one halogen(MoF, and NaIzoo, R,MoCl, and Br,lo4, KI 
and MoCisEo3 ) the compIex of the more electro-negative halogen is invariably 
obtained. In some r~ctions the product depends on the cation; MoFs’- with 
K+ but MoF,” with” Rb+ and Cs” * , S&S of MoBr62- only withto Rb’ and 
Cs+, salts of MoClG2- from MoCl, aad:a’chloride in liquid sulphur dioxide with 
only Rb+ and Cs+ (also formed in this reaction are salts of MOOCHES- which are 
the only products with pyH+, quinH”, and ~t~~~*)10sg106. Pr~~~biy lattice 
energy considerations are important in the formation of these compounds. It is 
not possible to obtain complexes of molybdenum(W) by electrolytic reduction of 
molybdenum(W) in aqueous solution since the reduction‘goes via molybdenum(V) 
to moIybden~~- 
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(6) ~~rrrc~r~res and ~~ysic~Z ~r~~~~~~~~. ‘Ii%@ complex ions ia ~aMo~~~~’ 
and K~~oC~~ lo3 are oc~hedral as ~~d~c~~ed by X-my analysis. (MO-F = 1.74 
Ma-C1 = 2.31 II>. The binwfear ian Ivl~,Ci,~- is diam and is 

simitar to that of W&f,+, i.e., two octahedrons joined by a 
ing three chlorine bridges, and a meal-meal bond”“‘. 

The magnetic moments of the compiexes K;, oC& and K~MoCis~~~ 
are in the exited range, 3.7-3.8 SM. 10*70* E11*112_ Salts of the ions MoC~,~- and 

MOE@- have magnetic moments in the range 2.1 to 2.4 B.&f. depending on 
the catio~l~~~. 103~105~106~ Th e reduction below the s~i~-o~ly value is at~butcd 
to spi~~rbit coupI~n~* The magnetic rn~m~n~ of the complexes ~=~oCl~ 
(M I=: K, Rb, s Ti) and ~~~o~r~ (M = Rb, Cs) have beeo measured over the 
temperature range 80 to 290 “K, and plots of JJ against temperature for the rubi- 
dinm and ~es~um salts are in fair 
~~~ation”~. Best values of the spin~rbit 
cm-i for the c~oro~om~lex~ and 500 cm-’ for 
than the free ion value9 for MO 4* of 9% cm-“). Salts of ‘the ion MOT;,” have 

etic moments around 1.7 B.M. The ~~~Weiss law is obeyed with rather 
values of 8 indicating anti-ferroma~etic interactions be~een the ions’” ‘. 

be noted that because of the large ~pin~rbit taxiing c nt for Mo5* 
cm-“) the tzB1 on should give moments mu ow the spin- 



only value. ~~de~tiy the spi~~rbi~ c~upIi~ cunstant is considerably reduced in 
the cornp~~es’. 

The electronic spec of the rnu~ybde~~~~ halide ~mplexes have 
Iy been re-~~te~i~ed ani and ~i5vesa~2" ive references to 
work. The s~ct~rn of ~~~oC~~ in HCI 3 9 M is the me as that of the Solid; 
but at tower HCl co~~~~ra~io~~ the spiR-a~~ow~d d+J bands are saved to higher 
frequencies as a resuIt of aquation and, between 1 and 2 ibi HCl, a s~ct~m attri- 
buted to [MoCI~(~~O)]~- is observed, The behaviour of the bromo~omplex is 
similar. Spurious bands are sometimes abserved as a result of slight oxidation of 
the molybdenum@II) solutions. The spectra show spin-forbidden transitions at 
ea. 10 kK (*&, 2T1g f- 4A2g) and ca. 14 to IS kK (*Tz, + 4A,a and spit-allowed 
c~sra~-~e~d transitions at 17 to 21 kK (%,, +- 4A2$ and 20 to 26 kK (4Zis d”- 4A,,). 

The values of the ~s~a~-~eld s~~i~iR~ parameters d , and the ~ep~cla~etic ratio, p, 
increase in the order I -G Br c CL The spectra of salts of MoCIG2- show crystal- 
field tmusitio~s at 2L51 c3T2, +- ?7&), 25. kK (3T,a(P) c 3T',,) and 27.78 @OS- 
sibly 3Az, t- 3TzJt06_ The vahw of df for hrl0C1,~’ is 22 kR. The ~~6~~ of 
KMoC& has a single as~metric c~s~~-~eld band at 24, I kK (“E, +- 2T,,) giving 
A = 24.1 kK?O”a. As expected d decreases in the order Mov > Mov’ B- MO”‘. 

(c) ~~e~i~~~ properties. ~i~~~~ e~c~uff~~. The hexah~de complexes are hy- 
drolysed in water, the degree of hydroIysis decreasing from mo~ybde~um~ to 
molybden~~I~_ Exchange reactions of K,MoCI, have been useful in the pre- 
paration of organic complexes of m~lybdenurn~~~ (see below). 

~~i~~~io~re~~cf~on. In aqueous soiutio~ the molybd~~um(II~ and molyb- 
de~urn~ complexes oxidise rapidly in air, ~olybde~um~ is oxidised to 
m~~ybd~nurn~ by~ron~~1) and to molybde~um~ by Ce” e pote~tio~et~~c 
titration curve of rno~ybde~~~~~ with CeXV there is no b o~espondin~ to 
molybde~urn~~. It is clear that moIybdenum~~ is i~a~ssibIe as the chforo- 
complex in water”“‘++ 

Reduction of R&&$.X, with diarsiae has already been rne~t~on~d &. 323). 

(4 ~x~~~Zi~es and co~~Zexe~. Compounds of 
denum~I) of this type are COLONS_ OxocompIexes 
from Moo”, have been descend but there is no evidence (e.g., from iafrared 
spectra) that they contain tetrad oxygen. Wardlaw and Worrne~“s prepared 
complexes MoOX - XI-Z@ (X = I?, Cl, Br). On the basis of chemical evidence 
they considered that the red and en forms of MoOC~~~~O~~ are cis- and 
~~~~-i~orn~rs respectively. The oxo-complexes of molybd~~urn~1~ clearly need 
reinvestigation with modern techniques. 

(iii) C~~~Zexes with inorganic ox_ygem&mm 

A few, poorly characterised compounds with inorganic oxoa~ons are known, 
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Mo~ybde~um~ unlike ~hro~um, has very little a ty for ammonia and the 
b~t-~o~ molybdenum complexes with an jnorga~~ ~~~rog~~~o~~r are those 
with thiocyanate, 

(a) Cornpkxes with NW,, NW,-, iK@“, and N3-. From a sohttion of 
~H~~~rMoC~~(H~O)] in hquid ammonia Ward~aw et aL107b obtained a complex 

(~~~)~~oCi~~~~)~ which rapidly hydrolyses in water. Rasenheim et aLiz 
removed complexes ~MoC~~~H~)~], ~MoC~~(NH~~~]C~, and rMo(NH~)~]C~~ ; 
but, in view of recent work on the ~rn~o~o~ysis of molybdenum ba~~des8*~ their 
fo~u~ations are probably incorrect_ examples of ammonolysis products of the 
~o~~bdenurn halides include ~Mo~l*~H~) (Nzx,), J, rMoBr(NH~)~~H~)J (from 
MoXa and Liquid ammania) and [MoCl~~H*)~] and ~MoCI~~) (NH,),] (from 
Moc~~)ss_ 

Various nitrido complexes of molybde~um~) and mo~ybde~~~1) have 
been reported, e-g_, MoNCI~~-,~~~ MoO~N~-~~’ and MoNCt,“23. The~ompound 
Monger is obtained as dark brown crystals from the reaction of MoCI, andCIN,+ 
Xt is diama~eti~ and the presence of a h/l-N multiple bond is shown by a band 
at 1045 cm-r in the infrared spectrum. The force constant of this bond (7.86 
rnd~~s/~) is fess than that of the MOO rn~~ti~le bonds in MoOCl, (8.24) and 
MoOCi~ (7.92). The campo~d is hydrolytically-u~s~b~e but gives an adduct 
with pyridine, Mo~Cl~(p~~~ lz3. 

(b) C~~pZe~~s with t~~ocy~~~t~. ~ocyanate complexes are formed by molyb- 
den= in oxidation states 3-3, i-4 and -8-S Preparative reactions are @en in 
Table V’ 26-126. 



Preparations and chemical ~ra~e~~~es~ Bemuse of: the instability of moIyb- 
denurn~~ in water the compIex ~y~)~~~~CS)~ is:prepared by trit~ating a 
s~pe~sio~ of ~y~)~~o~CS~~ with a concentrated aqueous solution of potassium 
f~~~~yanide L26. A pro~dure~27 in which thiacyanate and pyridiae are added to a 
2: 1 mixture of equjmo~ar-solution of molybden~m~~ and molybdeuum~~ 
(i.e., 2 Mom-t MO”’ =: 3 MO”“) gives mainly the molybdenum(V) complex1i4. 

In solution.~e.g., ethanol, dioxan) the compounds are very s~~ptib~e to 
~ydraIysjs and the rno~ybdeu~~v~ complex dispropo~iouates to mo~y~e~urn- 
(HI.) and rno~ybden~~. Its instabihty relative to rno~ybdenurn~r1~ and molyb- 
denum(V) is similar to that of molybdenum(JV) with chloride and water (but quite 
different from the behavior with cyanide ion which strongly stabilises molybde- 
nurn~~l14. 

~~ys~c~~~r#~e~r~~. There are no X-ray structural data. Infrared data show 
that the t~ocyanat~ are bound to molybdenum thro~~b nitro the CN 
stretching frequencies for the moiybdenum~ and (TV) CompIexes”’ the CN 
and CS128u12g frequencies for the rnu~ybdeu~~1~~ complete occur in the appro- 

for N~bouded t~o~yanate. Infrared data also show the absence of 
and the pres~uce in the molybd~num~ complexes of ter~na~ 

o,xygcn? 
The rnag~~~c mu~~ents of the molybdenum~~~) complex~ are close to the 

open-only val~e”~~~, but t moment of ~yH)~~o~C~~~ is low bc~~e of spin- 
orbit coup~iug~*. etic moment of ~y~~~o~~C~~* is normal whiltst 
the other molybdenum~ complexes have low moments as a result of spin-spin 
interaction through oxygen bridges or a meal-meal boud5. 

In the electronic spectra of the ox~moIybdenum~ t~ocyauate complexes 
the first crystal-field transition is observed,as a weak broad peak near 12.5 kK, 
whilst lj~and-to-Mets charge-transfer trausjtjons occur at higher fr~uenci~s~. 
Crystal-meld transitions in the ~ocyanates of molybdenum~~ and molybde- 
aum(lII) are obscured by intease chide-transfer trausit~ous~*~12s. The energies 
of the charge-transfer transitions iucr~~e in the order ~oiv c &fov c GOVE’. 
The expected order ia terms of the formal charges on the metal is MoV c 
MO’” -=z Mout; the reversal of mo~ybdeuum~~ and (V) may be attributed to 
the effect of ~-douatiou from oxy~eu in the oxomolybdeuum~ comp~exes~. 

(v) Cyanide camplexes 

The complexes are listed and preparative reactions and some of their pro- 
perties are given in Table VT131-143_ 

(a) Sfructwes, bonding, and physkai proper&s. The octacyauomo~ybd~te 
anion in K&40&34& - 2 Hz0 has been shown by X-ray analysis to be dodecah~* 
dral. h&--C distances are 2.04 to 2.24 A (average 2.15 II>, C-N, 1.07 to I.27 
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TABLE VI 

CYANIDE COMPLEXES 
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Compmmd Preparation” Propertiesb Ref. 

Molybdenum ( V) 
MoOWH) (CNI&-kO)r 
K,IMo(CN),l 

KIIMo(CPQS]+dil. HNO, red 
&[Mo(CN),]+Cew or MnVu yettow, ,u = 1.66 

K~[Mo(OH)~~CN)*] - 2 HSOC MoO(OH),+KCN+EtOH 
MuIybdenum (IV) 
K,fMo(CN&,] -2 H,O MoV’+N,HI -2 HCI, KCN 

~M~:W’I’=3,I’-+KCN 
rC,IMo(~,l+lFe(CN),l”i 
&[Mo(CN),] in air 

M~~Mo(C~~R~] - 4 H,O see text 
KCMdCN),I Aq. Mo%KCN 
K&'IoWWCN),l - x Hi@ photolysis of K,[Mo(CN),] 
KJMoO,(CN)J Aq MO”‘+ KCN 
KIIMo(OH),(CN),] - 4 HaOc MO-O(OH)z+KCN+KOH 
KIIMo(OH),(CN),(H,O)l - 2 Fin_0 MoO(OHL+KCN+E~OH 
K,IMo(OH),(CN),l photolysis of KJMo(CN)J 
K,fMoS(OH) (CN),(H,OI,I - 4 &O K,[MoS(CN),(H,O),II-~~~ 
K~~MoO~(C~~~O)l- 3 W@ K4~Mo(C~~(NO)l~ajr 
hfolytidenum (irr:, 
K,fMo(CN&] - 2 H:O K,[MoCI,]+ KCN, N:, 

K,fMoWW KJMo(CN&]+molten KCN 
KJIMoS(CW,I - 2 H;?O 
~~Iy~de~~rn [I) or (0) ’ 

Mo”‘+KCN+H~S 

K4fMo(OHMC~JNO~? or Mov’+ H,NOH f 
Kit Mo(CN),(NO)l OH-+KCN 

blue, p = 1.91 

yetlow, diamag. 

red 
white, diamag. 
purple 
red-brown, diamag. 
red, diamag. 
blue 
blue 
violet 
yellow, diamag- 

red, p = 0.6 
lir;ht blue 

purple, diamag. 133,143 

131 
10, I27, 

132 
133 

70,132 
127,134 
135 
136 
I37 
136b 
138 
136b 
131,133 
131 
137 
139 
140 

10.129, 
136a 

141 
142 

a All reactions in aqueous solution. b Colour and magnetic moment @) in Bohr magnetons at ca. 20”. 
cgd The compounds may be identical: see text 

(average I.15 il>, and N-N separations are 3.64 to 4.82 il with an average of four 
longer distances at 4.75 A and fourteen shorter at 3.98 A, StrictIy, the anion belongs 
to the point-group C,, but, for a structure with averaged bond lengths and angles, 
ttie point-group is Dza, the eight cyanides occupying the vertices of a dodecahedron 
with triangular faces (Fig. 3(a)) *44 Discussions of the structure and bonding have . 
generally assumed 1)&$ y s mmetry. An aIternative struct-zre for ei~t-~-ordination 
is the square anti-prism (D,, y s mmetry, Fig. 3(a)). The dodecahedral and anti- 
prismatic structures are both obtained by distortions of a cube (Fig. 3(a)). The 
structures of the other cyanide complexes have not been determined by X-ray 
crystallography. Because the infrared spectra of K,[Mo(CN),] and K,[Mo(CN), ] 
are very similar it is assumed that the latter compound is also dodecahedral*45. 

The bonding in the octacyanides is described from a valence-bond approach 
in terms of d4sp3 hybrids with one non-o-bonding &orbital occupied in molyb- 
denum(V) by one electron and in molybdenum(W) by two electrons in agreement 
with diamagnetism for the molybdenum(W) compound70*‘32 and one unpaired 
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Fig. 3. (a) Distortions of a cube to a dodecahedron (top) and a square antiprism (bottom) 
(adapted from ref. 149). The reference axes pass through the face centres of the cube. (b) One- 
electron molecular-orbital energy level schemes for [Mo(CN)#- (left) and [Mo(CN)#- (right) 
(adapted from ref. 146h). Full vertical lines show spin-allowed d-d transitions, broken vertical 
lines spin-forbidden d-d transitions. 

electron for molybdenum(V)‘0*‘32. M ore recent crystal-field and ligand-field 
descriptions show that one of the d-orbitals is strongly stabilised, dxz_-yl for a 
dodecahedron and dz2 for a square anti-prism 146. Neither of these orbitals has the 
correct symmetry for a-bonding. The c&_ Ye orbital of the dodecahedron, but not 
the ds orbital of the anti-prism, is capable of x-bonding with the anti-bonding 
(n*) orbitals of the cyanides. 

Energetically, there is very little difference between the dodecahedral and 
antiprismatic structuresr4’. It is possible that the dodecahedral structure is slightly 
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favoured by z-bonding involving the dXz_ Ye orbital. According to electron-spin 
resonance measurements on [Mo(CN),]~- enriched with 13CN, there is extensive 
delocalisation of the unpaired electron of molybdenum(V) onto the carbon 
atomst4’. Four of the cyanides are better disposed for n-bonding than the others 
and, in agreement with this, up to four cyanides may be replaced by hydroxide 
giving’46b the ion [Mo(CN),(OH),]~-. Against this it is argued that the effect 
of an electron pair in d,l _-yz could be to cause an inhomogene$+s swelling of the 
complex so that a-bonding is loosened to an extent for whidh.F-bonding cannot 
entirely compensate 14’ How these two descriptions are related is not clear. . 

Whether the [Mo(CN),]~- ion is dodecahedral or anti-prismatic in solution 
is uncertain.. Raman’49, infraredt4’* 149 and electronic spectra*46e*f*g*h have been 
interpreted with both models. Infrared data on K,Mo(CN), - 2 H,O are consistent 
with a dodecahedral structure for the solid but it appears that infrared and Raman 
spectroscopy cannot determine uniquely the structure of the ion in soIution’49. 

The structure of the molybdenum(II1) complex K,Mo(CN), - 2 H,O, is not 
known. Two possibilities are eight-co-ordination, dodecahedral (i.e., an anion 
[Mo(CN),(H,0)14-) or seven-co-ordination, pentagonal bipyramidal (i.e., [Mo- 
(CN),]4-). The latter structure would be expected from the nine-orbital rule. The 
magnetic moment10~‘2g, corresponding to one unpaired eIectron, is consistent 
with both structures (for the pentagonal bipyramid an orbital doublet lies 
lowest)t5’. That the complex is readily and rapidly oxidised (unlike Mo(CO),- 
(diars)13 and K,Mo(CN),) suggests that one of the three d-electrons occupies a 
relatively unstable orbital and that the structures of the molybdenum(III) and 
molybdenum(W) compounds are similar. 

The structure of the compound KMo(CN), is also unknown136b. The present 
writer has been unable to repeat the preparation of this compound -an experience 
shared by Figgis and Lewisg. 

The compound K,Mo(CN)s also presents structural problems’4*. The oxi- 
dation number of the molybdenum, determined titrimetrically, is three and the 
compound appears to be monomeric in solution. C-N stretching frequencies are in 
the same range as for K,Mo(CN),, but the low magnetic moment of the compound 
both in the solid state and in solution strongly suggest dimerisation with spin- 
pairing. 

The purple pentacyanonitrosyl complex obtained by reducing with hydro- 
xylamine an alkaline solution of molybdate and cyanide has been variously for- 
mulated as a complex of molybdenum(O), K,[Mo(CN),NO] (either with or with- 
out water of hydration)‘43 and as an eight-co-ordinate complex of molyb- 
denum(H) 133 K,[Mo(OH),(CN),NO]. Co-ordination of nitric oxide as NO+ 
is indicated by the N-O stretching frequency. According to Riley and Ho’~‘~ 
(whose work is the most convincing) the compound is very sensitive to air and 
moisture and the apparent presence of water or hydroxide is due to partial de- 
composition. The pure compound shows an N-O stretching frequency at 1455 
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cm-‘; a band at 1580 to f590 cm-” (assist by ~~tb ‘ef aLXS3 ‘as the N-0 
stretch) develops during exposure of the mulls to the atmosphere. T4~iama~etism 
is ~o~js~ent with molybden~(~) and the rather low N-O fre~~ncy is under- 
standable in terms of back donation from molybden~(O~ favoured by the zero 
formal charge on the metal. 

Atmospheric oxidation of the purple complex gives14’ a yellow, diamagnetic 
mo~ybden~~v) complex, K,[Mo(CN) ,O,NO] 8 3H,O. The N-O stretching fre- 
qtiency (tS%M ~rn.-~) is higher than in the purple moiybden~m(O~ compound, which 
is “expected since mo~ybde~urn(~ should be a poorer n-donor than molybdenum- 
(Gj. (If the band at X580 cm-’ is assigned as the N-O stretch in the purple molyb- 
denum(0) or moIybdenum~1) complex then it becomes necessary. to explain why 
the frequency is the same in the molybdenum complex.)‘“* Further work on 
these compiexes seems called for. 

Wj&oxoc~u~ides. The literature on the hydroxocyanides is confused and 
a careful re~v~tigation of these compounds would be worthwhile. Bucknati and 
Ward~aw~3~ reacted rno~y~den~~ hy~o~de, MoO(~H~s, with the theoret&& 
amount of potassium cyanide and obtained a ljlue aqueous solution from which 
pot.hssium hydroxide precipitated red crystals, K~r~o(O~~(C~~J 4H,O. The 
red cbmplex gave a blue aqueous solution from which ethanol precipitated blue 
crystals, ~~[Mo(OH)~(C~~~~O~~ 2Hz0. With excess KCN both compounds 
gave K~Mo(C~~. 

Adamson and Pe~mared~~5i obtained a ~~~~ diam~~etic complex, 
K~[Mo(C~~(O~~(~~O~~ (app~eu~y the anhydrous form of Wardlaw’s blue 
compound) as the ultimate photolysis product of an aqueous solution of K4[Mo- 
(CN),]. Jakob et aZ.13? considered the blue photolysis product to be K~Mo(C~~- 
(OW),,presumablyanoctahedral,parama~eciccompl~xofmojlybden~(l\r),which 
differs from Adamson’s blue complex by one KOH and one H,O. Since, according 
to WardIa;v, the hydroxo complexes are madly interconve~~d, it is possible that 
the nature of the solid obtained as the ~timate photol~sis product is d~~ndent 
on conditions of isolation and drying. CoIlenberg138 exposed a solution of 
~~Mo(C~s in molar JCOH to bright sunlight and isolated a violet compound, 

W?W~J&VW,l * H,O- 

GrifEth et LzL”~’ apparentIy repeated Wardlaw’s experimenta work and 
obtained a blue complex with a ma~eti~ moment of 1.91 RM., sashay greater 
than the spin-only moment for molybdenum(V) or low-spin molybdenum(III). 
They foliated the complex with motybde~~~, ~~[Mo(OH)~(C~~~ 2 HzO, 
or with molybden~~II~~ K~[MoO~(~~~~H~O)~~. It is possible that this material 
is a mixture of War~aw’s and Jakob’s compounds. 

Steele”36b was unable to repeat the preparation of Wardlaw’s red and blue 
complexes but obtained a brown complex, K,JMoO~(CN),]~ by reffuxing a solu- 
tion of KCN and Moos. However, Gold& and Carrington’460 were able to 
prepare Ward~aw’s red complex and gave it the same formula. They report its 



trum in aqu~o~ solution (a d-d tr~~sition at 20 kK and a charge- 
transfer tratwtion above 42 kK). 

~0~~~~~s with “‘crigkt(~~s~-ten)-co-ardin~tioa”. Compounds of the 
era1 formula M~rMo~~~~~~]-4 H,O (M = Cd, Mn; IX = H~U,~NH~, N 
s~~a~te as red crystals form aqueo SOIU~O~~~‘. Their aqu~o~soiutions are 
stable in the dark but hydrol~se in 1 t to [Mo(~N)~(OH)~12-~~~ard and Sil- 

eseribe the moiybd~num as having Wgbt ten)-co-ordination’” 
an a~t~prismatic structure with the two R s located above and 

below the two square faces of the ~ntj~~srn. 
~Zectro~ic u~sor~t~a~ spectra, There have been a number of aftcmpts to 

interpret the electronic spectra of K3Mo(CN)s and K,Mo(CN)s using crystal- 
LieId and au ori~~al papers should be consults for 
deta~ls~~~’ tal. ve a useful critical account of earlier work. 
The sp~it~n~ of the ~-orbi~~s according to their nd-Geld ~c~atio~ is shown in 

. 3(b) for &,(dodecahedral) and C, symm 
symm~t~ from Dzd to C, is to split the e-level i 

ements are given ia Table VII, There is 
and caicul~t~d peak ~ositious a~thou~ not all po~ible transitions are observed. 

Good agreement is also obtained by K6nig’46B assuming L)& syrnrn~t~ (i.e., the 
antiprjsmatic structure) but his assi en& have been criticised146~ becatie the 
stron I a~o~t~o~ is ned to highly-forbidden two-el~~ron jumps. 

rum of I&MO ,-2Hz0 has been rn~s~~d but ~si~rn~~~ 
have not been attempted. There are two d-d transitions and one ch 
transitions’ 

~u~~e~i~ ~e~~~~~le~ts. The rna~e~c moments of the rapids complex~ 
are ~~ci~ded in TabIe VII. The complexes are aLI low spin having one or no unpaired 
el~trons. 

The ~lec~on-s~i~ resonance spectra of ~~Mo~C~* and A~~Mo(CN)~ 
as powders have a sharp single line at 9 - 1.993”46c, or 2.~~~0.~514sg, the 

3 15-350 
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s~arpn~5 sugg~t~a that the g-tensor is isotropic. ~~ectro~at~~ crystal field 
~lcu~a~io~ gives g = 1.92, much less than the obse~ed value; judj~t~n~ extensive 
mixing of the ~-orbita~s and the ~an~de orbita~s~46e* 

(b) C~emicu~ pr~pe~i~e~. Some of the more im~o~ant reactions of the com- 
pIexes are apparent from Table VI. 

~euc~i~~ of the cyanide li~~~ld~. With dimethyl sulphate two cya~des of 
K,Mo(CN), - 2 H,O are methylated and two are displaced giving ho,- 
(C~~NC)~(H~O)~] l 4 f-f.@. With potpie cyanide this compound reverts to 
the o~acyan~de ’ 52. 

With RF,, K~Mo~C~~ behaves as a Lewis base giving K4Mo 
which ~o~~~~s cyanide bridges betweeu molybdenum and boron 
~o-c~~-~~~)1~3* 

C~~~~~e e~c~~~~e and ~~o~~Zy~~~* unlike many molybdenum ~omplex~ the 
octacy~nides do not undergo rapid hydrolysis in water, K~~o~C~~ is inert with 
respect to exchange of 14C-la~e~ed cyanide in the dark.lS4 Hydrol 
ever, OCCIX when an aqueous solution is i~adiated by uhraviolet Ir 

from yellow through red and green to blue (cf. p. 33S)~37~1~~*154y155. 
nsity irradiation of aqueous &Mo(CN), praduces a transient red species 

formulated by Jakob et a1.13’ as ~~o~C~~~H~O)~]*- and by Adamson and Fe- 
~rnareddi~” as [~~o~CN)~~H~4-. They consider that the mechanism of photo- 
lysis is 

R-i-RCN ?;;t ~~[~~*~; R -P B 

where R is the red intermediate and B the fiuai blue product, [~o~CN)~~OH)~* 

~~~~~f~~~-~e~~~~i5~. Mo~ybden~(IV) is stro~gIy stabilised in the o~tacyano 
complex with respect to both oxidation and reduction presumably because for 
rno~ybde~~~~ the stable d,r _ ~~-orbit~ is fully occupied). Oxidation to K,Mo- 
(CN), requires powerf~ oxidising agents (Cerv and Mnv”r)“27 and reduction to 
K, M~(C~ s requires”b” molten KCN. There is some r~ductiu~ of K~Ma~C~s by 
potassium in Iiquid ammonia to an un~denti~ed cyano complex which is extremely 
~r-se~s~t~ve~§6. In ~~trast, the molybde~~m~~) coxplex K4M *2H& 
rapidly oxidises in air’36 and the mo~ybd~nurn~ complex is r by mild 
red~~~~~ agent (e. po~ssium ferrocya~ide)’ 35. 

K~Mo(~~~ is agog photosensitive ~dergoi~g reduction to K~Mo(C~s~ 
and the solid and its su~~t~o~s should be stores and handled in the dark13?“. Etec- 
tron transfer between the ions [Mo(C~s13- and [Mo(C~~~~- is very fast in- 
diceting that a true electron-transfer process is involved and not radical or ioe 
exchanger5’. 
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(vi) Complexes with organic oxygen-donors 

Complexes’of the molybdenum halides with oxygen-donors are described in 
section E.(iii) and the molybdenum(I1) carboxylates in section D(Z). Complexes 
of molybdenum(II1) with urea and NJGdimethylformamide MoX3L3 (X = Cl, 
Br) and [Mo(urea)e]Brs, have also been preparedZ2. Of the remaining complexes 
the best known are those with acetylacetone and other /I-diketones and with 
oxalate (Table VIII). With two exceptions these complexes are all derived from 
oxo-molybdenum species. The complexes of molybdenum(V) and (VI) have been 
reviewed5. 

TABLE VIII 

COMPLEXES WITH ACETYLACETONE AND WITH OXALATE LIGANDS 

Oxidation Acetylacetone 
state 

Oxalate RejI 

+6 

+5 

+4 

MoOs(acac)B 

MoO(OH) (aca& - 4 HZ0 
MoO,(acac) 
MolOo(acac), 
MoO,(acacH), 

+3 Mo(acac), 
(NH&MO(ox), - 8 Ha0 

Mo(OH) (ox) (HzO)s 

MoO(acac)s - 2BHz0 MoaO(oWHaO), 
Mo;Os(ox)S - 12 Hz0 

5 
5 
-5 
5 
5 
5 
158,163a 
163b, 164‘ 

165,166 
118 
107b, 107c, 

159, 161, 
162 

160,163a 
163a 

(a) Acefylacetonates. A diamagnetic molybdenum(IV) complex, Mo02- 
(acacH),, was obtained as brown needles by reduction with zinc dust of a hot 
solution of MoO,(acac), in acetylacetone 15*. The compound was originally formu- 
lated Mo(OH)2(acac)z but the infrared spectrum showed the absence of OH and 
suggested the presence of neutral acetylacetone. On treatment of the compound 
with aqueous alkali “molybdenum(IV) oxide monohydrate” separates quantita- 
tively. Acetylacetone may be replaced by other p-diketones but not by CO, PhsP, 
Ph,As and PhNC. Reduction of molybdenum(VI) to molybdenum(IV) in an 
oxygen environment is rather unusual and the evidence for molybdenum(IV) in 
this compound is not entirely convincing. The compound is described as having the 
same properties as the “black form” of molybdenum(VI) acetylacetonate prepared 
by Larson and Moore and shown later15’ to be a diamagnetic molybdenum(V) 
complex, Mo,O,(acac),. 

The compound MoO(acac), l 24 H,O is obtained as brown crystals by heating 
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acetyla~tone and ~~OCl~H~O)~ in extols but the presence of terminal oxygen 
has not been proved. Aerial uxidatio~ ou~~a~ac). 

~o~a~c~~ has been prepared by ~~~~oCI~(H~O~ ~r~~9~161 
K~~oCl~ with ~c~tyla~tone and by r~~~j~~ acetyla~to~e withfs9 ~o(GO~~. 
Complexes with other ~-diketones were Iater obtained from the hexacarbonyl’6z. 
The compound oxidises rapidly and exothermica~y in air tofs9 Mo~Os(aca~~~. 
It does not react with water, be~ophe~o~e,pyridi~e or tri~nyl~hosphine, but with 
carbon ~eir~c~o~de it gives c~oromolybde~~m materials of variable composi- 
tionXS”. The ma etic moment (3.8 .M.) is normal and the elec~o~ic s 
shows ~harg~~ansf~r peaks at 27 and 23.3 kRS6’. 

(6) Oxalato complexes. Various oxalato complexes of molybdenum~I1) were 
prepared by Wardlaw e5 al. from solutions ~f”‘~ ~NH~~~~oCis~~O~ orr6s 
MO j and oxalates (see Table VIII). 

rial oxidation of solution of molybd~~um~I1) oxalates gives molyb~ 
dehorns complexes of empirical formuIa” 63a 20),. A red-cooler 
salt, MZEMo304fC203)3(H20)51 (M = K P olated~~3b. A de- 
tailed s~e~tropho~ometricaud titrimetri~ inve dation has shown 
that molybdenum(V) is formed initially and that the species [No@, (C,O&]*- 
arises from a slow reaction between molybdenum~) and molybdenum~I1). In the 
~olaro~a~~~ reduction of a solution of molybdenum~~ oxalate only two waves 

are obse~ed cloy’ -+ MoV and RRov -+ om) but for solutions of moly~e~um- 
@II) w&ate ~~~~ have been oxid~s~d i ir a third wave, attributed to Motv 4 

Mo”‘j is observed. Aqueous solutions of the mol~bdenum~~ complex are stable 
in air for long periods. satiation of the solution~vith HCI gas gives a ~~orooxalato 
cornices of molybde~um~~_ This behavior is quite difTerent from that of other 

um(IV) compounds (e.g.> ~~~o(C~s) which dispropo~io~ate in con- 
h~dro~~oric acid to molybde~um~I1~ and molybde~~rn~~16~. ~tabili- 

s&ion of mo~ybdenum(I~ by o n-donors is unusual and it is possible that 
basic structural unit is a tri &lstex ~lMoU(C204) f13zO),]3 with metal- 
metal bonds and oxygen bridges and with one ox&ate d one or more water 
mole~tes co-o~i~ated to each molybdeu~m* Such a severe is consistent with 
the di~a~etism166, stability and slow rate of formation of the complex. 

The complex (NH&&MO ,&I - 8 Hz0 is said to be formed by elec- 
trolytic reduction of ammonia olybda~e in the presets of oxalic acid. It is 
brown and diama~~etie and appare~tIy contains eig~t~o~ordi~a~e molybden~- 
(IV)~? 

~oly~e~~rn forms rather few corn lexes in whieh these are the only donor 
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atoms. Substituted carbonyls are described in section C, complexes of molybdenum 
halides in section E.(i), and molybdenum(I1) complexes of phosphorus and 
arsenic donors in section D. Complexes of these donors with oxo-species are also 
knowr?, e.g., MoOCl,(MeCN),, MoOCl,(bipy), Mo,O,Cl,(bipy),, Mo,O,CI,- 
(bipy),, MoO,(dien), MoOCl,(PPh,),. 

(a) Pyridine and substitutedpyridines. No complexes of the type Mo(py), are 
known; but the bidentate l&and 2-aminomethyl-pyridine (amp) forms a complex 
CMo(amp)J3’ with aqueous molybdenum(II1) which may be crystallised as the 
yellow perchlorate salt ti = 3.7 B.M.)16’. 

(b) 2,2’-bipyridyl and IJO-phenanthroline. By reacting 2,2’-bipyridyl (bipy) 
and l,lO-phenanthroline (phen) with (NH&MoCI,, Steele16* obtained dark red 
complexes [Mo(bipy),]X, and [Mo(phen),]X, (X = Cl, Br, I) with magnetic 
moments of 3.7 to 3.8 B.M. From MO!, and excess bipyridyl, Carmichael et aLg4 

obtained a crimson compound [Mo(bipy),]I, o( = 3.93) but they were unable to 
prepare the corresponding chloride anh l-r->mide salts and, instead, obtained com- 
pounds [MoX,(bipy),]+[MoX,(bipy)]- (X = Cl, Br) (crimson, p = 3.62 B.M.). 
Furlani and Piovesana” were also unable to prepare tris(bipyridy1) complexes and 
obtained compounds BH[MoCI,B] (B = bipy or phen) (brown solids, 1 : 1 elec- 
trolytes in nitromethane). Their formulae are based on analyses for chlorine only. 
Herzog and Schneider3* appear to have prepared a compound [Mo(bipy)3]C13 
since they describe its reduction to Mo(bipy),. The bipyridyl and phenanthroline 
complexes of molybdenum(II1) are stable to oxidation. Stzbilisation of molyb- 
denum(II1) by x-acceptor ligands is, of course, expected. 

(c) Phosphorus- and arsenic-donors. Complexes of the higher-oxidation states 
with these donors are rare. A molybdenum(IV) complex, MoBr,(diars), (orange- 
brown, JL = 1.96 B.M.) is formed by the action of excess bromine on Mo(CO),- 
(diars)‘*. 

(d) Oxine and EDTA derivates. With %hydroxyquinoline (oxine) and ethyl- 
enediaminetetraacetate (EDTA4-), molybdenum(V1) and molybdenum(V) form 
complexes* : 

[MoO,(oxine),] [MoO(OH)(oxine),] [MoOCl(oxine),] woOCl,(oxine)] 
D%03@~n441 
Na,[Mo,O,(EDTA)] - 8 Hz0 Nat[Mot04(EDTA)] - Hz0 

No complexes of molybdenum(IV) with these ligands are known. A complex of 
molybdenum(II1) with oxine is formed by heating Li,MoCl, * LiCl - 9 Hz0 with 
a solution of oxine in ethanol. On the basis of elementary analyses the compound 
was assigned the rather unusual formula Mo,(oxine),Cl,(H,O),. To explain the 
low magnetic moment (1.2 B.M.) a bridged structure involving eight-co-ordination 
is suggested16’. 
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Altho m~iybden~ in its hi r o~datio~ stat&: has class-A cba~acter, 
it does have some a ouor ligaads. The sulphide~ Mo$%, 
MoSz, MO&:, and MO& are well n’. A runt X-ray analysis of MO& has 
shown tl& the sulphur atoms fo s-ted close-packed array with the metal 
atoms displa~d 0.34 A from the centres of octahedral hoIes and mete-meal 
bonds of 2.85 rfl’*‘. Xu MoSz the metal atom is s&rounded by six sul~hu~ at the 
vertie& of a tri~on~i prism. MoS, is arnorpbo~17~~. 

Molybdat~s react with hy~ogen s~phide with’ successive replacement of 
oxygen by sight; deep-red tetrat~omolybdates may be isolated”72 as ~mo~i~rn 
or alk~l~onium salts, R,MoS.+ 

~~e~o~ eolour reactions of molybdat~ with organo-sullen impounds 
are disrobed in the ~~~i~l literate but the compo~ds fo 
not been well cb~acte~s~d. The reaction of ~ystei~e~ 
with molybde (VQ aad rnoly~e~~~) in aqueous solution 
spec~ophotom~t~~~y. With molybdenum~1) the ligand : metal ratio varies from 
3 : 1 to 1: 1 but with molybdenum(V) only the 1: 1 complex is formed. It is thought 
that ~o-ordi~~~ is through the ionised merc~pt~ and either the amino or car- 
boxy1 groupi 3_ e stnwture of the complex ~u~~~(xanthate~~ has re~ntly been 
dete~~ed~*174. Some weir-c~aracte~sed complexes in which molybde~~ is 
ftiy co-urdi~~ted w&b stdphur are d~sc~b~d below. 

3,~d~~ol, (H=tdt~ I)i78_ Complexes of toI~en~3,~d~t~ol with molybden~~V1) 

and (IV) were first prepared by Gilbert and SandelI’788, and formulated 
and ~o(tdt)~(~~tdt) or Mo(tdt~(Htdt)~ r~pectively. The complex [MO 
(S)-C(S)-CF&] (abbreviated to [Gove) has been obtained as black crystals 
by .re~~ng [bob] with bis(t~i~uoromethyl}di~etene(II) in ~e~ylcyclu- 
hexane”79a- 

I II 

The complex is redu~d by hyd ne in et~nol to a biue compiex, o(SS),l=- t 
isolated as the [Ph4Aslf salt, Both compounds are diama~etic. They react in 
solution to give a singly-charged co isolated as the pheAs]* 
salt which has one ~paired electron, elcctro~-spin r~onanc~ spec 

~~~~~ that the unpaired ~~~ctr~n amide in a xnol 
eland in character. Zt appear that in alI three 
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denum is formally in the -1-4 oxidation state and that the electronic configurations 
(including a ligand orbital, L) are175b: [Mo(SS),]“, d2L”; [Mo(SS)J j’-, d2L’ ; 

[Mo(SS)J2-, d2L2. Other tris-dithiolato complexes undergo similar ‘rkdox reac- 
tions’78b. 

The rhenium complex, Re(PhC(S) =C(S)Ph),, has been shown by X-ray 
analysis17g to have a trigonal prismatic structure (D3h-symmetry Fig. 4) and it 
seems likely rhat other tris(dithiolaro) complexes also have this structure. 

Fig. 4. Trigonal prismatic coordination. In the compound Re(PhC(S)=C(S)Ph), the bidentate 
ligands are bonded to the metal atom through pairs of sulphur atoms aa, bb, and CC’?~. 

Complexes of molybdenum(III) with multidentate sulphur-ligands’6g. With a 
number of sulphur-ligands molybdenum(If1) gives complexes which are non- 
electrolytes and have low magnetic moments (O-3-1.6 B.M.). It is possible that the 
complexes are dimerised through thiol bridges, and that in most of the compounds 
the molybdenum is eight-co-ordinate. Examples of proposed structures are shown 
below (the complex (I) with 3-ethyl-thiopropane-1-thiol, EtSCH,CH,CH,SH; 
and the complex (II) with IV-2-mercapto-phenylene-2’-pyridylmethyleneimine (III)) 
but they must be regarded as tentative until X-ray structural determinations have 
been carried out. 

With thiourea and substituted thioureas, molybdenum(III) forms complexes 
with normal magnetic moments (e.g.,. [Mo(NH~CSNH,)~CI~], fl = 3.71 B.M.) 

and with low moments (e.g., lMo2(NH2CSNH2)&16], fl = 0.59 B.M.). It is 
suggested that the complexes with low moments are dimeric with three halogen 
bridges’s’. 

Coord. Chem. Rev., 1 (1966) 315-350 
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