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Thepurposeoftbisreviewisto surrmarisethereportscmthecoordinati.on 

cbemistryof vanadimnpublished during198l.. Tbere~iewtbereforedoesnotspan 

the wide fields of orgw tallic and Solid state chemistry, kinetics and 

catalysis, thorougbreportsofwbichcanbe foundelSewhere. However, work in 

these areas is included where the results assist in ths understandin g of ths 

coordination chemistry of vanadim. 

The material is divided into five major sections accordhg to oxidation 

state, ccamxmcing with vanadim(V). Within each section subdivisions of the 

contenthavebeenmadedependingupantheelementbondedtotfievanadiumatom 

startingwith elements at the right hand side of the periodic table. In the 

sixth sectionthechmistqof species formallycontainingoxo-anions is 

discussed. 

OOlO-8545/84/$12.60 01984 E1sevierSciencePubliiersB.V. 



238 

6.1 VANADIUM(V) 

6.1.1 Species containing vanadium-halogen bonds 

EUrther adducts of the oxide trichloride, w)c13, have been prepared and 

characterised. Reaction of WC13 with substituted thiocarbamides having general 

fOrlT@Jla s=cNHR-NH-CArNH-NH (R = C3H5, 2+H4CH3, 4-GjH4CH3, CHpCHCH3; Ar = C,3H5(30) 

led to complexes VW13.L. The bidentate ligands are tboughttobe coordinated 

through the thioketo sulphur atom and the nitrogen atcm of the secondary amine 

group, as shown in (la) or (lb) [ll. By reacting l,l'-diethanoylferrccene(def) 

NH 

/\ 
Ar -NH-C C-N’H-R 

R-N’ii-C 
/“; 

C==== N’-Ph 

(I II I I 
s\ Y/NH-ph 
“‘7~” 

Cl C1 

NH S 

LJ 
C1 -“v=O 

/\ 
Cl iI 

(la) (lb) 

withKC13 indrybenzeneortoluer~ the cmplexVCCl3.defhas been synthesised 

El. 
The X-ray crystal structure of the salt [PPh3Mel [VC12021 has bsen determined. 

Orange crystals of the compoundwere obtained fromthe reactionbetweenVO2Cland 

[PPh3Me]Cl in CH2C13 solution. The anion, (2), has almost C2v synmatry with V=O 

bond distances of 1.604(6) and 1.559(6) ;. The vibrationalspectrumof the anion 

was assigned assuming C2v symnetry, teminal v(V=O) stretches being found at 

959 cm-1 (bl) and 970 cm-' (al) [31. 

Arangeofmncchlomoxovsnadium(V) conplexeshas beenpreparedbyanunusual 

msthcii which involves the reaction of amonim vanadate(V) in concmtrated 

hydrochloric acid with a solution of hydmxamic acid in trichlormethane. The 

corqmund, oxochlombis-N-phenylbensohydroxamtovanadium(V), was obtained by this 

method as a violet crystalline solid and the structure (3) was postulated on the 

basis of infra-red evidence [4]. 
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(2; bond lengths in % 

(3) 

Force fieldtiCNlXcalculations performed onClNVC13 are inagreemntwith 

a large Cl& bond angle and short Cl-N distance in the molecule [5]. Vibrational 

analyses of [w61m spectra, having vanadium in avariety of oxidation states, 

havebeencarriedoutandvarious~lecularcharacteristic constdnts calculated 

[61. 

6.1.2 Species containing vanacliwn-oxygen bonds 

ThenaJ~~zP%Fz haSbeenpreparedbytreatmV205 withFzWm2 

under reflux for several haurs. Fkaction proceeds in accoxdance with equation (1). 

P203F4 + v205 = 3332FQ2F2 (1) 

The exCeSS Of P2O3F4 was remnredbyevaporationixleaveapmderedhygmsccpic 

solid stable up to 125 OC. InfraredandRamanspectrarevealedt.hspresenceof 

bands attrikkedto the WO2~+ miety. meoxidisingabilityoftheoanpaad 

wasmeasuredatvarioustemperatures~faundtobermchgreaterthanthatof 

v205 [71. 



Further kinetic studies, using high pressure stopped-flow techniques, have 

been made on the reaction between the (nitriloethanoato)dioxovanadate(V) anion, 

[V(O)* (nta1 I’-, and hydrogen peroxide [81. ‘R-E reaction is thought to proceed 

via an associative mechanism in which the Hz02 molecule is bonded as a monodentate 

ligand at one face of the octahedron of [V(0)2(nta)]'-. Oxo-peroxo oxygen 

exchange has been shown to occur in nrmopsroxo vanadium(V) species (Ro)W(02) [9]. 

Enriched "0 hydrogen peroxide was found to undergo fairly fast oxygen exchange 

(approximately 50% label loss in lo-20 h at 25 "C) in the presence of [VO(acac)2] 

acting as a catalyst. 'Ityo possible pathways were suggested for the exchange 

mechanism. A range of salts containing the {VO(O211+ moiety, triz. M3[VO(02)L].zHz0 

(M = K, Na or NH4; HQL = edtaHlt; z = 2 or 3) has beem prepared from MV03, mH 

and H@ita with 30% Hz02 according to equation (2) [lo]. Interpretation of the 

MVO3 + 2IWH + H&ta = M3[VO(02) (edta)] + 3H20 (2) 

infrared spectra resulted in the proposal of mncmaric structures having pentagonal 

bipyramidal coordination. The single oxygen atcmof the {VOj group anda nitrogen 

donor atcan of the edta ligand are thought to occupy the vertices of the bipyramid. 

This was claimad to be the first preparation of complexes having 

oxo(perom)vanadium(V1 bonded to a tetradentate ligand. Further salts containing 

the mx,o2)2(L)l ‘- ion have been prepared (L = NHB, F, OVO(O2)2, OHVO(O212, CO3 

or C20~) and their infrared spectra recorded [ll]. The stretching vibrations 

of the {VO(02)2) group were found to depend upon the coordination number of the 

cmplex, different patterns of bands beingobservedwhenLwas anmcdentate or 

a bidentate ligand. The de&position of one of these salts, M[VO(OZ)~(H~O)] 

has ken studied and is thought to proceed via the formation of a mzmoperoxo 

ccmplex according to equations (31 and (4) [12]. Evidence to support this type 

M[VD(O212HzOl = M[VOz(Oz1H201 + to2 (3) 

MtVO~)2(021HzOl = IG.03 + Hz0 + +02 (41 

of mechanism is derived frcpn infrared spectra of the intermediates. 

The ligand 4-(2-thiazolylazo)resorcinol (tarH2) has been found to react with 

ammnium mstavanadate, in weakly acidic solutions, to give intensely coloured 

species of the type [V(O2) (tar)]-. Stable crystalline salts were obtained with 

[EPhb]+ (E = P or As) corresponding to the formula [Eph+l [V(021 (tar)1.nH20 

(n = 0 or 1). These have been characterised by standard techniques including 

X-ray powder photography [131. TheX-raycqstalstructureof a furthercoaplex 

having cis-(V=O1 terminal bonds has been determined. Tetrabutylanmmium 

dioxobis(8_quinolinolato)vanadium(V), [NBUS] [~02(0-8-quin)~l, was prepared by 

mixjng equimlar amunts of VO (OH) (O-8-quin12 and [NHuti1OH in ethanenitrile. 
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h 
The [VO~(O-8-quin)~l- anion, (4), exhibits C 2 symetry with a cis-(C+V+) angle 

(4; bond lengths in t 

of 105O. The nitrogen atom of the 8-quinolinolato ligand is tram to a terminal 

oxygenatomandthe ligandoxygen atoms are tram toeachother. The (V=O)t 

bond length, 1.64 i, is slightly longer than those in a related conplex 

[PPh,][VO2(par)] (parHn = 4-(2-pyridylaz.o)resorcinol) in which the vanadium atom 

is five-coordinate. Thevanadium atcanandthenitmgenatcanofthecationlie 

on the Cp axis. The [V&@-8_quin)~ I- anion is chiral and both enanticamrs were 

found in the crystal lattice, related by an SI, axis. Themechanismof formation 

of a mixed valence anion, [cr_oxo~oxobis(8-quinolinolato)vanadiLrm(~~~oxobis- 

(8-quinolinolato)vanadiumUV)~l, W203(0-8-quW1,1- from LO(O-8-quin)2 and 

[VO2(0-8-quin)21- in U-I&N was studied by polography and w spectroscopy [14]. 

Isomers of fonmla Nas[VsO~(C~H206)2].6H20 have been prepared from the 

reaction between NaVO3 and racemic cl- and I- tartaric acids and their properties 

reinvestigated 1151. 

Aseriesofstudieshavekeenmadecmthestructuralchemistryofthe 

hydroxylamido(-1) ligand, and its N-substituted derivatives, with vanadium(V). 

Hydroxylamineis isoelectronic withhydmgen peroxide and strudurallythere 

have been found to be many similarities between the ligand properties of [RzNO]- 

andthoseofthecmordinatedperoxogmup. Thecrystalstructureofthe 

hydroxylamido complex [LO(dipic) (H2@D)H20] (dipicH2 = C7H3IQ = 

pyridine-2,6-dicarlmxylic acid) has recently been determined [16] and was found 



to be isostructural with the nonoperoxo ccarplex WO(dipic) (02) (HzO)l-, the 

vanadium atomhaving a pentagonal bipyramidal~vironment as shawn in (5). The 

‘6 A 
-Nd 

\ 

2\ 

/ 
07 

\ 

terminal oxygen atom O(5) and the water molecule are bans to each other, the 

0(5)-&O(7) angle being 172". The dimeric ~.l-0x0 coaplex [O~VO(Et3NO)3~31 has 

beenprep3redbytworrethods; the first involves the reaction of 

~,!+diethylhydroxylamine with V205 at 100 'C and the second the reaction 

between NH4V03 and Et3NoH in aqueous solution 1171. A structural investigation 

revealed that the ccqlex had a peroxo- type structure [181. (6) illustrates 

thecoordinationspherearo~ thevanadiumatcpls andshcws thatthestructure 

consists of pairs of vanadium atoms, bridgedbyasingleokygenatom,each 

vanadium atom being pseudo-tetrahedrally surrounded by tw (Et2No) groups, a 

terminal oxygen atomand the single oxygen atomof the bridge. Raactions of 

[O{M(EX3N0)3}3] with oxalic acid ware carried out and found to proceed 

according to equation (5) [171. 

[(Ex2No)2v(o)+-(O)v(Et2No12l + H3C.301, = [~VO(Et2NO)212(C204)1 + H20 (5) 

The authors used IR spectral data and the assumption that [R3NO]- ligands behave 

as [0212- ligands toprapose abinuclear structure for the ccmplex inwhich the 

vanadium atoms are bridged by a tetradentate ~~-oxalati ligand as show3 in (7). 

Kinetic and equilibrium studies have been made on the esterification of 

u-oxo dimeric vanadium(V) complexes, [L3V(O)-O-(O)VL3] (LH = 8-guinolino1, 

5-chloxo-8-quinolino1, 5,7-dibrcso-8-guinolinol or isopropyltro@one) by inky1 

alcohols in chlorobenzene [191. The reactions proceed according to equation (6) 

(V3O3 (L)sl + 2RoH @ 2[vD(OR) (L)3 I + H20 (6) 
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0 

0 

-V 

2 4 N 

0 

. Q r; 

Nt?- N 

0 
0 

(6; bond lengths in 1) 

andrateandequil.ibrimconstantsweredetemIned. Themechanismwas tkqht 

to involve a mxxxneric vanadium species and so the rate of esterification of 

smh a mncaneric species with 2-n1sthyl-8-quinolinol was investigated and was 

kundtobefivet.i.nkzsgreaterthanthatobsemed for the dimeric species. 

Photcchemi~l studies have been carried out on solutions of B0kac)2(EtO) 1 

inEkOHorcC11,whichshowedthatthevanadimatanisreduced in visible liglk 

(A = 320 nm) by a t.m electron procxqs. Ultraviolet light (X = 254 m) was 
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found to initiate ligaud substitution reactions in Ccl& giving [V0(acac)2C1], 

which is reduced to [vO(acac)z] by visible light 1201. The photochemical 

behaviour of a range of vanadium alkoxides [vO(OR) 31 (R = Me, Et, CHNe2, Pr, Eu 

or aryl) has been studied by the sane group of workers [21]. 

EPR studies have been carried out on the red complex ion [M(Oz)]+, prepared 

from acidic solutions of {V02]+ with HzOz. 0n increasing the pH, the red 

solutions became yellow and the EPR signal disappeared as the [vD(Oz)z] - ion is 

formad. The authors remarked that the RPR signal of the red solutions (g = 1.97) 

was similar to that expected for vanad.ium(IV), despite the fact that a vanadium(V) 

species is believed to be fomad [22]. 

6.2 vANADIOM(IV) 

6.2.1 Species containing vanadiwn-halogen bonds 

Reaction of [Vcl~] with [V(&,F5)b] or with CsHsLi in thf has yielded 

pentafluomphenyl derivatives of vauadium(IV), (C6FS)nVCls_n.thf (n = 1, 2 or 3). 

The V-CsF5 bond was found to be easily cleaved by ccqmunds containing labile 

hydrogen, leading to the quantitative formation of pentafluorobenzene, according 

to equation (7). The chlorine atoms are also readily replaced by cyclopentadienyl 

toluene 
(CsFs)nWls-n.thf + 4HCl - C6F5H + VCls.thf (7) 

o"c 

or pentaue-2,4-dionato groups [23]. TWrachlorovauadim(IV) hasbeenused in 

the preparation of [VW131 by reaction with [Os0~] in Ccl4 at -10 OC as in 

equation (8) 1241. 

4WClsl + [Osol,l + 4[VCC13] + OSCll+ (8) 

lhermgravinetric studies on the behaviour of VOClz and VC13 with dichlorine 

showed that both compounds react, forming [Vocl~l and [V&l respectively, before 

disprcportionationoccurs. The reaction of [V0Cl9] with Cl2 on a charccal bed 

was found to give [Vcl~l in 97% yield at 700 OC. Thus a method for the formation 

of VCl4 wzs suggested in which a mixture of WC12 and VCls is heated in dichlorine 

to 200 'C and the products, [V0Cl~] md [V&l, passed through a carbon bed at 

700 ='C [25-J. 

A group of fluorooxalatomuadates(IV), [ml [WF(CnOs) 0320) 1 (L = morpholine) , 

b&l [~(CnOs) (H20)21, R2 [V0F2(CnOs) (H20)].H20 and [M141 ~[V~F~(C~OQ)] .H20, has 

beensyhthesised. The magnetic mmnts, range 1.81-1.83 s, are indicative of 

vauadim(IV) andIRspectrashowthepresenceoftenainalV=0bonds (v(V=0) = 

985*50 cn-I) and chelating oxalate groups [26]. 
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The firstdimeric fluorooxovanadate has been prepared fromanagueous 

solution of WFI,] and [N-&IF, and its crystal structure determined (see Fig. 1). 

The unit cell of [N&a~]2[V202F6(H20)~] consists of two c&&&rally coordinated 

vanadiumUV] atms bridgedbytwo fluorine atcans,withti tetramthylammnim 

cations. The V=O bond length is characteristic of a double bond and the 

distance bet- the vanadim atoms is 3.292(l) i. An assignment of the bands 

in the vibrational spectrum of [Nk~]~[V202F~(H20]2], and its deuterated and 

anhydrous derivatives has been made on the basis of the structure [27]. 

Aseriesofoxovanadium(IV) a.ndoxovam&m(V) dithiocarbamates,VOL2, 

VDLCl;!, K&Cl and VOL3 (I-IL = Iv-cyclopsntyl- or P+cycloheptyldithiocarbamic acid) 

hasbeenprepared frcxnthe appropriate ligandplus7x)(=13 inbenzeneunder reflux. 

The products were thought, from IR ma surements, to bemnmeric having terminal 

v(V=O) and coordinated v(V-S] stretches [28]. Oxomnadium(IV) complexes of the 

type [vDL2X21 (L = cyclohexamne , semicarbazoneorthiosemicarbazone; x = Cl, 

Rr or )[SO4]) have been prepared aud investigated by standard technigues [29]. 

A range of adducts of VOL2 (L = Cl or f[SO,]) with arcmatic and aliphatic 

sulphoxideshasbeenmade; infrared studies indicate that the sulphoxide groups 

arebondedthroughtheoxygenatan. A rough estimate of the S-C bond lengths 

and orders and the basicity of the sulphoxide ligands was made using the shift 

Av(S-0). A further tentative estirmtion of the V=O bond lengths was made by 

applying Badger's rule to v&=0). However, no simple relationship was seen 

between the estim&ed V=O and S-O bond lengths [30]. 

X-ray powder diffraction measureman tsmadeonV7xlpandVOJ3rzhavebf?m 

used [31] to determine the structures of these ccqmunds and the unit cell 

calculated is 

been isolated 

illustrated in Figure 2. Mducts ofVOI2 with dmso and dmf have 

and the structure of crystalline iVO(dmso]~]I2 determined. The 

F 

l V 
650 
0 Cl/Br 

Fig. 2. The calcxllated unit cell of VOX2 (X = Cl or Rr]; redrawn, with 

permission, fmn ref. 31. 

coordination sphereof thevanadiumatanis shown in (8) frcmwhich it canbe 

seenthatthe fivedmsonolecules arebmdeddirectlyto themstalas in 
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6 

(8; bond lengths in ii) 

r~(-)sl [cmlz. The canpk.xes W(ocH3)Br.3Fy and WBr;!.2H20.2Rt20 are 

also reported [31]. 

Oxohalide adducts of vauadium(IV) have been the subject of several EPR 

studies. The EPR spectrumof [W3Fs12- dopsd in single crystals of [NHs12[SbF5] 

led to thedetemina tion of mlecular orbitalparamterswhichwere canpared 

withthose fruntheMS-SCF-Xamethod [32]. The series of cis and tram dihalogen 

vanadium(IV) complexes [VX,(L4)] (LI, = me quadridentate or two bidentate ligands; 

X = Clor Br) prepared fmm SOX2 and [VO(Ls) I has been increased to include 

twenty malnbers. Exasples of the type of ligaud used are pentane-2,4_dionate 

and -lonate (OS donors); salzen {N,N'-ethylenebis(salicylideneiminate)} and 

acaczen IN,N'-ethylenebis(acetylacetiminate)~ (02N2 donors); andbipyandphen 

(two NZ donors). TheEPRsolutionspectraofthe~lexes~measuredand in 

soms cases differemes were observed between spectral parameters of cis and trans 

iscme.rswhichcouldbausedtocharacterisethem Conclusions dram about the 

position of the unpaired electron are in acaxd with those reported in last 

year's review [33]. 

A tile range of oxcchloride ccsplexes of the type [VCC12Ln] (L = neutral 

mono or bidentate ligamd) and A~PJWZZS] (A = [NEthI, [pyHl, [IWeb] or [AsPh~]) 

havebeenlxepared fmn [VCZ~~(CHH~CN)~] andtheir far IRandEPRspectrameasured 

andusedtoclassifythecm@axes according to their structural type. ERR 

spectroscopy has been successfully applied to relate the stxucture of the canplex 

in apcrwdered sample tothatin solution. However, solution spectra in 

solvents suchasethanenitrile andthf suggesteddispl acmentreactionsmybe 

occurring {seeequation (9))whichmst shedsca~doubtonscaneofthepreviously 

mx2 m 2 1 
solv. solv 

r-L [VOX2 u.J (solv) 1 
~ 

7 mx2 kolv) 2 1 
L 

reported work in this field [34]. Inarelatedstudy,the exchange reactions 
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of ligands having different T donor/acceptor properties with [VCCl~(MeCN)~] and 

[VO(dmo)~,] [C101,12 have been studied by EPR spectroscapy in MeCN. Although 

ccordinated MeCN could be substituted fairly readily, large excesses of fairly 

strong dcnor ligands such as dmo ware required to substitute the chlorine 

atcms [351. 

6.2.2 Species containing vanadiwn-oxygen bonds 

Species having the oxovanadium(IV) (or vanadyl), {VO}*+, moiety have been 

extensively studiedby EpRspectroscopy. The cis and trans spin-labelled 

vanadyl(Iv) porphyrins depicted in (9) have been synthesised and their ERR 

spectra Studied in order to detemine the magnitude of m&al-nitmxyl interactions 

and the extent of delocalisationof the unpaired electron into the porphyrin 

SySten. The results ware cmparedwiththoseof analogousAg2+ and&+ 

porphyrins Ml. The EPR signal of [VO(0_8_quin)~] (@8-guin = 8-guinolinate) 

obsemed in a matrix of [Zn(O-8-@n)2(H20)2] was found to be similar to that of 

[~@-8_quin)23 in toluene. Thiswas thought to suggest that [V0(@8qujn)21 

in the matrix has no ligated H20 to interact in the axial position [37]. 

BisEdi(4-tolyl)dithiophosphinato}oxovanadium(IV) has been prepared and its ERR 

spectrum recorded in trichloromethane and in the presence of pyridine bases. 

Inthepresenceofbase, thephosphorushyperfine interactiondisappears 

suggesting abreakdam of the four n-eabered &elate structure with displacement 

of the equatorial sulphur donating ligands by pyridine [38]. 
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!l!he auto-oxidation of ascorbic acid is catalysed by vanadyl(IV) 

tetrasulphophthalocyanine, [VO(lSPc)], which is itself reduced to a vanadium(II1) 

ccmplexandthenreoxidised. Hmever, examinationofthehyperfinestructure 

of the ERR spectrum indicatedthatafterreoxidationthequilibriumbetween 

dimeric and mnomaric forms of [vO(TSPc)] is shifted towards the latter. !J!his 

has been accounted for by the formation of adducts of [vo(TSFc)] with the products 

of the ascorbic acid oxidation which prevents dimrisation. Addition of 

dehydroascorbic acid to ~(TSPc)] results in hyperfine splitting similar to that 

of the noncmaric form in the ERR spectrum [39]. 

In a study of the vanadyl ion ERR spectra of mixed {WI'+, Fe3+, conalbumin 

solutions, a pH dependent preference of the vanadim atan for different proton 

binding site configurations was found to exist [40]. 

Ligand exchange reactions betwem bis(diethyldithiocarbamato)o~~~(IV), 

[VOAZI, and bisMiethyldithiophosphato)nickel(II), [N&l, have been studied by 

EPRspactrosco~~~,which indicated the formationofmixedccwplexes suchas mLA], 

[N-l , d [VOLzl [411. 

The vanadyl WOJ2+ ion ard its oxidative properties have been the subject of 

several kinetic studies. Amathodhasbeendevised for themasuremzmtof the 

rate constant for the reaction between &D12+ and Cr2+, {equation (lo)], in which 

V02+ + Cr2+ + 2H+ k, V3+ + Cr3' + H20 (10) 

the Cr2+ ions are generated slowly from Cr(CH20Ei)2+, and a scavenger ion, 

[co (NH3 )5X1 2+ (X = F, Cl or Br), added which is known to react rapidly with Cr2+ 

according to equation (11). AS the rate constants k and k’ are of the sane 

[Co(NH3) SX]2+ + Cr2+ + 5H+ k’ 
> cd+ + crx2+ + 5[NHl$l+ (11) 

orderofmqnitude,andvaluesof k’areaheadyknown, kwas detemimdtobe 

(1.3+0.3) or (1.4f0.2) x lo6 M-'s-i, deper&ng upon the nature of X [421. The 

same group has studied the kinetics and mechanism of tbs vanadyl (vole+ oxidation 

of crK!H20H)2+ by measuring the disappearance of-Cr(CR20H)2+, equation (121, 

Cr(CH20H)2+ + 2WJ2+ + 3H+ 4 Cr3+ + 2V3+ + CR20 + 2H20 (12) 

spsctroplmimnetrically. Firstorderplotsware obtainedandthe results 

suggested that reaction takesplacevia an inner-sphere machmismbytheformation 

of bridged activated ccqlexes thmugh the OH groups [43]. The reactionof 

[HSO5]-withthevanadylion, inwhichthevaMdiumatcPnactsasareducingagent, 

Gequation (1311, has been studied qe&mphotmetricallybymonitoringthe 

2v02+ + HS+.- + Hz0 k” ~ m2+ + Hso4- + 2H+ (13) 



appearance of vanadium(V). The rate was found to obey the second-order 

equation, (14), and cmpstition reactions with HN3 and cerium(II1) indicated 

- $pso5-1 = k”m3o5-1 wo*+1 (14) 

that a free radical mzhanisn involving [SO4]' takes place [44]. 

In an attempt to understand the catalytic oxidation of alkenes by [VO(acac)2], 

a study of the reactions between several 0x0 radicals (such as phmoxyl, iminoxyl, 

etc.) with [VO(acac) 21 has been made by mnitoring the ERR spectra of the 

mixtures. The rates were found to be first order with respect to each reactant, 

a& 'IV NMR spectmsc~ was used to investigate sone of the products 1451. 

The kinetics of vanadium(IV) tartrate ccmplex formation has received 

considerable attention. Potentioanetric andpolarqraphicmeasuremnts have been 

used to study the formation of the dimric vanadyl tartrate complex 

[ (Cd3206 1 (ml 2 (‘%H206) 1 ‘- with increase in pH. A stepwisemchanismwasproposed 

for the neutralisation of the carboxylic and hydroxylic protons [46]. Quilibrium 

ccnstantshavebeendetemined for the reactionsbetweenboththeactive and 

racemic dimeric vanadyl(IV) tartrate ions with active ahd racemic tartaric acid 

{equations (15) aud (16)) at pH > 7. From the values of k3 and kt,, equilibrium 

[ NN 2 WC4H206 12 1 
A 

‘- + 2[d-C4H4033*- _ 21~(d-C4H306)214- (15) 

[(Ml 2 (d-C4H203) (I-C4H206)1 ‘- + 2[dZ-(C,H~0,3)]~- 
ks_ 
- 2[V0(dt-C4H306)21 4- (16) 

wnstants, K, for the interconversion of active and racemic binuclear ccqlexes 

{equation (17)1 have been derived for tm different assqtions of the rmnmer 

K 

f[(VO)2(d-C4H206)2]4- + f[(VO)2(2-C4H206)2]4- + [(W 2 (d-C~H206 1 (t-C4H206) 14- (17) 

isomer distribution in the racemic system [47]. Kinetic studies on the ligand 

substitution reaction {equation (18)) and ligand exchange reactim (equation (19)) 

[(VO)2 (Z-C4R206)21 4- + [d-C4H40612- G= 1('0)2 (d-C4H206) (z-C4R206)1 4- + [2-C4~40612- 

(18) 

f](m)2 (Z-C4H206)21'- + f[(VO)* (d<4H206)214- e [(W))2(de4H206) (z<4H206)]‘- (19) 

showad that the activation parameters for the two pathways are equal, suggesting 

identical dissociative steps may occur [48]. 

A reductive process in which {VO}*+ is formad is thought to occur in the 

liver of rats which have been fed L03-. In a reaction betweenNaVO3 and cysteine 

at pH 6.8, in air, qectmpho~tric and ERR measuremen ts indicated that 
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vanadium(V) is reduced tovanadium( and cysteine siniultaneously oxidised to 

cystine, followed by the formation of a stable vanadyl cmplex, the overall 

reaction being represented by equation (20) [49]. Asimilarcomplex, 

~H=%CH(KHP)C~~H + VOa- + [VO(SCH2CH(NH2)COn}2]2- + S2{(3H2CH(K&)a)2H}2 

+ 2H20 + H+ (20) 

biskysteine methyl ester)oxovanadium(IV) has been isolated by the sane group 

andidentifiedby standard spectroscopic techniques. The purple solid obtained 

was thought to contain a mixture of cis and tram isomers on the basis of IR and 

FPR measuremsnts [50]. 

A studymdebycyclicvoltamelxy andcontrolledpotentialcoulcm&ryon 

the electmchmicalreductionof [vO(acac)2] indmohas beenmade aud the 

reduction products and potentials identified (511. 

6.2.3 Syntheses of complexes containing {VOl*+ 

Again a vast number of coordination compounaScontainingthe IvO]'+ unithas 

been reportedand studiedby s.tanda~YI analytical techniques. The existence of 

mst of these ccm@xes will be mentioned cmly briefly in this section. 

Cmplexesofoxovanadium(IV) withtwelve @diketoneshavebeenprepaxedand 

their magnetic properties studied betwem 80 and 300 K. AsexpectedformTplexes 

of the type [vO(acac)~], [VO(bzac)~] and [vo(dbsm)~] the values of fieff at 299 K 

were found to be in the range 1.71-1.76 %. The moments decreased slightly as 

the %mparaturewaslcwered, indicatingwaakantif emmagnetic interactions 1521. 

Electron transfer reactions have been investigated in complexes of vanadium(IV) 

withquinoxalinic and.naphthm@nonic ligands. Corqmmdsofthetype 

[NE~+l~WO(2,3-dhq)~l {2,3-dhgHz (10) = 2,3-dihy~inoxaline] were 

characterisedbyvarious spectroscopictechniques includingpolography and 

powder ERR spectroscopy [53]. 

(10; 2.3-dhqH2) 

Anumberofnewoxalatmmmx&a tes(IV) of the type M2(W(C204)2].zH20 

(M = Li, Rb, Cs, kYH] or f [en&l), M’t [V202(C204) 31 .zH20 (M' = [IWe or [3-~epy~]) 

~ ~~~~3~6~~~2~~~~~~1,~3~.~~~~ have been prepared frcW agueous oxovam&lum(IV) 



oxalate ard the organic base or alkali mtal carbonate [54]. 

A chelate of @JO}*+, [VOL2] (II), with the B-ketoaldehyde 

2-fomyl-3,3,5,5-tetramsthylcyclohexan-l-one, LHz, has bsen isolated and its ERR 

,“O, 
0 0 

& 

GH3 CH; 

CH3 CH3 

(11) 

spectrum recorded. However, vanadyl chelates with B-ketoaldehyde nitrcxides 

{e.g. (12) and (13)) were unstable and could be observed only in solution by 

EPR spectroscopy [551. 

JOro H 

2% 
! 

(12) 

o/vo~o 

& H 

b- 
(13) 

The IR spectra of a series of ternary cm@axes of (Wj2+ and V3+ with the 

polyphenols pyrcchatecbl, pyrcgallol aud gallic acid and the amines aniline and 

mninopyridine~thatthevanadi~atcanisjoinedtothe~~atoansofthe 

liganasbythe repla cement of hydrogen atoms of the hydroxygroups to give 

structures as depicted in (14) [56]. 

cunplexes of m,)2+ with 4-benzoyloxim-3-methyl-l-phenyl-2-pyrazolin-5-one 

[571 and (cr-benmyln&hyEensylideneimido)e~ sulphonic acid [58] have been 

preparedaudcharacterisedbysizmdazdtechuigues. 

A study of the replacement of the pentaue-2,4-dionato groups in N(acac)2] 

by dithiolate ions frm 3,4-dim~captotoluene (tdtH2) has been made and ccmplexes 

having both S and 0 donor atoms in the equatorial plane have been observed by 

=R spectroscopy WI. Eeprotonatedaudmixed ligandccn@exesof the type 
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N___ 

9 C 

\ 

,A< C-_= 

\ 

H/+; / / 
“0: \ ___ 

‘. 
v 2+ “,.j*___ 

I’ \ , \ 
1\ A 

0, 
/ 

\ ,.d- 
‘. ’ 

/ 
\ 

EC “d” C =_ 

-N- 

(14) 

WObtH)2] NH2 = N-phenyl-N'-benzothiazol-2-yl-ti~~~) and [vt,(btH)2L'] 

(L' = 2-Iuethylkrmimidazole) have been prepared and characterised by mlar 

conductance, and IR and electronic qectmsccpy [60]. Binuclear complexes 

(VO)z(pdt)~.2H20 &itH = (15)) have keen prepared frcm vanadium ethanoate and 

the ligand in mthanol. FrcmIRandelectronicqzectraldataanoctahedrdl 

environment is proposed for the vanadium atan [61]. 

The reactionofvanadium(IV) withcyanideispurportedtoleadto the 

formtion of K~[VO(CN)S] by reaction (21) and not K2[V(C!N)c] as has keen previously 

~((oH)~ t 3K!N + ZICN+K~~(~U)SI + 2H20 (21) 

repo-. The evidence for this proposition is based on the presence of a band 

at 935 cm+ in the IR spectrm assigned to v(V=O). ?il_though this value islow 

for a v(~=O) stretch, the authors explain the value by evoking high electron 
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density on the central vanadium atcm fran the coordinated CN- and 02- which has 

the effect of decreasing v(V=O) and v (V-W (621. 

Other complexes of oxovanadium(IV) with nitrogen donor ligands which have 

been reported this year include [VO(acac)2Ll {L = various pyridine derivatives 

(including 2,3- and 4-b&spy), picolinmide, nicotinamide, isonicctinamide, 

quinoline, piparidine or EtsN} [63,641. 

A large number of Schiff base complexes of oxovanadium(IW with a variety 

of domr atoms havebeenprepared inthe past year. Quadridentate Schiff bases 

have been prepared from salicylaldehyde and polymathylenediamines and reacted 

with oxovanadium(IV) sulphate to give cmplexes of formula 

[VO(OC6HsCH=N-CR'R"(CH2)._,-N=CHC6H40)l {(16); n = 2, R', R" = H or CH3; n = 

3-10, R' = R" = HI. Spectmscopic and magnetic data suggested that the 

geonratries of the complexes vary with the length of the methyleme chain (651. 

(16) 

Rely&elates of {VO12+ with the Schiff base derived frcm 

5,5'-methylenebis(salicylaldehyde) and aniline (17) have been prepared as 

(17) 

amrphous mers, insoluble in comunorganic solvents. !rheprcductsshmed 

a teminal v(V=O) stretch at 970 cm-l in their IR spectra and the electronic 

spectra suggested square-pyramidal configuration abut the vanadium atom t661. 

~mnuclear cxxcplexes of W012+ with the new acyclic Schiff bases derived frcm 

2-metlmxyphenylbutane-1,3-dione or 2-methoxyphenylpentane-1,3-dione with 

1,2-diamincetham have ken prepared and are thought to have structure (18) by 
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\/ 

\ 

(18) 

compxison with the nickel amplex whxe X-ray structure has been determined [67]. 

Other Schiffbaseshaving O- and N- donor atcanswhichhavebeen synthesised., and 

have been found to cca@ex with the vanadyl(IV) ion, are shcmn in (19)-(22) [68,69] 

square-pyramidal gecmetries were prqmsed for the conplexes font&.. 

\ \ 
OMe OMe 

(19; R = H, Me or Cl) (20) 

C=N-CHFCH~N-C 
I 

CH3 

CH2CH3 CH2CH3 

(21) 
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Quadridentate tetraaza[14lannulenes (22) and (23) have been prepared and 

(22) (23) 

reacted with {VO}*+. The products have been studied by electronic, vibrational, 

NMR,EE'R, andXPRS spectroscopy. The v(V=O) vibrations were observed at 967 cm-l 

(for (22)) and 940 an-i {for (23)) in their IR spectra, and ERR parameters 

suggested that the unpaired electron is in the d x2-Y* orbital [70]. 

Cmplex formation between the vanadyl(IV) ion and a variety of ligands has 

been studied in order to determine stability constants. The reaction 

VO*+ + 2A*- + nH+ ~products (H2A = 2,5-dihydroq+l,4-benzcquinone or 

3,6-dibrmrkenz~i) has been studied and a relationship between the stability 

constants of the ccmplexes and the basicities of the ligands observed [71]. 

Rotentiomtricrmsas urements an the vsnadyl(IV) chlorate/ethsnoate system have 

been made to de&mine stability constants for the equilibria (22) and (23) [72]. 

vo*+ + [cH3am]- z+ [bo(cH#xo) I + (22) 

[vo(cH3m) 1+ + K!H3ao1- s wJ(cH3cm 21 (23) 

Stability constants for the formation of complexes of oxines with vanadium(IV) 

werefomdto increase intheorderpyridine < 3-nethylpyridine < 4-methylpyridine 

<isx@noline. With chloro derivatives of oxines, the magnitude of the 

stability constant decreased with increasing substitution of chlorine atoms [731. 

Formation constants have also been determined for ccnnplexes of IVOj'+ with 

dicarboxylic acids [741, salicylic acid and its derivatives [751, substituted 

salicylaldehydes [761, 2,3-dihydroxynaphthalene [771, 3-brom- 2-hydroxy-5-methyl 

acetophmone [781 and 3,7-dimethyl-7-hydroxyoctan-l-al [79]. Fotitiometric 

techniques have been used to estimte stability constants for chelates between 

NC}*+ and 3-0~&moyl methyl benzylideneimino)propanoate LEOI and 

t(5-benzoyl-2-h~-3-methoxybenzyl) imino]bis(ethanoic acid) [El]. 

Finally inthis sectionare includedtsmreactions inwhichthemnadium- 

oxygenmoiety is destroyed. Irradiation of [VO(CzOs)21 *- in oxalic acid with 



W light caused reduction to vanadium(II1) with the 

guantity of CT&, represented by equation (24) [821. 

hv _ 

evolution of a stoicheicmatric 

WoG04)21*- + 2HT + f[CnOs] 2- ; W(c202]21- + CC2 + H20 (24) 

a57 

The complex [VO(C22H22N4)], shown in Figure 3, has been deoqgenated by 

treatment with anhydrous HCl to give VC12(Cp2H22N~).HCl. Treatment of this 

ccqlex with H2S yielded the thioxo derivative [VL~(C~~H~~NI+)]. A b-nitrido 

complex [(C22H22N1,)V-N-V(C22H22N1,)]' was obtained by treatment of the chloro 

derivative with annonia [83]. 

6.2.4 Species having vanadiwn to suZphur bonds 

One species having a multiple {V=S) bond has already been mentioned in the 

preceding section [83]. The crystal structure of a coqlex whose preparation 

was mentioned last year, {N,N'-ethylenebis(acetylacetonylideniminato]]thiovanadium, 

[S=V(acac2en)] (24], has been determined [84]. The {V=S) bond distance of 

2.061(l) i is thought to correspond to a double bond analogous to the {V=O]2+ 

S 

I 2.061A 

(24) 

moiety. ~thebondlengthislongerthanwouldbe~~fram~ison 

with the (V=Ol distance in the correqonding vanadyl ccscplex, D=V(acac2en]l. 

Ihisisinagreemen twithnolecular orbital calculations which predict that the 

{v=s] bond should bs markedly weaker than the stable {PO] bend [841. 

A layered caqxnmd of formula V(CH3CS3)2 has been prepared from the reaction 

of MC12 with thioethanoic acid at 60 'C for two days. The X-ray diffraction 

patternof theprod~twas indexedonthebasisof amonoclinic cell. Reaction 

of the ca@ax with a 50% solar excess of butyl lithium at 60 OC prcduced a 

ccqond fonmilated as hi.~(C&CS3)2 tiich was thought to be an intercalation 

canpound of lithium [85]. 
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51V WK studies have been used to investigate the microscopic magnetic 

properties of BaVS3 at different temperatures. The cxqound exhibits vastly 

different conducting properties depending upon ths teqerature. Besults 

suggested that at the metal-insulator transition (s70 K), a gradual pairing of 

themagneticvanadimatmsintolinearchains occurswithdecreasein 

temperature (861. 

6.3 VANADIUM(III) 

6.3.1 Species containing vanadimhatogen bonds 

The effects of small oarposition changes upon the structural and magnetic 

properties of the tungsten-bronze like ccqounds Act VIii,)F3 (A = Cs or K; 

x = 0.19-0.558) have been studied [87]. 

A fluoride icn selective electrode has been used to study M3+/F- system 

(M = first row transition element) and a value of log8 = 5.00+0.03 obtained for 

the reaction V3+ + F- + (VF)'+ (881. The crystal structure of the high 

temperature 8-phaseofLiVF6 hasbeendetemuned arxdwas foundto represent a 

newstruct~altype. Thevanadimatms are in o&ahedral environnmts of two 

different syrmetry types (see Fig. 4). However 7/9 of the lithim atoms occupy 

octahedral sites and the remining 2/9 cccupy distorted tetrahedral sites 

forming binuclear {LizFs] groups. Theo&ahedraarelinkedtoone{VFs1and 

twoCLiFs}groupsforminga~~i~netwDrksimilartothosein~ 

heteropolyanions [89]. 

A series of aqahalo ccmplexes of vanadium(III), M3VC16.4H20 (M = Cs, Rb) 

and Cs~VBr5.4H20 have been prepared and the structure of Cs3VC16.4H20 determined 

by X-ray diffraction (see Fig. 5). Considerablehydmgenbmdingwithinthe 

structurewas SuggestedbytheO-H **-Cl distance of 3.038 i and the unusual 

stability of the crystals. Thelcwteqeraturepolarisedabsorption spectra 

of the ccqmundswere recordedand interpreted interms ofD4h symustry,which 

is the synsratry of the tmns-(VX2(H20)4]+ chmK@loTe found in the aqxnmds [90] 

Substitution reactions have been carried out beti the qlexes H3VCl6.6Kt2O 

and H3VC13Br3.6Kt20 and nitrogen bases. Reaction with pyridine was thought, 

frm IK spsctralevidemce, to give ionic amplexes of the type [pyH] 3fVX6]. 

Hmever aniline aridquinolinewarethoughttocoordinatedixectlyto them&al, 

yielding stxu&ure s such as H[VXbL2].2L (L = PhNH2 or guinoline) [91]. 

Reactionof anhydm~VCl3 withphenor bipy, IL, havebeen found to give 

cxxnplexes of the type (VCl2(LL)2]+ and (VCl~(LL)]-. ~IEasurmEnts 

suggested that, athighervanadim cmcentrations, polynuclear cc@exes 

(possibly with bridging diimine groups) are formed [92]. me species 
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) F(5) 

b) 

3 F(1) 

Fig. 4. The coordination spheres of the two types ofvanadiumatoms inLi3VF6; 

(a) {V(l)Fs} &m&ry i,, (b) {V(2)F.5) (symmetry 5,. Reproducedwith 

permission fmn [891. Thebondlengths are given inp. 

-50 

0 Cl 

8 4i : 
-27 .27 

0 C 

-50 

0 
.50 

C1 0 Cl 

0 C 

0 cs 

8 8 
*so -50 

V -a- Cl 
.50 .22 

0 Cl 

-50 

1 
.-b 

0 

El 8 
.50 

0 cs 

Fig. 5. The coordination sphere of the vanadim atcnn in the unit cell of 

CS~[V@~~(H~O)I,]C~~, (al looking down the c axis and (b) looking down 

the a axis. The nmhrs are the positions ahove and below the 

appropriate planes in fractions of the unit cell c or a dimensions, 

respectively. Drawn with permission from [go]. 

0 cs 
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[vC13(hnpa)~l {hnqa = tris(dimethyl amino)plmsphineoxide~ has been prepared as 

apink crystalline solid frcanVCl3 andhmpa indry thf. Shifts in v(P=O) 

observed in the IR spectrm indicate coordinated phosphine oxide. 'H, 13C and 

31P NMR spectroscopic measurements were made [931. Inanatterqttoobtain 

pure vanadim(II1) phosphates frcnnVC13 and Na2HPOb or NaH&0+, mixtures of 

acidic and neutral compounds were obtained, the conposition of the mixture being 

determined by the washing procedure. Hydrolysis of the phosphates formed 

prevented isolation of single prcducts 1941. The systems VC13/Al2Cls and 

VCl&&C16 have been studied by mass spectromatry and values obtained for 

thermodynamic parameters as AH', AS', AC . Chemical transport experiments were 

also carried out on V&/VC12/AlK16 mi&res [95]. 

6.3.2 Species having vanadiwn-oxygen or vanadium-carbon bonds 

Kinetic studies have been mde on the reaction between [V(H20)61"' ions and 

5-nitrosalicylic acid (HPL), using a stopped flow technigue. Eguilibrium 

constants were detemined for the formation of IV(HL)12+ and (VU+, and rate 

constants obtained for the reactions (25) and (26). Accmparisonof the results 

v3+ + I-K- + Iv(HL)12+ 
aq 

v: + H2L -+ &(HL)}2+ + H+ 

with those previously obtained for salicylic and 4- amino-salicylic acids showad 

a sting ligand dependeme of both the rate and equilibrium constants [961. 

Ligand exchange reactions of [V(acac)3] in acacH have been investigated and 

rate constants determined. The exchangeprccesswas foundtooccurwithout 

side reactions andnodeuterimisotope effect was obeervedon the rate. The 

rates of reaction were also measured in different solvents (such as dmso, MeCN, 

CHC13, C&OH and. CzH$X) at-d were found to depend upon the electzophilicity of 

the substrate molecule [97]. 

The photodemqosition of oxalic acid is kncwn to be sensitized by 

(oxalato)vanadium(III) cmplexes. Frcma spectrophotcmatric studyonthis 

system, areaction schemahasbeenproposed inwhichthevanadim(II1) aoxrplex 

is deccmposed to a vauadium(I1) ion and an oxalate radical, via a charge transfer 

tometalroute. The vanadium(II1) ion is then thought to reduce the nrathamic 

acid radical, formed by decarboqlation of the oxalate radical, to carbon 

monoxide [981. 

In a study on the kinetics of oxidation of [Ti(he.dta) (H20)] bd.ta = 

N(hydmxylethyl)ethylenedi aminetriacetate1 by [VO(hedta)l-,tmnewbinuclear 

ions ccmtaining mixed oxidation states and resultant charge transfer interactions 
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havE?beenobsenEd. One of them is an orange species represented by 

{TiI?"(hedta)2] formed in the pH range 2.5-7.5. Itcanalsobegenerated 

by the cakination of [V(hed.ta) (H20) 1 and [TiO(hedta)l-. The binuclear conplex 

is thorqht to be formed in the cross reaction following an outer sphere electron 

transfer step [99]. The same group have detemined the X-ray crystal structure 

of the binuclear cmplex [enH2] W(hedta-H112.2H20; the anion, (251, displays 

several features uncammn to other lamwn transition metal edta complexes. Each 

vanadium(II1) atcmwas found to be seven-coordinate, having a distorted pentagonal 

bipyramidal omfigmation. The bridging atom are the alkoxyoxygens franthe 

[hedta-H]+ ligands. The V-V distance is 3.296 i and the angles of the {V202] 

core (V-&V = 108'; O-%0 = 72O) suggest very little strain is present [loo]. 

(25; bond lengths in ii) 

Saw vaMdim(III) canplexes with flexidentate dihydrazide Schiffs bases 

(26; L), of formula V(HL)s04, have ken prepared and characterised. athowh 
the ligands exist inthe keto- form, IRspeztra suggested that they coordinate 

through enolised carbonyl and azawthine groups [loll. 

\ 

F 
0 

(26; n = 0, 1 or 2) 
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-leXes of the type VL3 IL = methylphenylphosphi, (27) or (28)} have 

been synthesised and investigated by standard techniques [102,103]. 

(27; R = Ph, Cdi4-2-OH or Cdi4-2-R&) (28) 

E’urther attmnpts have been made to msure the EPR qectrum of [V(CN)714-, 

but decaqmsition to [W(CN) 51 3- and [V(CN)E,]~- rendered them unsuccessful 11041 

The X-ray crystal structure of [(r75-C5H5)1V(CO)2][BPhs] has been determined but 

disorder in the cations prevented accurate location of all the atoms. TWJ 

pzmsible orientations were found for the [(~I~-C~HS)~V(CO)~]+ ion which are 

depicted in (29) and (30). Thedisorderwasthoughttobeduetothe 

distribution of the cyclopentadienyl rings (1051. 

2 ;Ik Q 
V 

V 

C 

C 
‘0 

0’ c, 
0 

(29) (30) 

6.4 VANADIUM(II) 

6.4.1 Reactions of [VlH20)612+, and related complexes 

The reaction of W(H20) 612+ with hydrogen peroxide and dmo was found to 

yield methane with traces (2%) of ethane. Methyl radicals, produced by attack 



264 

of hydmxyl radicals on dmso, are thought to be reduced by [V(H20)61*+, possibly 

via the formation of a seven coordinate vanadium species 11061. 

The reduction of nitroamine by [V(H,O)S]*+ ions was found to proceed via a 

&TI electron transfer, yielding dinitrogen according to equation (27). When 

2H+ 
NHzIW2 + NP + 2H20 

2e- 
(27) 

NH215No2 wasused, 14N-15N was produced, suggesting N-N bond fission does not 

occur [1071. Rate data for the reduction of [Co(dmg)2(Ng)21- by [V(H20)61'+ 

showed a very small dependence of the rate upon H+, and some evidence for oxime 

bridging [108]. The reactions of molecular nitrogen, and other substrates such 

as ethyne, but-2-yne, ethene or butadiene, with vanadium(I1) pyrccatechol, VL, 

complexes are thought to proceed uia mmmeric vanadium(I1) centres. Vanadim(1 

pyrocatechol coql~es act as powerful reducing agents, and reaction was found 

to proceed according either to equation (28) or (29), the path followed being 

V=L+ sub+ 2H+ =VIVL+ s&H2 (28) 

2VI'L + sub + 2H+ = 2?'L + subHz (29) 

dependentonboththe reactivity and the concentrationof the substrate (sub). 

Nitzcgen reduction was found to occur in a stepvise fashion, with N2H2 and N2H4 

being formed as internradiates. The yields of NH2 produced were sly 

dependent on the pH and the solvent [log]. A second group have studied the 

mchanismof nitrogenreductionbyvanadium(I1) pyrocatecholcomplexes in the 

presence of a varying concentration of Li[CMs]. The rate constants were found 

to be at a maximum at 0.57 M Li[CMe] [110]. The kinetics and mechanism of the 

oxidation of [V(H20)6]2+ ions with trichlorcethanoic acid have been studied in 

varying concentrations of H[ClO+]. The reaction, which is represented by 

equation (30), was found to proceed in a similarmanuerto the analogous one 

involving the oxidation of U3+ aq [1111. 

2 [VU-W) 6 1 2+ + CC13CCOH + H+ = 2[V(H20)613+ + CHClzCCOH + Cl- (30) 

6.4.2 Species containing vanadium-hatogen bonds 

I) 

Crystalline vanadiumdihalidesVX2 (X = Cl, Br or I) having layered 

structures have been investigated by Ramn and IR spectroscopy. At low 

temperatures, additional Raman scattering to the group theoretical n-odes was 

observed, which was attributed to a spin dependent electron-phomn coupling. 

The Rsman spectmm of VI2 was found to be different to those of VCl2 and V&2, 
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which was thought to be due to a different e in the magnetic properties of the 

compounds [1121. 

The reductive hydrolysis of 2,4_dinitmphenylhydrazones, Ph2C=NNIZ~H3(NOz)~, 

by VC12 in thf has been employed to yield various aronetic a& cycloaliphatic 

ketones in almost 100% yield [113]. 

6.4.3 Other vanadiwn(II) species 

The hw ccunplex [V(NH3)~1Brp has been prepared by bubbling aanonia 

through solutions of [V(HzO)&]Br2 in ethanol or liquid annonia. The X-ray 

pcwderpattemobtainedfor thecm@sxwas indexedaccordingtoa face-centered 

cubic unit cell, isomorphous with [Ni(NH3)6]Br2. Threebandsinthediffuse 

reflectance spectrum were assigned as spin-allowed transitions expected for a 

species having Oh symnatry [114]. 

Vanadium(II) 8-diketonate~lexeshavebeenfoundtodeoxygenateboth 

cyclic and acyclic epoxides to give alkenes in good yields. Vanadyl, cVOF+, 

containing corqlexes were the ultimate products in the deoxygenation reactions. 

Stereospecificity in the reactions was variable, and a nechanism was proposed 

in~i~ametallooxetaneintermediatewasformed. The observed stereospecificity 

seemed to dependupon the sizeof the substituentsof theoxirane ringandthe 

&diketonati ligand, which was consistent with the mechanism [115]. 

The coqlex [V(Ncs)2 (tpyea)] Itpyea = tris(3,5-dimethyl-1-pyrazolylethyl)amine~ 

has been prepared fran V(Ncs)2 and the ligand, in either ethanol or CH2C12, under 

anaerobic conditions [116]. 

The X-ray crystal structure of a co@ex whose preparation was mentioned last 

year, [V((N(Me3)6] [v(~)612, has bea determined. A second preparative route iS 

givmtothecoqlex,which jnvolves the reactionbetwem [Et~Nl[V(CD)6],&&!NC, 

andicdobenzene dichloride in ethanol. !lhecrystalstructumwasfoundto 

consist of [v(mm3)6] *+ caticms, (311, lying on an inversion centre at the 

Origin Of the unit Cell, and [V(cO)6]- aniOnS Situated in general positions. 

Becauseofproblems occurring frcan deterioration of the crystal in X-rays, two 

setsofdata~rerneasuredusingbothMoKccandCuKcrradiation. Structure 

solutions frombothsetsofdataexkibitedalarVevariatian intheC-Cdistances 

of the (Me3 grcups; ~~,di~~~strudures~renotexploreddueto 

there being insufficient data [117]. 

AnewccmpoundofMnadium,VPs,in~~~MMdiumisthoughttobein 

the +2 oxidation state, has been prepared by high pressure, high twature 

reactions between elemental phosphorus and vanadim [1181. 

Thechange inlatticeparaa~tersof ZrVz and WV2 onhydmgenationhasbeen 

studied by neutron diffraction. With thesetwo intennetallic caqomdsno 
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(31) 

rearraugenent of the metal lattice was thought tooccurbuta clearly defined 

correlation was observed in the arrangemsnt of the hydmgen atms [119]. 

6.5 LLXOXIDATIONSTATES 

The emission spectrum 

and a tentative assignmnt 

of VF has been photcgraphed in the region 3440-3660 i , 

of the bands made [120]. A multinuclear NMR study 

carried out on [v(PF,) ~1~ shaved well resolved mltiplets and enabled a 

determination of coupling constants to be made ('JVP = 510, 'JVF = 10.3, 

‘JPF = 1200 Hz). A decrease in nuclear shielding, character&ad by a downfield 

shift in the 'lV WR spectrum, was observed in the [V(PFa)61- ion relative to 

[V(CD)6]- which was thought to imply that PF3 is slightly weaker than CO in 

x-acceptor pcwer [1211. 

Although it is not the purpose of this article to review the orgatmne tallic 

cheinistryofvanadim, a fewinterestingexamplesof thistypeof chemistry are 

included to indicate recent developments. Details of the preparations of a 

series of msuper-reduced" vanadium species containing the [v(C0513- ion have 

beenpublished. These caqlexes contain vanadium in its lowest knom formal 

oxidation state. Thecrqmundswere preparedbysodiumreducticmof 

[Na(diglym) 21 [V(CO) 6 1, followad by the addition of the alkali metal iodide at 

law tesperature. The rubidium and caesium salts wsre found to bs relatively 

stable atrcmtenperature, unlike the lithium, sodiumand [Eph,,]+ (E = Por As) 
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analcques. The potassim salt, K3[V(C0]5], was found to be extremely shock 

sensitive and pyropboric 11221. The X-ray crystal structure of a gold-vanadium 

cluster, [{(Ph3P]Au]3{V(cO] s)l, (32], prepared by the treatment of the above 

sodium or caesium salts with chloro(triphenylpbxphine)gold has been determined. 

The molecule stis the vanadium atom to be effectively eight coordinate, being 

bonded to a triangular cluster of gold atoms. Thegecmetryaboutthevanadium 

atcxn is pseudo-octahedr al, the ccmplex resembling others of the type [V(CD]SL], 

where L is a large ligand (in this case, I(PhsP)Au]3). Thekifraredqectrum 

is in agreemsn twith that expected for an octahedral ccx-qlexof the type 

[VW] &I- [X31. 

(32; bond lengths in ii) 

Mcderately high yields of the new org ancsetallic derivatives [(R~E)V(C~)~]*- 

(R = alkyl or aryl; E = Sn or Pb] and [(R~E]zV(CO) ~1~ have been prepared frcm 

,R3EX and [V(CO] 513- [122,124]. T.k structure of [EQN][(Ph$n)pV(CO]~], 

synthesised fran the pbotolysis of [EthN] [V(CC&] in the presence of Ph&nz, 

hasbeendekxmined. ~sevencoordinategecs&ryaboutthevanadi~atom 

approachesverycloselytothreeofthe~~~~~~ structural 

arrangements. The molecule contains two V-Sn bands {2.757(3) and 2.785(3] & 

and five V-C bonds, averaging 1.94 i. 

A general synthesis has been reported for carbcmyl ql=s of v(O), 

stabilised by diphosphine ligar&. The rea&ion involves the cxidationof 

w(oo)~m)l-, {IL = fi2PK&),@2 bz = l-4], Ph&s(CHp]2PPh2 or 1,2+Hs(PPh2)2], 



as shown by equation (31) [125]. A series of complexes containing the ligands 

c+-(=bN] [v(a)b(u)] + [C7H71[BFs] = (V(cO),(IL)] + [EXr+N][BFs] + f(C7H7)* (31) 

Ph$XH~EPh~ (E = P, As or Sb) has bee+ investigated by 51V NMR spectroscopy in 

order to study the effect of the ligand upon nuclear shielding. The crystal 

&ructwe of the ox@ex [CpV(CO)~(Ph&AsPh~)] (33) has been determined, but 

the nuclear shielding found for this armplex did not agree with that predicted 

for the ligand, which was attributed to steric crawding around the vanadium atom 

[1261. 

(33) 

The synthesis and structure of bis(benzene)tetra~~yldivanadi~ [(C~H~)ZVZ(~) sl 

prepared by the deccqosition of &H~)2V2(CD)~V(CX))6 in benzene has been 

reported [1271. 

Finally, an interesting structureconsistingofa trigonalbi~amidal 

dUSti of Mnadim and Oxygen ataILS, [(T15<sHs)5V506] has been reported. The 

structure has some similarities tok~~~hcm~~~~learnr&alcarhz~nylclusters and 
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to the fewcyclopentadienyl-oxoclustersof the earlytransitionmetals. 

Black crystals of [(cp)5V506] were obtained frm the reaction betwaen [v(cp)z] 

and N20 in toluene at -78 "C. Eachvanadim atom in the bipyramidis capped 

by a cyclopentadienyl ring with V-Cp(& = 1.973 i and V-Cp(ax) = 1.997 i. Each 

oxygen is bound to three vanadim atans and is at an aver- distance of 1.128 i 

above the faces of the bipyramid [128]. The structure of the IV5061 core is 

illustrated as (34). 

(34) 

6.6 sPECIEsEmMWxY~~o~ANIoNsOP~IDM 

This final sectionreviewswxkthathasbaen carriedoutinthepastyear 

onccmplexesthatconLainmnadium-oxyg~anions. Because of the variety of 

oxidation states thatcanbe exhibitedby thevanadimatanin scme of these 

species, no further subdivision of the section has been made according to valency. 

Repxts on the solid state structures and spectral properties of species 

containing the vanadate, [VDb13-, ion are again nmerous. TheF&manspectraof 

arangeofo HmvaMdates,IzlVO4 (Ln=PlcLu),aswellasthoseof~l,andYV04, 

have been recorded [1291. An assigmnent of the Raman and previously reported IR 

bandswa~m&eassumingD4~ synsetry fortheanion. The 4dandvalence electron 

X-ray plmtoelectrm spectra of severalof theserareearthmnadates (In =Y,Nd, 

DJ, Cd., Tb, Dyor Yb) havebeen investigatedandthe resultsusedtomke 
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calculations on the electronic structures of LnVO4 [130]. The X-ray structure 

of a mixed vanadate Ino.6Li1.2VO~, prepared frcan InVOs and Li3VQ at 800 'C, has 

been determined (see Fig. 6). The structure~s foundtobeiscmxphous with 

that of InvD4. Partial substitution of In3+ by Li+ in the {InO6] octahedra and 

insertion of Li+ in tetrahedral sites occurs. This has the effect of producing 

tm short {2.167(l) & and four long {2.181(l) ii> In-O (or Li6-O) bonds in the 

111-061 octahedra [1313. 

The range of double vanadates M&-I(VQ)~ (Ln = Cd-Lu, SC or Y; M = K or Pb) 

has been synthesised by a ceramic method which involves heating stoicheicmatric 

aItolJnts of Ln 0 2 3, M2CO3 and V205 at 400-700 'C for fifteen hours. X-ray powder 

photcgraphsof the products showedthe structures to be trigonalandderived 

frm that of KBNa(S04)2 [132,133]. 

The solid state high pressure, high temperature reactions between LnzO3 

(In = Sr or Yb) audVOn toprcduceLNO3 by reductionof vanadiumhavebeen 

studied 11341. Ta structural types ofErVD3 were formed, depending upon the 

pressure used. At 30 kbar ErVO3 having the r-hedral, calcite type structure, 

(35), was formed, whereas at 50 kbar hexagonal, vaterite type ErVO3 was obtained 

(36). With Yb203 pure perovskite type YbVO3 (37) was formed, only after 

prolonged heating of the initial product from the high pressure reaction at 

1400 'C under vacuum. 

l Ei- 3+ . v3+ 

@ 

(35) (36) 

TTT I-T 

0 02- 

(37) 

The mixed valence decavanadate, SrV;;'tr;'Ois, has been prepared in 

crystalline fom frcan SrO and V203 at 1900 T. Thestructurewasfoundto 

consist of a V3+/v2+/02- mtahedral framework. The arrangemntoftwalve {m61 

octahedra forms a large cavity which resembles the CVi20.501 groupings in 

polyacids [1351. 

X-ray diffraction studies carried out on the spine1 type ccxnpmrd AlVzOs 

showed ittobe rho&oh&iral,withvanadiumat_ms occupying theo&ahedralsites 

and aluminium atms cxxupying the tetrahedral ones [1361. Various other phase 
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or NaE'eVzO;I is the overall product [15O]. In a study on the Mna03/V205/M003 

system, it was found that mlybdenm atcm may substitute vanadium atoms in 

MnV206, producing Brannerite type vanadates having formula Mnl_a: 3cV2_2$%02xO~, 

in which represents a vacancy at the Mn*+ site. The reaction path taken 

during the formation of phases having OGSO.33 has been studied by X-ray and 

thermgravimetric technigues 11511. Ina further study the sane grouphave 

determined the X-ray crystal structure of the cmpound having x = 0.53. The 

structure was found to consist of l&o-O- -0-M clusters distributed at random in 

the host vanadate lattice [152]. 

An extensive 'IV and "0 high field (105.2 MHz) NMR study has been carried 

out on a variety of vanadate and polyvanadate species in the pH range 7-14, in 

which several new vanadate species ware detected. Mst of these species were 

thought to consist of {VO4) tetrahedra in either linear or cyclic arrangements 

havingupto sixvanadiumatms. However, no branched or triprotonated species 

and no cyclic trimer was detected which was thought to confirm the postulate that 

tetrahedralvanadium prefers tobe coordinated to atleasttwtexminaloxide 

ligands. Several equilibrium constants and pKa values were measured [153]. A 

study of the kinetics of deccqosition of decavanadates [HnV1~028] (6-n)- in the 

pH range 2-6 suggested that the mechanism involved the breaking of the decavanadate 

structureintocctahedral mnmwic species of the type [H~VOS] [1541. 

The syntheses of twtypasof wvOFO4 have beenrepeatedandthe cell 

parameters obtained from the X-ray powder diffraction patterns. The stnlctwal 

form obtained seemed to depend upon the method of preparation. In ai-VOFO4, 

(381, prepared by dehydration of VOFOI,.~H~O at lcw temperature (280 "C), the 

vanadimandphosphorus atcms are tboughttobeonthe sane sideof the equatorial 

chain V-0(2)+-0(2)-V, whereas in CQ~-VOFO,, (391, fran a high temperature 

preparation, these atcm are found on alternate sides of the chain [155]. 

(38) (39) 

TheX-ray crystal structureof a furtherhydrate ofvanadylsulphate, 

vo501,.3H20, has been determined and was found to consist of blocks of dimers of 

i+cw-o-s-o-v4. The structure is represented in (40). lhenEanvaluesof 

the bond lengths and the structuralrelaticmhips betweenotherhydratedvanadyl 
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Sulphates wert? ccqared [156]. 

0 0 (of HZO) 

(40) 

& cryibd structure ofV&?@ hasbeendeteminedandw~s foundtoconsist 

of f3-gallia like columns containing the gallium atoms and chains of {V&l 

octahedra, thevanadiumaknnsbeing formally in the +3 and+4 oxidation states 

11573. 

A vanadium niabate, V2Nb6019, has been prepared by sintering mixtures of VOp 

and Nb2O5 at 1123 K for fifty hours. The X-ray pcwder diffraction pattern was 

ukkxed in a tetragonal unit cell and values were determined for the cell axes 

[1581. A series of mixed nick&es, Fe17 I VNbOs,haskenpreparedfmmthe 

solid state reaction between FenOs, Nb205 and V203 at 1000 'c. X-ray diffraction 

patterns, magnetic susceptibilities and resistivities were measured for the 

saqles. For xgO.2, the caqzound was found to have the wlframite structure, 

but for x8.4, a phase transforrnatian to the rutile structure occurs L1591. 
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