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4. VANADIUM
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INTRODUCTION

This review contains a repart on the chemisiry of vanadium which appeared
during 198G. Certain aspects are larpely excluded and ttese are organcmetallic
chemistry, sclid-state chemistry, kinetics and catalysis. The material is
organised as in last year's review, except that this year species containing,
or formally containing, axe-anians are discussed in a separate sectian,

4.1 VANADIUM(V)
4.1.1 Compounds containing vanadiuwmhalogen bonds

The sclution chemistry of vanadium pentafluoride has been studied in a wide
range of solvents using ®F MMR spectroscopy, and VFs; has been shown to be a
weak F~ acceptor even in VF;/AgF/HF mixtures. In the presence of SbFs, it acts
as a weak base to give a fluxional polymer {1]. In SO.CiF solution at low
tamperature, evidence was cbtained that suggested VF; exists as a short linear
polymer with cis fluorine bridges, the average chain having the formila
[(VF:)s] [2]). An oxygen exchange reaction between VFs and POF; readily takes
place that gives VOF; and PFs, thus providing evidence for the strength of the
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v=0 bond. The same oxo-compound, VOF;, is formed when VFs is treated with
CF,C0:H [3].

Ouovanadium(V) species that also contain halogen atams are of contiruing
interest. Fram the reaction of V,0s/KF/H:0; mixtures at pH~4, the peroxoc anicn
[VF(0)(02)> ] was obtained as its potassium salt and characterised by infrared
and thermogravimetric measurements [4]. Aryl cyanide adducts of VOCly have
been the subject of single crystal X-ray studies this year. Cyanchenzene forms
1:1 and 2:1 adducts with VOC1; giving rise to five- [5] and six- coordinate (6]
species respectively. The essential details of both structures are given in
Figure 1, where it can be seen that there is disorder present in [VOC1;(NCPh):].
It is noticeable that there is a marked difference between the V-N distances
in the two structures. A study of the stacking faults in [VOC1;{NCPh),] has
also been made [7].

Another VOC1; adduct whose structure has been examined is [AsPh, J[VOC1, ].

The anion has qu symmetry with an extremely shori V-0 distence of 1.5561(2) ﬂ,

a V-Cl distance of 2.256(2) A, an O-V-Cl angle of 103.4° and a C1-V-Cl1 angle

of 86.9°. The related [AsPh, J{V(NC1)Cl, ] conplex bas been examined and in its
infrared spectrum v(V=N) is at 1114 cn © with v_ (VCl,) at 373 anl. Tne
related bands in [VOC1,] occur at 970 em™* {v(v=0)) and 377 o} [8]. Vanadium
iodonitrene trichloride exists as a chlorine-bridged centrosymmetric dimer (see
Fig, 2) with sn I-N-V angle of 163°, Triple-bond character has been assigned to
the vanadium-nitrogen distance, the compound being prepared by the oxidation of
VCl, by IN; [8].

A range of phosphiniminato canplexes of vanadium{V), namely [VC1:{0)}{NPPhs)]},
[VC1(0){NPPh;},] and [WC1;{MPPh;),}, have been made fram the reaction of the
appropriate halo-complex and Me;SiN=PPh; [10]. Chlorv-azides of vanadium(V}
have been prepared in pood yield using SiMe;{N;} as the source of azide, and the
azide products react with FPh; to yield phosphiniminatovanadium(V) compounds [11].
Reduction of VOCl; has been executed both photochemically, and by reaction with
hydrogen atams. Alcoholic solutions of VOCl;, when irradiated in the charpe—
transfer region, undergo 2 reaction in which the vanadium is reduced stepwise
to vanadium(II) with comensurate oxidation of the alcohol [12]. Infrared
chemiluminescence studies of the H/VOCL; system show that HCl is formed, and
from the product distribution it was suggested that a temperature of 3880250 K
was attained [13].

9. 1.8 Compounds contatining vanadiun—oxygen bonds
The reaction of the hydrated [V(C).]* ion with H:0; in the presence of a

range of polydentate carboxylic acids {e.7. edtaH,, {{HOOC)NHCH:}: or
Me NCHCH,CH,N{COCH ), } yields species containing hydrated {VO(OQT and the
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Fig. 1: Comparison of the angles and distances shown by (a) [VOC1;(NCPh}] and
(b) [VOC1:{NCPh},], reproduced with permission fram Acta Crystallogr. ,
Sect. B, 36 (1980) 312.
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Fig. 2: A view of Cl;WNI, reproduced with permission from Z. Naturforsch, Teil
B: Anorg. Chem. Org. Chem., 35 (1280} 154,

relationship of the rate expression to the nature of the acid has been
evaluated [14]. In a related study on sodium vanadate(V) /hydrogen peroxide
mixtures, the equilibrium constants for the formation of the red hydrated
[v0(0,)]" ion from hydrated [V(0),]" {¥ = ¢3.70.4) x 10? mol dam ® at 25 °C

in 0.3 # Na[C10,]} and the yellow anion [VO(0:)»] from hydrated [VO(OZ)}+

{X = 0.620.1 mol dm ° at 25 °C in 0.3 ¥ Na[C10,]} have been determined. The
Kinetics of the reducticn of these ions by agueous iodide have been interpreted
in terms of nucleophilic attack by I” on the various orotonated form of the
hydrated [VO(Oz)]+ and [VO(0):] ions [15]. A range of salts containing the
[V0(0:):] moiety have been prepared, namely K[VD(Q;):{H,0)], Ki{VO(0,)2{C0Os}],
K3 [V0{0;:):(C204) ] and K;[VO(02)(C20y)2].H:0, and on the basis of their
infrared spectra it was suggested that the anions are monareric with a penta-
ganal pyramidal or pentagonzl bipyramidal structure {16],

The structure of tetraphenylphosphoniun dioxo{4-{2-pyridylazc)resorcinolatol}—
vanadate{V) has been determined by X-ray methods (see Fig, 3). The vanadium
atam has a coordination sphere consisting of two eiz terminal oxygen atoms
{r(v0} = 1.625(2), 1.615(2) 4}, a phenolic oxygen atom {r(VO) = 1.943(2) 4}, a
pyridine nitrogen atom {»{(VN} = 2.081(2) &} and one of the nitrogen atoms from
the azo group {r(¥N) = 2,141(¢2) &)}, It is noticeable that coordination has
caused a lengthening of the nitrogen-nitrogen distance in the azo group [17].

The dissociation in solution of the dimeric vanadium(V) campounds [V.O;(L),]
{L = 8-quinolinato or iscpropyltropolonato} has been studied photametrically
and the equilibrium censtants for reaction (1) determined [18].

(VO3 (L)y] + H:O0 === 2[V(0),L] + ZHL

(1}
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Fig. 3: A schematic diagram of the diomo 4-(2-pyridylazo)resorcinolato)vanadate{V)
anion, reproduced with permission fram Aeta Crystaellogr., Seet, B, 36
(1980) 2933.

Four interesting studies have reported aspects of the chemistry of [VO(E);]
(E = uninegatively charged species). The low—energy photoglectron spectrnm of
[VO(NO;),:] in the gas phase has three regions {like the spectra of [Co{lO;};]
and [Cu(NO;); ]} that are associated with the molecular orbitals of the {NO;}
ion. The spectrum of [VO(NO;):] shows a closer resamblance to that of KNO:(g)
than does [Ti(NO;),], thus indicating that the [NO;] molecular orbitals are
less perturbed in the vanadium than in the titanium campound [19]. The axo-
compound [VO(IPh; )3 | has been synthesised fram [V(NPh,):] by oxidation with NO
in tetrahydrofuran [20], while attack by pentane-2,4-dione on [VO{CEt};] in
CCl, or Et(H has been studied spectrophoctametrically and shown to yield
[(VO(acac):(0Et)]) [21]. The carboxylates [VD{0.CR);] (R = alkyl} are readily
prepared by the reaction VOC1; with an excess of Ag{0,CR] in CH,Clp, or by the
depolymerisation of {\.F('.'iz(OacR)}:’1 in (RD0):0. These carboxylates form 1:1
adducts with 2,2'-bipyradine or 1,i0-phenanthroline, where the vanadium atam
is six coordinate and the carboxylate groups are monodentate and teke up a
meridional configuration {22].

4,1.3 Compounds formally contatning oxo-anions

In this section all the chemistry of species containing oxo-anions
irrespective of the valence state of vanadium are discussed; also included are



73

oxo-vanadium-phosphorus, oxo—vanadium-molybdenum and oxo—vanadium-tungsten
species.

The vibrational spectra of a range of metavanadates AVO: (A = [NHL ], [ND,],

K, Rb or Cs) have been measured and the results for agueous solution measurements
on KVO, interpreted as showing the polymeric {voa}n"‘ ion, with C,  symmetry,
being present in solution [23]. The nature of the isomorphic substitution of

Ca, Ba or Sr ions in the Sry(V0,):/Mi(VOy): system and that of Ca;(V0,):/Ba;(V0,),
has been investigated, and the variation in unit cell parameters fer the solid
solutions examined {24]. Three solid phases in the system Li V,0, (0.1<z<1.0)
have been synthesised and characterised by X-ray meassurements, Examination of
the compounds in electrical cells suggest homogeneous phases exist in three
regians: I, O<x<0.1; II, 0.35<z<0.5 and I1I, 0.9<x<1.0 [25].

Recently a stereospecific synthesis of mixed-metal polyanians has been
developed and this process can be used to investigate the electronic interaction
between adjacent metal atams in a polyanion. The EPR spectra of [e,1,2-SiV:Win Ouw ]5_
and [e,1,2,3-SiVsWeOu H]®™ in their reduced forms, namely [a-SiVi'V'W, 04 17 (L)
and [e-siviV(v') .0, OHx}S_x (2), show that there is an interaction of the
electron on the V(IV) atom with the other vanadium nuclei. For (1) a Eifteen
line spectrum was obtained, indicating that the electron is delocalised over the
two vanadium atoms (see Figure 43}, while for ¢2) a forty line spectrum is obtained

Fig. 4: A polyhedrzl representation of the Keggin structure with the proposed
I.ULP.A.C. humbering scheme for the metal atams, reproducded with
permission fram J, Am, Chem. Soe., 102 {1980} 6865, Complexes [a,1,2-
SiVoW,0 0w 15~ and [a,1,2,3-5iV,Ws0u H]S contain vanadium atcms in
gites 1 and 2 and sites 1, 2 and 3, respectively.

and this has been shown to indicate that the electron is trapped an one of the
vanadium atoms, but spends 17% of its time on each of the other two [26].
A 1:14 vanadophosphate [PV. O, }°  anion has been isolated 2s its guanidinium
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salt. It was prepared from a H,PO, /NaV0; mixture (molasr ratio 1:4}, with nitric
acid being used to attain pH 2.7 in the presence of an excess of puanidinium
hydrochioride. The positian of the phosphorus atam can be seen from Figures 5
and 6, the central {PO,} tetrahedron sharing its oxygen atams with four {Vi0y}
groups [27].

Fig. 5: The polyhedral model of the [PV, Oy ]9_ anion, reproduced with
permission from J. Am. Chem. Soe., 102 (1980} 6571,

Two hetercpolyamions in which there are central {VO,} tetrahedra are
(Mo gV 5040 ]7_ end [(ViMo, YW0q ]B_. Both these species have been the subject of
single crystal X-ray studies and their structure are represented in Figures 7

and 8., Fram Figure 7 it can be seen that in [MogVsOu ]7_ {which is not a Keggin
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Fig. €6: The geanstry of the [PV Op ]9_ anion, reproduced with permission from
J. Am. Chem. Sce., 102 (1980) 6571.

structure), besides the unigue {VO,} tetrahedron, there are present four {VOg}
square pyramids and eight {MoO.} octahedra [28]. Two of the vanadium atoms and
the ten molybdenum atcms are randomly distributed over twelve sites in the
[(V28010 }VOu 1% anion: the EPR results suggest that it is a one electron
neteropoly blue, best formilated as [ (V' VHo'e )V 0., 157 29].
Dodecavanadophosphoric acid wes obtained as a violet-red solid by
evaporation of the aqueous sclution in which it had been formed through a cation-
exchange process using LizHs(PV2 03 ). The acid was examined by titrimetric and
infrared methods [30]. A vanadiwn(I¥I)} cyclotetraphosphate was isolated by a
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Fig. 7: A representation of the {MogVeOu, ]7_ anjon, reproduced with permismion
fram Acta Crystallogr. Sect. B, 36 {1980 1533,

Fig. 8: A representation of the [(V,Moy }VOu }6" anion, reproduced with
permission from Aeta Crystallogr. Sect. B, 36 (1980) 1020.
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condensation reaction involving H;PO, /.05 (with a 6:1 P:V ratio); the crystalline
product contains the cyelic [P,Op }37 anion [31]). The species Vi (HPO;);.7H,0
has been prepared from the reaction of V{C10,); with ammonium phosphite, The
EPR spectrum of the product shows hyperfine splitting arising from the electron's
interaction with the 'V nucleus. Attack of phosphorus acid on V(0,(Me), yields
VHaP:0s; [32]. Helated to the above campounds is V(H,PO;), , which is cobtainable
by the reduction of V,0s powder in molten H3PO, at 200 "C [33], and the same
research group have prepared V{P0O,) by the thermal decomposition under inert gas
of [NH, 12 (VO)2 (HPO, )2 (C20y ). 5H,0 or by the reduction of (VO);P;0; with SO, at
100 °C: the product is isostructural with 8—CrPO, {34]. French workers prepared
V(PO.) by the reduction of VPO, in a N;/H, mixture at 750 °C, a process that
Can be reversed by heating the product in dioxygen [35]. Both groups who have
prepared V{PQ,) assign to it the seme space group and unit cell parameters [34,35].
The structure of InVO, consists of a cation chein of {InQg}-pseudo—octahedra
linked by {VD,} tetrahedra to give a camplex network structure (Figure 9). The

Fig. 8: A view of the lattice structure of InVO,, reproduced with penmssion
from Aeta Crystallogr. Sect. B, 36 (1980) 243,
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In—-0 bonds are {within experinmemtal error) all equivalent {2,160 ﬂ), but in the
{In0;} fragment not all angles (subtended at In) between adjacent oxygen atams
are 90°. The {VD,} mpiety contains two V-O distances of 1.662 and 1.791 & {38].
The mixed V(I1I1}/V(II) campound BaV; Oy , which was prepared by the reduction of
Ba0/V:0s mixtures with dihydrogen at high temperatures, has an interesting
structure in which the vanadium atans are octahedrally coordinated and there is
a cuboctahedron of oxygen atoms around the barium ions [37].

4.2 VANADIIM(IV)
4.2.1 Compounds contatining vanadiumhalogen bonds

The ccordination of the fluoride ion tc VOF: has been shown to leed to the
formation of [VOF, ]2_ [28,39], and [VOFs]s_ [40]. The guanidinium salt of
[VOFs ]3' is isostructural with [C(MH:);J;[MnF:] which has a NaCl type structure
{40]. Structural studies on [NH,].{VOF,] have revealed that the vanadium atom
is octahedrally coordinated by five fluorine atams {#(V-F) = 1,910 o 2,224 &
and cne oxygen atam {r{V-0) = 1,612 4}, The anions form an infinite chain being
linked by eis fluorine atams [38].

Structural studies on liquid VCl, using neutron diffraction have been made
{41] and the complexes it forms with PEt; and benzofuroxane studied {42], The
EPR spectrum of [WC1.,(PEt,};} shows hyperfine structure dus to the interaction
of the electron with the ®V pucleus, and superhyperfine splitting caused by the
two ¥P atoms was noted. For [VCL,(PEt,).], B\, while for the related
nicbium{iV} and tantalum{IV) species the situation was reversed [42]. EPR and
vibrational spectroscopic measurements on the bis{benzofuroxane) adduct of VC1,
indicate a trans disposition is adopted by the ligands, and that coordination
is through the oxygen atom of the NO group [43].

Dichloro{oxo)vanadium(IV) forms a bis(triphenylphosphine) adduct in which
the vanadium atom is five-ccordimate, and 0.55 & above the plane formed by the
two oxygen atams (from the ligand nplecules) and the two chlorine atoms [44a].
The two chlorine atoms were shown to be trgns in the base of the square pyramid
thus confirming [44a] the assignment of a structure to [VOC1,{(PPh;):] on the
evidence of vibrational spectrcscopy [44b]. This species has also been the
subject of polarised electronic ahsorption spectroscopic studies, as have
[VOCL (tmtu)2], [VOCL (hmpa}z], Ks[VO(CN)s], [MH,];[VOFs] and [MMe, ]J[VO(RCS),(HH:)],
while single crystal studies were made on [voxz(tm)z] {X=Cl1 or Br},
[NEt,]2[VOC1,] and [AsPh, }[VO(NCS):]. For all the five coordinate omplexes,
all of the expected d-d type tra.rlsltlcns ocour below 30000 am > {3-:1 > (ad, 3d B
in the range 12800 to 15100 ant w:y > 34, in the range 21000 to 22600 carl;.
3dx, + dezyz variea with changes in the 1n—pla.ne ligands}. For the gix
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coordinate complexes, the first two bands occur below 30000 cmt [451. By the
reaction of [VO(acaczen)] {acac;enH; = Schiff's base from pentane-2,4-dione and
i,2-diaminoethane) or [VO{tropolonate):] with an excess of SOCL;, dichlore
species are obtained of the type [VCl:(acacsen)] or [VCl:{tropolonate).]. The
EPR spectra indicate a dx2~ 2 ground state for [VCi:{acac,en)] and a dzz ground
state for [VXz{tropolonate):] (X = Cl or Br). The change in ground state for
the tropolonates is believed to be caused by the presence of the five membered
V-0-C-C-0 rings which cause distortions [46].

4.2.2 Compounds containing the {voy2* or {VS}2+ fragment

Compounds containing the {VO}2+ moiety and also halogen atoms are covered
Cin the previous section,

Two single crystal X-ray studies on hydrates of VO8D, have shown that in
both {VJs} ocizhedra exist. In this hexahydrate, the asymmetric unit contains
one free molecule of water, an isolated {SO;.]Z_ and a {VOg} octahedron
{r¢v=0) = 1.586(2) &: P(V-0), g = 2-160(2) £ the remining r(V-0)
distances = 2,004(2) to 2,029¢2) A} [47]. The B form of the pentahydrate has
r{V=0) = 1,591¢5) &, PV-0), o eo yep = 2-218(5) k, with the remining V-0
distances spanning the range 2.018(4} to 2.031¢(3) & [48].

Well resolved triplet-state EPR spectra have been obtained for
(NEt, J, [(VO) o {{+)-C H20g }{(—)-C,H20: 1 ].8H,0. Single crystal X-ray studies cn
this material have shown it to possess a dimeric structure and thus o exist
as g binuclear tetra-negative centrosymmetric anion with a vanadium-vanadium
distance of 3.985(1) &. The bond lengths in the anions do not vary
significantly from those reported previously for the related sodium salt. The
essential features of the anicn are given in Figure 10 [49].

The optical absorption spectra of {VO}Z"' in a KO0, .Ho0 matrix at 77 K show
a vibronic progression with a step of 755 am © on the 15384 em © d~d band. All
the chserved d-d bands have been interpreted using M2 and CF thecories while
radiation damage on {VO}Z7K2C20...H20 induces the formation of W), [S0]. The
nitrilotriethancate ion forms a 1:1 complex anion with {VO}2+ which is blue in
colour and has the oxo group trans to the tertiary amine atamn. The anion also
has a coordinated water molecule [V(C)}{N(CH,C00),}{(8,)] whase replacement by
fNCST and [N:] has been studied by means of kinetic measurements. The [NO,Y
ion oxidises [V(Q){N(CH,C00):}(CH,)]™ to [V(0):{N(GL,C00):}(0H,) 1" and these
two conplex vanadium anions interact to yield an anicn containing one V(IV} and
one V(V) centre [51]. The same research group has studied the acid hydrolysis
of [V(O){N(CH000:}{0H,)] and aquaoxo{#—(2-pyridylmethyl)iminodiethancate}-
vanadiun{I¥) [52]. The species vor?* torms complexes with vanillamandelic,
mandelic, and thiclatic acids that contain bidentate chelating proups as shown
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Fig. 10: The [(VO)2{(+)—CI.H205}{(—)—CJ.H205}]4_ anion, reproduced with permission
fram deta Crystallogr. Sect. B, 36 (1880) 1788.

by the observation that two protons are liberated on camplex formation [53].
The thicmalate ¥Y{0}{C,H,0,3).2H;C has been prepared and shoem to contain a
coordinated sulphur atom {54].

The reaction of Na{BPh,] with ¥,¥'-ethylenebis(salicylideniminato)oxovanadium(IV),
[VO(salzen}], vields [Ma{VO(salzen)};]{BPh,1 in which all the oxygen atams in a
[VO(sal,en)] unit are coordinated to a sodium ion. Each sodium ion is six
coordinate and bonded to four different [VO{sal;en)] complexes (see Figure 11)
i55].

Last year, brief mention was made of the synthesis of the (vS}2* group which
was obtained by reaction of [V{O)L] (L = Schiff's base) with B;S; [56] and now
full details of the preparative route and the spectroscopic properties of the
products are available, These oxo-Schiff's base species {v(0)L] also react with
PhiPBr; to give [VBr:L] [57].

The oxovanadium(iV) phthalocyanine, [VO{Pc)l, has besn the subject of
patents, as it has been found to be useful in photoelectric and xerographic
imaging. The campound can exist in at least three solid phases, and the structure
of the so-called phase II has been determined. The essentiel features of the
structure are given in Figure 12, and the way the mplecule stacks reveals the
absence of discrete dimers in the solid state of phase II as had been postulated
on the basis of sclid state optical absorption measurements [58].

A maber of studies have appeared this year concerned with oxovanadium{IV}
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Fig. 11: Two representations of the coordination polyhedra around vanadium and
sodium along the chein of [Na{VO(sa.lzen)}z]; cations, reproduced with
permission from Irnorg. Chem., 19 (1980) 1200.

porphyrins. The EPR spectra of the oxovanadium{IV) compounds formed with
etigporphyrin{li) and octaethylporphyrin have been measured at 77 K in frozen
CH,Cl, solution and the results are best interpreted by invocation of a dimeric
mdel [59]. The coordination ability of oxovanadium(IV) porphyrinates has been
studied with variation in temperature and conceniration. As expected, lowering
the tarperature pramotes camplex formation and, for example, with N H, 100%
conversion takes place at ~196 °C with [M:H,] = 1072 mol dm ° [60].
Crovanadiun{ IV} etioporphyrin reacts with DX/HX (X = Cl or Br) mixtures not to
give the expected demetallated product, but yielding a carbonium-type protonated
species. Proton exchange with the methyne groups was also cbserved [61].
Demetallation of oxovanedium{IV} etioporphyrin, a process of importance in the
refining of sane crude cils, has been studied over a CoD/Mo0s/41,0; catalyst in
the presence of dihydrogen. A kinetic model was proposed that accounted for
the removal of 90% of the vanadium [62].

A vast number of publications concerning the preparation and characterisation
(by infrared and UV-ViS spectroscopy) of oxovanadium(IV) coordination compounds
has appeared this year. The following are ampng the most interesting. The
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Fig. 12: A perspective view of cxovanadium{IV} phthalocyanine with interatomic
distances, reproduced with permission fram J. Chem. Soc., Dalton Trans.,
(1980} 2301.

p—diketone oxovanadium{IV)benzoylacetanlide and benzoyl-3-nitroacetanilide
complexes have been shown (contrary to previous reports) to be magnetically
dilute [63] and an interesting bis{f-diketone), namely 1,1'—(1,3-phenylene)-
bis{butane-1,3-dione}, has been synthesised and with it a muber of complexes
prepared including one containing voy2* [64). A binuclear species containing
{V0}2+ has been prepared with the ligeand thiouracil {L}. It has the formulation
[{WO({L}(H0)}, 1[50, ] and is diamagnetic with the ligsnd coordinating through a
deprotonated nitrogen atom and a sulphur atam [65]. Dimeric species having

two square-pyramidal units joined through phenolic or enolic oxygen bridges
[{VOL}.] have been prepared for a number of Schiff's bases derived from 5-Me—
dithiocarbazate and a range of B-diketones (e.g. benzoylacetone) [68). Stepwise
stability constants have been determined for camplex formmation between {voy*
and dithiodiethancic acid, digyecolic acid, thiodiethanoic acid, thiodipropanoic
acid or imino-ethanoic acid [67,68].
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4,3 VANADIUM(III)

4.3.1 Compounds containing vanadium—halogen bonds

The reaction of vanadium{iII) chloride with tertiary butylisocyanide has been
shown to yield [VCl3{CNCMe;):; ] and not insertion products as previcusly claimed.
The 'H NMR spectrum of this corplex contains two resonances gt rodm temperature
that are in the ratio 2:1: above 60 'C the two resonances coalesce, These FMR
observations indicate that at room temperature a meridional geometry is adopted
and this has been confirmed by an X-ray crystal structure (see Figure 13). The

c15

Fig. 13: The geometry of [VC1,;(CNCMe;};], reproduced with permission from
Inorg. Chem., 12 (1980) 3381. Atoms C1(2}, V, C{21}, N(2) and C(22)
lie on a crystallographically required two-fold symmetry axis.

two types of V-C distance {f{rans to V=Cl or trans to V-C) are equivalent within
exberjmntal error, but ligand exchange reactions indicate that the ligand
trans to V=Cl is selectively exchanged thus showing the trans effect to be
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Cl >CNMe;. Addition of an excess of Mei(NC to [VU1,(CHMe;);] gives
[V(m%3)5]2+, a species that can alsc be formed directly from vanedium{IiI)
chloride and an excess of the ligand [69].

4. 3.2 C(Compounds containing vanadiwmoxygen bonds

Analysis of X-ray ahsorption edge data has enabled a structural study on the
vanadium conplex in living Ascidian blood cells to be carried out. Only trace
amounts of (VO}2* were detected and analysis of the EXAFS data established that
in living cells the vapnadium{IiI) ion is present, and that the best fit for the
data is obtained by postulating a six oxygen atam environment with a V-C
distance of 1.99 & {70]. Among the vanadium-carboxylic acid studies reported
recently is the crystal structure of a salt of [Vi0{000CH.Cl)e{H:0):] . From
the size of the vanadium-vanadium distance it is apparent no direct metal-metal
interaction is present [71]. The camplexing of vanadium(IiI} by some hydroxy-
carboxylic acids has been studied by MR relaxation techmiques. DBy determination
of the T, and T; relaxation times as a function of vanadium concentration,
formation constants for the 1:1, 1:2 and 1:3 complexes formed by mandelic (1205,
18045, 70:5) and lactic aclds {110+5, 1805, 90+5) were obtained {72]. The
oxidation of vanadium{II) to vanadium{III} by an a-ketocarboxylic ecid occurs
in two stages. Initially a complex is formed between the vanadiuem{II) ion and
the acid. 'This step is followed by the reduction of the acid [73].

4.4 VANADIUM(II)

The preparation, structure and properties of the vanadium(II) halides and
the camplexes they form have been reviewed [74], as have the relationship
between structure and properties exhibited by the lower vanadium fluorides
{75,76].

¥hat is claimed to be the first efficient semiconductor-liquid junction
solar cell based on & p-type semiconductor has been reported. It has a 9.4%
efficiency for the solar-to-electrical energy conversion and contains
vanadium(II) and vanadium(II{) chlorides (e.g. p-InP/VC1;-VC1,-HC1/C) [77].
The reaction of 1,1'-methylenedipyrazole {H,Cpzl:) and 1,1°-methylenebis{3,5-
dimethylpyrazoie} (H.Cdmpzl,) with a range of vanadium(II) salts lead to the
formation of the species [VXK;{(H»Cpzl,)] (X = C1, Br or NCS} and
[VX: (HCdmpzl.)] (X = Br or NC3), which are six-coordinate and monomeric.
Five-coordinate ionic species of the type [VX(L)]* are obtained if the reactions
are carried out in the presence of [BPh,] . Cationic six-coordinate camplexes
containing [V(H(!pzlg)]h are gbtained with tris(l-pyrazoyl)methane [78].

From measurements of :i.nfrared. spectra it was judged that in the salts
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containing the [V(NCS)s1?™ ion (cation = [MMe,]*, [NEty]* or [pyH]®, the vanadium
atom is in a six-coordinate all-nitrogen enviromment. This suggestion is supported
by Lhe positions of the bands in the d-d spectra. All the camplexes were shown

to obey the Curie law and [NEt, }4[V(NCS}e] is iscmorphous with the analogous
nickel(I1) salt [79].
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