Coordination Chemistry Reviews, 81 (1987) 173-296
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

4 VANADILM

E.M. PAGE
CONTENTS
4.1 Vanadium{V) . . . . . . Ve e e s .
4.1.1 Species contaln].ng varmd_lm—halogen bonds e e
4.1.2 Species containing vanadium-oxygen bonds . . . . . .
4.1.3 Species containing vanadiww-sulfur bonds . . . . . .
4,2 Vanadim{IV]........................
4,2,1 Heactions of vanadium{IV) ione . . . . . - e s
4.2.2 Species containing vanadium—halogen bonda e e
4.2.3 Species containing venadium-oxygen bonds . . P
4.2.4 Species containing vanadium-sulfur or selenlun bonds
4.2.5 Other vanadium(IV) species . . « . . « + « + « & « «
4.3 Vanadimm{III) . . . . . . e e
4.3.1 Species contalnlng vanadlum—halogen bunds v oe e e
4.3.2 Species containing vanadium-oxygen bonda . . . . . .
4.3.3 Other vanadium(IIT} species . « . « « + « o + &+ & &
4.4 Vanﬂdilm{II)........................
4.4.1 Reactions of VZ} ione . . . . . e e e e
4.4.2 Species containing vanadlun—halogen bond.s « e s e n
4.4.3 Species contsining vanadium—oxygen bonds . . . . . .
4.4.4 Species containing vanadiumm-sulfur bonds . . . . . .
4.4.5 Species containing vanadium-nitrogen bonds . . . . .
4.5 Low oxidation atate complexes of vanadiwm . . . c e e e
4.8 Species that formally contain oxpanions of vnnadj,m e
References « o+ + v s v o 4 ¢ o s & 4 v o 4 5 & & 4 4 a4 4 4 4 a4
INTRODUCTION

The following review contains reports of studies carried
inorganic coordination chemistry of vanadium, The material is
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descending order of oxidation state, hence vanadimm(V) and its complexes are
dealt with in the first zections. Within each section, subdivisions of the
content have been made depending upon the element bonding ta the wvanadium atom
and commencing with elements at the right hand side of the periadic table. In
the final section are reports on the chemistry of various vanadate ions and
species that formally contain oxo-anions of vanadium. Such species have the
vanadium atom arranged in a range of oxidation states and sa material is
divided according to the nature of the type of chemistry involved, rather than
specifically adhering to individual oxidation states,

Studies on the use of vanadium and its compounds as catalysts have not
been included, except in cases where the behaviour of the vanadium species is
of particular interest, HNor have reports on the wide organometallic chemistry

of vanadium been covered, as these are reviewed elsewhere.

4.1 VANADIUM (V)

4.1.1 Species containing vanadium-halogen bonds

The molecular structure of fVFg] in the gas phase at 30 "C has been
investigated by electron diffraction with the aim of detecting any distortion
of the molecule from its trigonal bipyramidal (Dy,} symmetry [1]. Accurate
interatomic distances and amplitudes were obtmined which agree well with those
found in earlier investigations. However the results regarding the molecular
symnetry of |VFg] were inconclusive and any deviations from Ty symnetry
assumed slight.

The [VFgl/iXeFg| system has been studied and two new components, namely
XeFg .VFg and XeFg.2VFg, were prepared along with 2XeFg.VFg. The Raman spectra
of the products indicated that ionic charscter decreases in the series
2XeFg.VFs » XeFg.VFg > XeFg.2VFg {217,

The reactions of V,0p with alkali metal fluorides AF {A = INHy 1, Na or
K} and hydrogen peroxide in a highly alkaline mediun wielded blue
microcrystaliine salts containing the [V(03)5F}2~ ion [3}. The compounds were
characterised by elemental analysis, magnetic measurements and infrared
spectroscopy. The vanadium atom was shown to be in the +5 oxidation state by
redox titrations and by the diamsgnetic nature of the compounds. Infrared
apectra in the region 850-855 om~! showed a aingle strong absorption for all
three salts which was inferred to imply that all three peroxy groups are
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honded in a triangular bidentate mammer to the venadium atom. A single
absorption in the region 470-475 cm~! for esch compound wms attributed to
V{VF) modes suggesting that the compounds contain heptacoordinated vanadiumi(V)
although the possibility of a pelymeric structure with bridging {V-F-V} units
was not totally discounted. Using less alkaline media, the same workers have
prepared yellow alkali oxediperoxofluorovanadates{V), A,[VO{0;},F] (A = [NH,],
Na or K}, in high yields from the reaction of V;0g, AF and H;0,{9%) [4].
Infrared spectral studies indicated the presence of triangularly coordinated
peroxo ligands, s terminal V=0 bond and a V-F bord in the ions. Another group
obtained a dark yellow fluoroperoxovanadate from the resction between Vo05 in
HF with H 0, and aqueous KOH [5]. Analytical results {elemental analysis, IR,
Raman spectroacopy and X-ray diffraction) showed the salts to be tetrameric in
structure.

Salts containing the oxotetrafluorovanadate(V) ion, [VOF,]~, have been
prepared from Vy0g, HF (40%), and A[HF,] (A = [NH,], K, Rb or Cs) [6). In the
so0lid state, infrared studies showed [VOF,)~- to have the expected
square-pyramidal structure. However, !%F MMR spectra in solution indicated
rapid fluorine rearrangement ocours, the ion fluctuating between €, and
trigeonal bipyramidal geometry.

A new method of synthesising graphite-VOF; (C4oVOF;), which involves the
sction between a saturated solution of VOF; in HF on pyrographite for several
weeks, has been reported [7]. From a radiocrystallographic determination VOF,
malecules were found to be organised, without correlation, between the layers.

An electron impect mass spectrometric investigstion on a mixture of
VOCl,4(g) and VC1,(g) has been carried out [8]. However, the values of
appearance potentials of fragment ions and their mass spectra were found to be
at variance with those previously reported. The 5!V MR spectras of frozen
VOCl,, VO(OCHMe,); and VOC1{OCHMep), have been measured and the coupling
constants e2gQ/h evaluated from quadrupclar pertubations. The magnitude of
the coupling constantz was found to decrease in the order expected
(VOCl; > VOCL{CCHMe, ), > VOCL(OCHMe,),), i.e. with increasing shielding of the
vanadium nucleus [9,10].

Adducts of VOCly continue to be made. Reaction of the oxochloride with
1,5-disubstituted 2,4-dithiobiurets and 1,5-disubstituted-2-thicbiurets (L) in
CCl, solution yields VOCl,.L [11). Coordination to the vanadium atom is
proposed to ocour via the sulfur atoms in the former and the sulfur and oxygen
atoms in the latter ligand. Other complexes of the type VOCls.L have been
prepared from VOClg and N-pyridyl-N-alkyl thioureas, L {RCgH/NNC(SINCGH,R'
(R = H, 4-Me, 6-Me or 5-NDO,; R’ = H, 2-Me or 4-Me) or RCgH/NNC(S)NCH,CH=CH;}.
Analytical results showed the complexes to contain six-coordinated vanadium{V)
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with bidentate ligands coordinating through the pyridyl nitrogen and thioketo
sulfur atoms [12]. The reactions of both VOCl, and VCl, with PCly and PPhCl,
in the presence of various alkylating agents such as tertiary butyl chloride
and triphenylchloromethane have been studied amd structures proposed for the
complexes formed {13].

4.1.2 Species containing vanadiium-oxygen bonds

Kinetic studies have been carried out on the formation of oxoperoxo
vanadium({V) complexes (V0y*) by oxidation of wvanadium{IV} species with
hydrogen peroxide [14]. The reactions between the aqua(nitrilotriethanoato}-
oxovanadate (IV} ion, [VO(nta)(H.0}}", or diaqua{pyridine-Z,6-dicarboxylatol-
oxovanadium(1V), [VO{pda}{R,0),], and H,0, were carried out at ionic strengths
of 1.0 mol 17! Na{C10,] in acidic aqueous solution {equations (1} and (2)}.
The rates of formation of the oxoperoxo vanadium(V} complexes were found to be

[VO(nta)} {H,0) ]~ + 3/2H,0, —— [VO{Oy)(nta)]2~ + Hy0% + H,0 (1
(VO(pda) {H,0)5) + 3/2H 0, ————  [VO[O,) (pda) (H0) ]~ + H0F + H,0 (2)

first order with respect to the formation of the vanadium(IV) complexes and
H,0, and independent of excess ligard comcentration and aocidity. It was
proposed that the rate determining step involved insertion of a H,0, molecule
into the first coordination sphere of the vanadium{iV) complex followed by
rapid electron transfer amd peroxo coordination. The kineties of two
reactions involving the {V0;)% ion have been studied spectrophotometrically
[15]. In the first reaction (egquation 3) {VOgu1t iz oxidised by [HSOg)|™ in

acidic solution snd in the presence of low concentrations of {¥0}2*. The rate

lasw was found to be expressed by equation (4). ‘The value of k& and the
HSOs ™ + VOt — vo,* + HS0,~ + 0O, (3)
—AIVOg*)/dr = k, [HSO5™ ] [VO2H] (4)

reaction scheme proposed are the same as those found in previous studies on
the {[HSOg] /{VOa}* reaction. The second reaction studied involved the
oxidation of {VOai* hy Co3t. The results from both reactions were thought to
suggest the formation of {VOa}z"' foliowed by its subsequent decomposition to
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Figure 1: The structures of the complexes {a}) [VI¥O(S-peida}(H,0}],
{b) [WO,(S-peida}]™, and (c) [VIYWO,(8-peida),}". In (a), 05 is
the oxyzen atom of H,O {16].
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{VO)2* and O,. In both cases the primary mode of oxidation of {VO;}+ appeared
to be a one electron process.

A series of optically active wvanadiuwm(V} and vanadium{IV] complexes
containing the {S)1-A-{1-({2~-pyridyllethyl]limine ethanoate ion, |S-peida]?-, has
been prepared [16]. The structures of three of the complexes, namely
LVI¥O(S-peida) (H;0)], Li{WW(0),(S-peida)} and Na[VvIW¥0,{S-peida),]., and have
bheen determined by X¥-ray crystallography, and are illustrated in Figure 1. In
each structure the tertiary amine is in the trans position to the oxo ligand
and the methyl group on the asymmetric carbon atom has an equatorial
orientation in the puckered five-membered chelate ring. The structure of the
fourth compound Na[V"O{Oz){S—peida)] was not determined crystallographically
but estimated wusing NMR spectral results. The proposed structure is shown in
Figure 2.

v‘v’

Figure 2: Proposed structure of [V¥0(0,)(S-peida)]~ [16]

The complex ammonium dioxo(Z-hydroxynaphthaldehyde semicarbazonato)
vanadate{V}, [NH4i[{VO,L]1, has been prepared by reaction of HyL and VOSO,.3H,0
in MeOH and its X-ray crystal strocture determined [17]. The structure as
depicted in Figure 3, was found to contain pentavalent vanadium with ecis-V=0
bonds, {0{31—\7—0[4} = 107.9 "}. The coordination sphere holds one long
(r{V=0{3}} = 1.654 A) and one short (r{V=0({4)} = 1.609 A) terminal oxygen to
vanadium bond. The discrepancy between the bond lengths was thought, almost
certainly, to be due to the different sites occupied by the oxygen atoms in
the coordination =sphere. Atom O{3) ia frans to the coordinated ligand
nitrogen atom and fairly close to a hydrogen atom of the cation. Both factors
give rise to m slightly long V=O(terminal) bond length. Atom Of4) iz situated
on the equatorial axis of the bipyramid and has no ligand trens to itself.
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Figure 3: Bonding arouwl the wvanadium atom in ammonium dioxol2-hydroxy-
naphthaldehyde semicarbazoneto)vanadate(V) [17]

By treating WVOCl,, VOCl, and VCl, with trifluorcethanoic acid the
complexes VO,(0,CCF;), VO(O,CCF;)and V(0,0CF,), respectively have been
ochtained {18].

The interaction between (VO,}t and 2,4-dithiobiuret in the presence of
Cu®* ions has been studied by amperometric titration (19]. The reaction
involves reduction of [CuCl,)®~ by 2,4-dithiobiuret to [CuCl,]™ which then
reduces {VO,}+ to {(VO}2+,

A number of methods have been described for the determination of the

equilibrium  coneentration of  {VO,)* in  aqueous  solutions  of
phosphomolybdovanadic heteropolyacids [20). The equilibrium involved is given
by equation (5). Each of the methods which include Raman spectroscopy,

elemental analysis and gpecirophotometiry, gave results which agreed well with
each other.

10{VO, 1% + 8H,0 £ [HaV,o0pgl®~ + 14HY {5)
A technique has been developed in which vanadium{V) and vanadium(IV) can

be extracted synergistically by forming a primary dithizonate. The extraction
is carried out in benzene and is represented by equations (6) and (7}, where
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{VO,}* + Hodz + tbpo =5 [VO,{Hdz)(tbpo)| + H} (6)
{V{O)OH}* + Hodz + topo &= {V(O)OH(Hdz)({topo)] +H* (7

Hpdz = dithizone, tbpo = tributyl phosphine onxide, and topo = trioctyl
phosphine oxide [21}).

The kinetics of ligand substitution reactions af [edta]*-
{ethylenedieminetetracetate) and |edda]?~ (ethylenediaminediacetate) by [ntal”
{nitrilotriacetate) iona in wvanadiim(V) complexes has been carried out in
erder to determine a general mechanism [22]. It was concluded that the
reaction can proceed by HY induced dissociation of {VOz{edta}]a‘ and
[VO,{edda) ]~ followed by formation of the nta complex or by direct attack of
the nta species with the fast formation of outer sphere complexes followed by
aminocarboxylate ligand exchange. The kinetics of complex formation between
{VO,}* and varicus phosphorus containing complexones, nitrilomethylphosphoric
acid (ntp), ethylenediaminetetramethylphosphoric acid (edtp), aminodimethyl-
phosphoric monoethanoic acid (adpa), and diethylenetriaminepentamethyl-~
phosphoric acid {(dtpp) have been studied spectrophetometrically [23].

Electrochemical studies by cyeclic veltammetry and controlled potential
coulometry on the reduction of [VO,(acac){phen}] and {V,04{(acac},] have been
carried out [24}. The reduction potentials were calculated for one electron
reducticns and [VO(acac),] foumd to be the major product in both cases. 1In
the presence of excess ligand, three-electron reductions ocourred with the
formation of [V{acac);]™ as the final product.

An analogy has been drawn between the {VO;}~ unit ,studied by X-ray
crystallography in the salts [{VO(0O-B-quin),i Naj{H,0) iu~dmf)], {1}, and
[NBu, 1{V0,(0-8-quin),}.H,0, (2) and the carboxylato group, [RCO,]1~ (25]). The
salts were prepared by the basic hydrolygis of (u-oxolbis[bis(8-quinclinate)-
oxovanadium{V} |, [{(quin~-8-0),V0}.Q}, whose chemistry has previously been
compared to that of orgenic anhydrides, Several structural features
concerning the {VO,}* unit found in the salts (1) and {2) are considered to
Justify comparison with the [RCO,|” group. Complex (1} is a dimer, shown iIn
Figure 4, in which two {V02}+ units are bridged by two Nat ions sharing the
oxyeen atom of a dmf molecule. Complex {(2), Figure 5, contains the free
anion, but structural data for the {V0,}* units in both salts are very
similar. On acidifying an agueous solution of [(V0,(8-O-quin);|” the
inorganic analogue of a carboxylic acid wasg formed, namely
[{quin-8-0),V(0){OH)], which is a weak acid, pH; = 6.3,
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Figure 4: View of complex (1}, [{VO,{0-8-quin},},{Na{H,0),},{i~dmf}] {25]
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Figure 5: Structure of the anion from {2}, [{quin-B-0};V0,i~ {25]
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The 51V NMR spectra of some dinuclear complexes [{VO(ONR,),}-u-C] and
some mononuclear complexes {VXYZ] {X = O° or NO~; ¥ = O?~, [0;]2" or R,NO—;
2 = picolinate, dipicolinate, nitrilotri(2-propanclate} or phen} have been
recorded in order to study the effect of the variouas ligands upon the
shielding of the nucleus. The tremdds found are based upon the variations of
molecular parameters correlated to electronic and steric effects associated
with the ligands {286].

Two mixed-valence divanadium complexes have been identified. The first
is a 1:1 eation/ecation complex, {V,0,)3%, formed between {(VO,)11 and (VO}2t in
HClO,, HzS80, or HC1 [27]. The formation of the complex, according fo equation
(8), was sgtudied by spectrometry, the ion Ieing characterised by intense

{(VOYZt + (VO )t ——  [V,0,)3 (8)

absorption over the whole of the visible range. The oxidation of a
mixed-valence ion, [{VI"010—~8~quin)2}-0—{‘.’90((%8—quin}2]', whose synthesis was
reported last year has been studied {28]. The complex was found to undergo a
reversible one-electron-per-dimer oxidation in CHyCN to give a stable

divanadium product {equation 9):

[ {VO{O-8-quin) ;§-0—-{VO(C-B-quin) } |~ — [{VO{0-B-quin),}-C={VO({O~8-quin);} |
+ 27 E=0.025 Vv (9}

The cyclic voltammogram of the solution waz found to be similar to that of
(VO(OH) (0-8-cuain}, ), from  which the dimer can be formed by heating
{equation 10):

2[vo{oH) (O-8-quin);] —— [{(VO{O-B-quin),}-0-{VO(O-8-quinl,] + HC {10)

Stable complexes of vanadium(V}, wvanadium(IV) and vanadium{(II1} with
3,5-di-tert-butylcatechol (dtbcH;) in aprotic media have been synthesised and
their redcox chemistry investigated [29]. The complexes Na[\ﬂO{dtbc'.}zl,
Na,[VI¥O(dtbe),), Na,[VI¥C1,(dthei;] and Nasfvii(dtbe)s] cen be prepared in
non-redox reactions but the vanadium(lil} ard vanadium{IV) species are
oxidised to vanadium{V) by protons from MeCH or H,Q0. from a comparison of the
electrochemistry of the two wvanedium{IV) species the terminal oxygen group
seemed to inhibit reversible electron trangfer.

Mixed ligand complexes of vanadium(V) with pyrocatechol violet (PCV) and
cetylpyridinium bromide {CP} in aqueous and organic media have been prepared
and studied spectrophotometrically [30]. The effect of different
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vanadium-PCV ratios upon the absorption spectra was inveatigated to establish
the composition of the resulting compounds. The results were used to
ascertain stability constants.

A sgseries of dimeric and monomeric complexes of vanadium{V) with
p-diketones ([VO{OH)L,, [VOC1,L], [(VOCL,L'], [V,04Ln], [Vs0,L',}, ete.} (IH =
dibenzoylmethane and L'H = pentane-2Z,4-dione) have been prepared and
characterised by standard techniques [31,32].

Intercalation reactions of the layered oxides of vansdium{V), VOFO, and
VOASO,, with pyridine and 4-substituted pyridines have been carried out by two
different methods [33). The first involves heating VOPO,.2H,C under reflux
with pyridine for meveral days and the second direct heating of pyridine with
anhydrous VOPO, or VOAs0, in sealed evacuated tubes at elevated temperatures.
Both methods lead to formation of intercalation compoumds VOPO, (py) or
VOASO,{p¥) in which the pyridine molecule iz directly coordinated to the
vanadium atom in the vanadium oxide layer. Intercalation of pyridine in VOPO,
and VOAsO, was found to expand the layer separation by 65.5 A. With
4-gubstituted pyridines, the reactions are slower ard the products Jess
crystalline than with free pyridine.

The complex Na,[V,0g{CH;0g};1.6H,0, whose preparation was reported last
yvear, has been studied by IR and NMR Bpectroscopy, and a tetramxlear
structure in which four (VO}?t groups are cyclically bridged by oxygen atoms
has been proposed [34]. The tartrato(4-) ligands are thought to hridge two
vanadium atoms on the basic {V,0,} skeleton. The same author has also
reported the exact conditions for the reproducible synthesis of the relatively
unstable tartrate complex (K,3{V,0,0H(CH;04)]1.H0 [35]. The structure of
dioxane-bis- (u-oxobis{oxovanadium(V) 2-(2’-hydroxyphenyl }iminomethylphenato} .,
[{(VOL},0};.dioxane] has been investigated [36]. The complex was prepared in
an attempt to obtain crystals of the vanadium(IV) dimer {VO);L, from a dioxane
solution. In the structure two five-coordinate vanadium atoms are oxygen
bridged to form a binuclear asymmetric unit. Two such units are bridged by a
dioxane molecule, which bonds weakly to two symmetrically related vanadium
atoms, forming a tetrameric complex as shown in Figure 6. The terminal V=0
distances are characteristic of double bonds. The V-0 distances to the
ligand oxygen atoms average 1.85 A, whereas those to the bridging oxygen atom
are slightly shorter (1.76 and 1.81 ;&). All V-0 distances are shorter than
the V-N distances (2.17 and 2.16 A}, which is thought to reflect the low
affinity of the [VO,}* ion for the imino nitrogen.
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Figure 6: The structure of dioxane-bis~{ u~oxobisa {oxovanadium (V)
2-{2'-hydroxyphenyl } iminomethylohenato}, [{{VOL},0},.dicxsne] [36].

Formation conatants between wvanadium{V) icne and chloranilic acid
(2,5-dichloro-3,6-dihydroxy-1, 4-benzoguinone} have been determined by
measuring the bathochromatic shift of the UV absorbtion maximm at 360 nm

which occurs on complexation [37].

4.1.3 Species containing vanadium-sul fur bords

A series of complexes of 3-{4-pyridyl)triazoline-5-thione {HL} with
early transition metals has been prepared, and the species characterised by
standard techniques. The complex formed with vanadium{V}, [V{HL),{H,0),ICl,
was thought to have a trans-octahedral structure in which the ligand is
monodentate, coordinating through the sulfur atom [38].
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4.2  VANADILM({IV)
4.2.1 Reactiona of vanadiim{IV) ions

The extraction of V4t ions from mixed sulfate/phosphate media, buffered
with ethanoate, has been achieved successfully using bis(Z-ethylhexyl)
phosphoric acid (Hdehp) in kerosene. Uptake of vanadium was measured as a
function of concentration of Hdehp, V**, (804127, [P0,13~ and {0.(Me]™, and
also at various pH values and temperatures [39].

4.2.2 Species containing vanadium-halogen bonds

The structure of liquid VCl, has been atudied by neutron diffraction,
assuming the separation of the intermolecular scattering function into radial
and sngular parts, an assumption which is spproximate for this molecule [40].

The reaction of VOCl; in methyl cyanide with an excess of
hexamethylphosphoramide, [OP(NMe;}3], led to the formation of a vanadium{IV)
complex [VOCL,{OP{NMe;);),] whose structure is depicted in Figure 7 [41]. The

L0

N(1)
C(21)
0{2) o I?\/\ )
(31
N / / N(2) N@/
y——00) 32)
(22}

ct’

Figure 7: Structure of the complex [VOCL,{OP(NMe,)alzl [41]
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vanadium atom has a tetragonal pyramidal coordination with two chlorine atoms
and two ligand oxygen atom= in the equatoriaml plane. The chlorine atowms are
aituated trans to each other. The vanadium to terminal oxygen bond lengtih,
r{V=0(21}, i= 1.566(11) A and the vanadium to ligand oxygen atoms, r{v-0(1)}
and r{V-0'(1)}, are 2Z.011(5) arnd 1.984(5) ;\, reapectively. Vanadium{ IV}
species of the type VOCL;.R,P(SJP(8)R, (R = Me or Et) are obtained by
reduction from the reaction of VOCl, with the ligands R,P(S}P(5}R, [4Z2].
Reaction with VCl, leads to hexacoordinate complexes, [VC1((R,P(S)}P(S)R;11}.
The conformation of the ligand in each type of complex was predicted using
infrared, electronic and EFR spectral results.

Replacement of the vanadyl oxygen atom in a series of vanadium(IV)
porphyrins, by halogen atoms, has been achieved by reaction of the oxovanadium
porphyrin with 80X, or (COX), (X = Br, (1} under mild conditions [43]. This
parallels a reaction reported in last year's review in which anhydrous HOl was
used as the deoxygenating agent. The porphyrins prepared are depicted in
Figure 8 and reaction proceeds according to equation (11).

R, Ry Ry
R2 R
Ry Ry
R R
& R Ry

Figure B: Serieas of porphyrin complexes prepared in [43], where R, = H, Ph,
Ph-3-Me or Ph-4-Me; R, = C,Hg or H.
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S0X; or {OOX),
(vIYL(0) ] - [V¥Lx,] (11)
CHyCl,; or PhCl

The complexes formed are highly reactive and readily reduced to lower wvalent
vanadivm porphyrins,

An EXAFS study on the Br-K edge on (VIY{OEP)Br,] confirmed the trans
configuration of halogen atoms. Deoxygenation of metal porphyrins [VOL]
{H.L = etioporphyrin or tetraphenylporphyrin} has salso been accomplished by
reaction with metal halides [44]. This is thought to proceed via a bimetallic
complex in which the metal halide is coordinated to the oxygen atom. In this
study, the reaction products were investigated by EFR apectroscopy, whereas in
the previous work no EPR signal could be observed in the products when
investidated at 77 K in toluene.

Complexes of VOX, (X = Cl, Br, NO,, ClO, or ¥[30,]) with propanone,
semicarbazone amnd propanone thiosemicarbazone (L) have been prepared by
reaction of VOX, with the ligand in hot EtOH [45]. The products, VOX;I., were
found to be six-coordinate octahedral complexes and 1:1 electreolytes in the
cage of all but VO{S0,]L,.

4.2.3 Species containing vanadium—oxygen bonds

Once  again, the preperation of oxovanadium{TV) complexez and
investigation of their properties comprises the largest area of research
involving the coordination chemistry of vanadium. In some cases interesting
structural and spectroscopic studies have been carried out and the results of
these will be discussed in more detail.

A series of mononuclear oxovenadium{IV) complexes with wvarious
B,5-triketones and B—diketophenols have been isclated and characterizsed [46].
The adducts VO(Hdba), {H,dba = 1,5-diphenyl-1,3,5-pentanetrione, VO(Hdmbe),
{H.dmba = 1,5-bis(4-methoxyphenyl)-1,3,5-pentanetrione}, VO{Hbap) ;OH
{H,bap = 2-benzoyl-acetylphenol} and VO(Haap). {H,aap = 2-acetoacetylphenol}
may 8all sct as ligands towards a second (V0)}2t group forming dinuclear
complexes, such as [(VO)(dbal], [(VO)p(dmba)y], [(VO) (bap).], and
[{VO},(aap)>]. Such dinuclear venadium(IV) complexes have received little
attention in the literature, although the preparation of [{VO}a(danal,]
{Hydena = 1,5-bis{4-methoxyphenyl}-1,3,5-pentanetrione} was reported in 1381
{47)]. Both the mononuclear and dinuclear sdducts were tested for use as
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ethylene-propylene copolymerization catalysts. The same group have prepared a
series of complexes of alkoxyoxovanadium{IV}) with B-diketones {VO{OMe){acac},
VO(OC Hg ) (acac}, VO{OMe ) {tmh) [Htmh = 2,2,6,6-tetramethylheptanedione],
VO{OMe ) (ach) [Hach = 2-acetyleyclohexanone] and VO{OMe)(thtfac) [48]. The
possible use of all these complexes as soluble Zeigla-Natta catalysts wes also
tested. Crystals of one of the products [{VO{OMe)(acac)};] were cbtained and
the structure reported. The structure was found to consist of dimeric

(VO{OMe} (acac)} units as shown in Figure 9. The vanadium atoms are bridged by
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Figure 9: Numbering scheme and structure for [{VO(OMe)({acac}},] [48]

the oxygen atoms of the methoxy group leading to a ’'chair-like' conformation
in the molecule. The five-coordinate wvanadium atoms have approximate
tetragonal bipyramidal coordination spheres, with the vanadyl oxygen occcupying
the apical position, The V=0 bond length {(1.587(3) A} is typical of a
vI¥_cxygen double bond.

In a study of the reactions of transition metals with ligands of the
catechol (1,2-dihydroxybenzene; catf,) type, three complexes of vanadiue with
catechol itself have been prepared and their X-ray structures determined (see
Figure 10} [49]. Two of the structures contain vanadium{IV),
[Et gNH] z[V{cat) 31 .MeCN and X,[VO(cat),].EtOH.H,0, and the third vanadium(111},
K3lVicat)s]. 14,0, The complex K;[VO{cat),].EtCH.H,O0 is a typical square
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Figure 10: The mclecular structures of the complex

(a) [EtyNH) [V(cat}sl.MeCN, {b) K2{VO{cat},).BtOH. 1,0,
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in

and

{c} Ka[Vicat) }. 1,0 [49]. In {a), the hydrogen bonding between
the anion and cation is illustrated, and the carbon atoms of the

third catechol ring have been omitted for clarity.
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pyramidal vanadium{IV) structure (r{V=0} = 1.616 A, r{v-Olcat)} = 1.956 A).
However, in [Et,;NH],[V{cat);]|.MeCN, a catechol molecule has displaced the
oxygen atom producing an octahedral vanadium(TV) complex, although the
geometry is far from being rigorously octahedral due to hydrogen bonding of
the triethylammonium to two of the catechol oxygen atoms. The V-O{cat) bond
lengths average 1.930¢ A and the O-V-0 angles are 88.8 . The vanadium{ITI)
complex, Ka{V{cat},].'.,0, closely approximates to octahedral symmetry about
the metal and is isostructural with its chromium and iron analogues. Besides
the crystal snd molecular structures of these three species, IR, UV-VIS5 and
FPR spectra and electrochemical and magnetic data were reported for the
complexes VOL, VOL, and Vi.,; (L = catechol, 3,5-di-tert-butyleatechol or
4, 5-dihydroxybenzene-1, 3-disul fonate).

In the continuation of stulies on the magnetic properties of
heterohimetallic complexes, the X-ray orystal structure of the complex
[CuVO{(fsal),en} {MeCll}] {(fsa},en?” is & binuwcleating ligand derived from the
Schiff base N,N’-(2-hydroxy-3-carboxybenzylidene}-1,2-diaminoethane} has been
determined [50]. In the structure both metal atoms are five-coordinate,
having square-pyramidal geometry with the methanclic oxygen and the wvanadyl
oxygen forming the apices of the pyramids, as shown in Figure 11, Both
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Figure 11: The atructure of [CuVO{({fsa),en]{MeOH}] [50]

pyramids point in the same direction. Two other structures were found during
attempts to grow suitable crystals of [CuVO{(fsa},en}{MeOH)]. In one,
disorder existed in the orientation of the {CuN,0,} and {VOg} pyramids and, in
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the other structure, molecujes of [Cu,{{fsa)zen}{MeOH)] replace the
heteromuclear complex about 15% of the time. The magnetic behaviour of
[CuvC{(fsa)zen}} was studied in the temperature range 4-300 K, which showed
that the exchange interaction between Cu?* and V02t is purely ferromagmetic
due to the orthogonality of the magnetic orbitals centred on the metal ions.
The syntheses of the sodium =8alts of a s=eriee of binuclear
oxovanadium({IV) complexesa containing methyl substituted tartrate(d4-) bridges
have been reported (see Figure 12}, along with resulis from spectral studies
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Figure 12: View of the Na,/[{VO),{{+)-dmt}{(-)—dmt}]*~ anionic complex.

Primed ions are generated by 1-x,-y,~2 [51]

{FPR, 1R and electronic spectroscopy) on the various isomers in the solid
state ard in solution [51]. The salt Na J{(VO}_ {(+)-dmt}{(-)-dmt}] was found
to exist as a blue dodecahydrate mnd a pink hexahydrate and the X-ray crystal
structure of the dodecahydrate was investigated. As expected from astudies on
the unsubstituted binuclear oxovanadium{IV} tartrate salts, the two {(VO}2+
groups are bridged by dimethyltartrate(d4-} ions, the wvanadium atoms having
approximately square-pyramidal geometry. However, in this dimethyltartrate
complex, there is an additional hydroxyl oxygen atom weakly coordinated
{2.377 fA) opposite the vanadyl oxygen atom. There is a significant shortening
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of the V-V distance in this dimethyl substituted tartrate(4-} complex relative
to the unsubstituted ones and reasons were given te explain this based on
changes in coordination geometry. The aquecus solution ligand exchange
reaction between the DD and LL complexes of Na,[{VO},(CegHgOg)2).14H,0, to give
the more stable DL iscomer, was studied and fourd to be extremely slow. As EPR
studies on such binuclear oxovanadium{IV} tartrates have been found to
indicate decreasing intramolecular V-V distances with increasing methyl
substitution of the tartrate(d-} ion, the X-ray crystal structure of a
monomethyltartrate complex has been determined by the same group of workers
{Figure 13) [562]. Certain geometrical parameters (i.e. vanadium to basal
leagst  squares plane distance and V-V  distance) in tetrasodium
[u-(+)-threo-monomethyltartrate(4-} |- (U~ (- ) - threanonomethyltartrate{4-) |-
bis{oxovanadate(TIV)} tetradecahydrate, Na, {VO},{CgHgOg)]1.14H 0, were fourd
tc resemble those reported for the oxovanadium{TV) (})-tartrate(4-) anions
motre closely than those of the totally substituted binxclear
{#)-dimethyltartrate(4-) compliex. The shortening of the V-V distance which
was predicted by the FPR measurements was not obeserved in the oomplex
r{V...least squares plane) = 0.548 A, r{v-v} = 4.047 A.
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Figure 13: View of the [(VO),{(+)-mmt}{{-)-mmt})*~ anionic complex. Primed
atoms are generated by -x, 1-y, -2 [52]
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An unusual trinuclear vanadate carboxylate, {V305(thf){PhCO,}g], has
been cobtained from the reaction between VCl,,3thf and sodium benzoate in
CH;Cl, [(63). The single crystal X-ray diffration study of the complex showed
it to contain a planar {V;0} trimetal moiety with two different types of
vanadium coordination sapheres, each having the vanadium atom in the formal
oxidation state of (44). The structure, as showm in Figure 14, consista of a
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Figure 14: The structure of the [V 0;(thf){Ph000)s;] molecule. Phenyl groups
are omitted for clarity [53]

central oxygen stom equivalently bonded to each of the three vanadium atoms,
but closer to one of the vanadium atoms, V(1}, at 1.826 A, than the other two,
at 2.344(7) and 2.452(6) A- This grouping with V(1) is regarded as an
oxovansdium moiety. The other two vamadium atoms, V{2) and V(3}, are each
closely bonded to an oxygen atom {at 1.582 and 1.568 15., respectively). Atom
V{1) has a thf oxygen in the position of the terminal oxygen atom. Thus the
geometry deviates grossly from that normally found in trinuclear, hbasic
oxo-centred carboxylates (which are ideally Dy}, The structure was therefore
alsc analysed in terms of an oxo~vanadium trimer, having the unusual feature

of a bridging oxovanadium(IlV} group.
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The compositions of the complexes of {VO}2t with 1,5-dimethyl and
1,5-diphenyl-1,3,5-pentanctriones have been determined potentiometrically at
30 'C in the presence of NaCl {54]. The former ligand was found to act
monohasically and the latter dibasically. The preparation of VOL, (H.L =
bis{2-ethylhexyl )phosphoric acid) has been reported, along with results of
various physical measurements including IR spectroscopy, magnetic wmoments and
malecular weight determination.

There i= considerable interest in the interaction between the
oxovanadium ion, [VO}2*, and nuclectides for szeveral remsons, one of which
involves the use of a vanadium complex formed from such a reaction in the
separation of RNA. 1In an investigation carried out over a wide pH range, twn
types of complexes were observed to be formed between (VO}2% and ATP 156]. 1In
acidic and neutral solutions, a blue 1:1 complex was reported, whereas at
pH>11 a relatively stronger green 2!:1 complex was formed. Two different types
of coordination environments were proposed for the complexes on the basis of
potentiometric titrations and optical and ESR spectra. The interaction of a
range of metal ions, including {VO)}2%, with AMP (adenosine- 5’-monophosphoric
acid disodium =salt) and ATP {adenosine- 5'-triphosphoric acid disodium salt)
has been investigated and the IR, UV-VIS and fluorescerxe spectra of the
complexes formed measured. The (VO12* ion was reported to have formed a light
blue 1:1 complex with AMP of fomula VO{AMP}.3H,0 but no mention was made of
complexation between {VO}Z* and ATP. As in the previnus paper, shifts in
v{P-0} and V{C-0-P} to higher frequencies in the IR spectrum were observed,
which indicated coordination with phesphate. However the VO{AMP).3H,O complex
was found to show fluorescence at nearly neutral pH, which is reported to be
an  indication of metal-adenine interaction  [&7]. The  complexes
Na, [VO(ATP}.2H,0 and VOL.xi,0 (H,L = adenosine, inosine, guanosine, cytidene
or uridine 5’-monophosphates) have been prepared and stwlied by IR
spectroscopy and magnetic measurements [58]; results suggested that the
compounds are polymeric.

Severasl synthetic and structural studies on mixed ligand complexes of
{vO0}2* of the +type VOLL' have been undertaken. In one, the
complex|[VO{0O-8-quin) (acac).H,0} was prepared as a greenish-black solid, and
physical measurements carried out on the complex ({(IV-VTS, TR, magnetic
moments) indicated octahedral geametry for the vanadium atom {59]. The same
group have prepared and characterised complexes of the type [VOisa)Cl;l,
{VO(aaH} {acac) ] and [VO{acac) ,L] {sal = salicylamide, L=
2,3,4-pyridinecarboxamide} [60,61], In a furthur study the formation of 1:1:1
complexes between {VO}12* and phen or bipy as primary ligands, L, and salicylic

acid, 5-sulfosalicylic acid or 8-hydroxoquincline-5-sulfonic acid as secondary
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ligands, L', was studied potentiometrically [62). Complexes of {VO}2t with
hydrazine and substituted hydrazines, VOLX, (L = NyH;, PhNHNH, or Me,NNH,;
X = C1 or Br) have been synthesized and characterised. The complexes were
thought to be polymeric, and have relatively low magnetic moments
(1.26-1.36 1) which was attributed to exchange interaction between vanadium
atoms [63]. Various complexes containing V080, and the ligands
4-aminopyridine, 2,3-aminopyridine, 2-aminopyridine or PhNH, have been
prepared and their electronic spectra studied [64]. A series of complexes of
{vo}2t  with wvarious 4-oximo-Z-pyrazolin-5-cnes has been prepared and
charocterised [65]. EPR and magnetic messurementa have been carried out on
the complex VOL, {L = ({31} amd the results compared with those for

(VO(O-8-quin),} [66].
N AN
/
N
iH OH

{3)

Once again, numerous Schiff base complexes of {V0O}2+ have been prepared
and studied by direct spectroscopic techniques. Furthur studieas have been
made on the spectroscopic and magnetic propertiez of wvarious Schiff base
complexes of oxovanadium{IV) derived from substituted salicylaldehyde and
aliphatic diamines [67]. The complexes degcribed by the general formula
VO{OCgH4{OMe JCH=N-CR'R2-(CH, } ,,; -N=CH{OMe }C_H40}, (4}, have been prepared to

CHy CHy

(4; n=2, RUR=RP -Hor Me;, n=3-10, Rl = RZ = H)
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examine the effect of 3-methoxy substitution on the bonding and
stereochemistry in the compounds. A distorted square-pyramidal structure was
suggested for the complex formed between {vojz+ And
N,N’-ethylenebis(2-hydroxy-4-methylpropiophenone imine) [68]. Polymeric
oxovanadium complexez of the type {(VO)},L(H;0)., also having square-pyramidal
arrangements around the wvanadium atoms, are thought to be formed between
{v0)2* and Schiff bases derived from various dihydrazones and salicylaldehyde
(HyL = 2-HOCH,CH=NNHC(O) (CH,) LS (OINHN=CHCH,OH-2; n = 1, 2 or 4) [69], The
new Schiff base H,L, (5) has been used to form the complex VOL in which the

ph Ph
)__g\ NCH,CHyN=C /<—<
1
Ph Ph
(5)

ligand coordinates through the two oxygen atoms and the azomethine nitrogen
atoms [70]. A furthur O,0,N,N donor, MeC({=NNHPh)CH,C{=NNHPhMe}, H,L, has been
allowed to react with {VO}?+ salts to give the complex VOL [71]. Volatitity
studies have heen carried out on a range of transition metal chelates with the
tetradentate Schiff bases, (6). The order of stability and volatility of the

Ry Ry
—0 0=
N N —L
Rz ¥< Ry

R3

{6; R! = Me, ClMe,, (Me;, Ph or CFy; R? = Me, Et, CHMe, or CFy; R® = H or Me)
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oxovanadium complexes  was investigated and rationelised in terms of the
effect of the substituents on the polarity and on Lewia acid-base
interactions [72]. A series of tridentate Schiff bases derived from
pyrrole-2-carboxaldehyde and taurine, orthranilic acid g-alanine, has been
prepared and used to form complexes of the type VOL(H 0}, (H,l. represents
Schiff base) [73].

A series of oxovenadium{IV} porphyrina sappended with the crown ether
{benzo~15-crown-5) at different positions 5 {(mono}; 5 and 10 or 15 {cis or
trans) (bis}), 5, 10 and 15 (tris} and 5, 10, 15 and 20 (tetrakis; illustrated
in Figure 15} bhave been synthesised [T4]. The cavities in the crown ethers in

Figure 15: Chemical structure of oxovansdium{IV} tetrakis(benzo-crown-5)-
porphyrin. The partially substituted porphyrins are showm [74]

these systems allow complexation of various cations, some of which (namely K%,
Ccst, [NH,]* and Ba2t) induce dimerization of the porphyrins. The tendency to
promote  dimerization was found to depend on the cation used
(K* > Ba?t > cat > {NH,]*) and the stability of the dimer formed depended on
the degree of substitution in the original porphyrin



198

(=)
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Figure 16: Phthalocyanine complexes of ([VO)2%* [75,76]. {a} R; = Ry = H, R,

Br, NMe,, CgH;oN, OCHgN, NO, or NH,; R, = Ry = H, R, = NOp, NMe,

or NH,; Ry = H, Ry = (Me,, Ry = Br, NMe,, NO,, or NH,; R; = H
mz, Ra = NHz; R2 = Ra = NHQZ.
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(tetrakis > tris » ecis > bis). Results from EPR spectroscopy were used to
propose a V-V distance of 4.70 A in the dimer.

The syntheses of a wvast number of substituted phthalocysnine complexes
of oxovanadium{IV} has been described. The wvarious complexes formed are
detailed in Figure 16 [75,76].

A study by IR has been made upon the reactions between certain metal
phthalocyanine complexes {M{Pc)], including [VO(Pe)], with HC1 and HBr to give
protonated metal phthalooyanines [77]. There is continuwing interest in the
possibility of using oxovanadium phthalocyanine complexes for storage of high
density optical information. BSome success in this area has been reported by
the use of [VO{Pc)] in combination with a thin tellurium film [78].

A wvariety of oxovanadium complexes with sulfur donor ligands has been
prepared and characterised.

NH

NH

(7

The ligand dithio-B-isoindigo ({(7;H,L), which can exist in three
different i=zomeric forms, has been used to prepare the complex ([VOH,L;.7Hp0},
{where n > 1). Magnetic measurements showed the complex to be diamagnetic but
the authors were uncertain as to whether the structure tock the form of a
dimer or a higher polymer [79].

A study by low frequency IR spectroscopy has been made of the stability
of the metal sulfur bond in & series pf transition metal complexes of
8-mercaptoquinoline,H,L, which included the oxovanadium complex VOL, [80].

A series of oxovanadium complexes with the thioc ligands
thiocarbohydrazide ({tcH,; B,NNHCSSH)  l-carbamylthiocarbohydrazide (ctol;
H,NNHCSNHNHCONH, ), 1-thiocarbamylthiocarbohydrazide (totcH; HyNNHCSNHNHCSNH, )
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and ammonium {2-aminc-l-cyclopentene)dithiocarboxylate {8; {NH,]{aacdl}, has

heen prepared from VOX, (X = Cl or O,Me,}. The complexes [VO(tch)z].Hy0,
[VO{ctech) (H0)ICL,,  §9), [VO(tctcH)(H0)ICl, and (VOlaacd}o}, {10) were
H\
NH2 N-H_
'S
C %
7\ C\
S SNH, -
(8)
0 2+
N—f—=0H 0
> s
S (1))
¢ 2 > \I
S S N
{2) {10}

readily formed in methanclic solution and were studied by various
spectroscopic techniques [81]. Infrared spectral results suggested the
ligands exist as monobasic, bidentate donors bonding through the nitrogen and
sulfur atoms.

The xanthate complexes [VO(S,C0R)>] (R = Et, Me,CH, MeCHCHa,
Me,CHCH,CH, or PhCH,) have been prepared and characterised. The complex
[VO(S,COCHMe, ), | was found to react with the ligands pyridine and piperidine
{L} to give diamagnetic [VO({S,C0CHMe,}L,].5H,0 {82]. A series of transition
metal chelates with 2-hvdroxyacetophenone thiosemicarbazone and its 3-, 4- and
5-methyl substituents has been prepared. The oxovanadium, {VO}Z2*, derivative
wns proposed to have an octahedral structure from spectral results [83]. A
bimetallic compound containing both the oxovanadium ion and cadmium complexed
with dithiocarbamate, VOCd{dtc), {(H,dtc = piperidine dithiocarbumic acid or
diethyl dithiocarbamic acid), has been prepared and charecterised [B84].

Once again a whole range of studies has been carried out on the
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stability constants of various oxovanadium complexes. In most cases the
formation constants were measured potentiometrically at different temperatures
and ionic strengths. Stability constants have been measured in this way for
the reactions of {VO}2* with the ions chloroethancate (CH,C10007),
3-chloropropancate (CH,CICH,000™) and hydroxyethanoste (CH,OHCOO™) {85), and
with ethyldithiodiethanoic acid [86], with L-lysine hydrochloride [87], with
DL~tryptophan [88], and with (o-benzoylmethylbenzylideneimino)propanoic,
benzoic arnd benzene sulfonic acids [8%].

Vanadyl complexes continue to be the subject of many EPR spectral
studies. The BV hyperfine coupling in [VO{(acac),] has been measured in
mixtures of EtOH and CCl, a= a function of =solvent compoeition. Data were
foumd to fit the assumption that that hyperfine splitting arises from
interaction of the oxovanadium complex with two solvent moleculea, as showm in
equation (12), rather than simp¥ one [90].

i iy
[VO(acac),B;) + 2C £5ms [VO(acac),EC] + C + E S [VO{acac),C;] + 2E (12)

{where E = EtOH and C = CCl,)

The EPR spectrum of [VO{acac),] in various alkanes has been studied as a
function of temperature in order to obtain information on the rotation
correlation spectrum Jiw) [91). Electron spin delocalisation studies have
been carried out on a seriez of apin-labelled pyridines coordinated to
{VO{tfacac),] and ([VO{hfacac),] [82]. Results show that the sapin-spin
coupling constant, J, iz greater when the sBpin label is attached to the
4-position of the pyridine ring than when it is attached to the 3-position of
the ring. When the linkage between the pyridine ring and the nitroxyl ring
was varied, the wvaiuve of J was found to imcrease in the order;
ester < amide ¢ Schiff base linkages. The type of nitroxyl ring also affects
the wvalue of J suwch that J was foud to incresee in the order;
piperidine < pyrrolidine < pyrroline < tetrashydropyridine. A study by EPR
spectroscopy has been made on the interaction of NO, (¥ = 1 or 2} with a
geries of metsl chelate complexes which included {VO{S,CNEt,},} [93]. The EPR
parameters of the free radicals formed on passing NO, through (VO{S;ONEt;),]
in toluene are reported.

The formation of mixed ligand complexes of {VD}2+ has been monitored by
EPR spectroscopy. The complex [VO{dtp){dta=)] {(dtp = dibutyldithiophosphate,
[(C4HaO)5P5:]"; dtas = dimethyldithioarsinate, [Me,AsS;]”) was prepared by
ligand exchange reactions from [VO(dtp),] and [VO(dtas),]. As the complex was
formed, the 7SAs hyperfine splitting was seen to increase at the expense of
the 31P gplitting, which was attributed to electron delocalisation in the
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stronger bonding ligand [94]. Vanadium(IV) bas been extracted frowm aqueous
sclutions containing HCl or a HCL/LiCl mixture by bis{Z-ethylhexyl }hydrogen
phoaphate, [RyMeNICl (R = octyl; aliquat® 336), RyN, RyPO and {BuCU}zFC. The
complexes formed in the organic phases have been examined by electronic and
EPR spectroscopy and the nature of the vanadium species formed investigated
[95]

The complexes formed between {VO}#t and the ligsnds imidazole, carnosine
and histidine have been studied by ENDOR in frozen agqueous solution to obtain
information on the proton and nitrogen hyperfine coupling constants as well as
the 14N guadrupolar splittings [96]). Results indicated that the complexes
[VO(imid)4)2* and VO-Car have a =mimilar structure, which is different from
that of VO-His.

Redox studies using cyclic voltammetry and controlled potential
coulometry have been carried out on the complexation reaction between
VO(ClO4)», VCl; or VOF; and singly reduced riboflavin ({[Rib]~) [97]. The
complex [VO{Rib),], formed from vanadium(IV), is reduced to [VO(Rib),]2~ and
oxidised at -0.15 V to free {V0}2%* agnd neutral riboflavin. Reaction between
VOF, and [Rib]™ resulted in spontaneous reduction of the metal and oxidation
of the riboflavin anion to the neutral compound. With VCl,, a complex was
formed which has an oxidation potential of -0.12 V, gimilar to that of
[VO{Rib},].

The oxalatovanadium{IV} anion, (VO{C 04),1%", was fourd to undergo
photoreduction at 254 nm to vanadium(Ill}, according to equation (13) [98].

[VO(C,0,):12~ + 2HY + #[C,0,]2 v, [VIC,04)2]" + 00y + Hy0 {13}

The quantum yield for the reaction was found to be almost independent of H*
ion concentration or [VO(C,0,};]1%~ concentration. A reaction scheme was
yropsed based upon the stoicheiometry measured for the photoreduction.
18F and 13C NMR spectroscopy have been used to study the kinetics of
ligand exchange reactions in oxovanadium(IV) complexes [99]). When flouride
ions were added to [VO(gly),], reaction occurred according to equation (14).
Flouride
[VO(gly)p] + F~ é=—=== [VO(gly)glyF]~ (14)

ion exchange was studied by 19%F NMR spectroscopy and i= represented by
equation (15}. The rate of oxalate exchange on [VO{ox)2]?~ was studied

[VO{gly}iglyF]~ + ¥~ ——=— [VO(gly)gly*F]~ + F- {15}
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by 33C NMR spectroscopy and the reaction is expressed by equation {18) or
{17), For both flouride ard oxalate ion exchange, the rate was found to be

[VO({ox},12~ + [0x¥]2~ = [VO{ox)lox¥) )2~ + {ox]2— {16}

[VO(ox) 12~ + [Hox¥) fm==— [VO{ox){ox*)]2~ + [Hox]~ (17

firat order in the entering ligand and the {V0)Zt complex concentration,

4.2.4 Species containing vanedium-sulfur or selenium bonds.

A single crystal and powder EPR study on the eight-coordinate complexes
tetrakis{N, M-diethyldithiocarbamato)vanadium(TV), [V(8,CNEt,) .1, and
tetrakis{N, Ndiethyldiselenocarbamato)vanadium(IV), [V{Se CNEt.),],
substitutionally diluted in the diamagnetic titanium{IV} analogues, has been
reported, along with results for the nicbium complex [Nb{S,CNEt.),] [100]. In
the isomorphous host compournds Are two chemically inequivalent
crystallographic sgites, which are populated to different extenta by the
vanadium(IV) ions, the most asymetric site (A) holding approximately 75% of
the total wvanadium atoms. The FEPR signals were consistent with the
eight-coordinate V** ion experiencing a strong Dy ligand field perturbation
with a superimposed small low symmetry field which reduces the aoverall
symnetry to Dy for the less asymmetric (B) sites or lower for the {A) sites.
In the spectrum of [{V/Ti)(Se,CNEt,},], low intenmity satellite lines were
observed which were attributed to hyperfine coupling of the unpaired electron
with four different selenium nuclei.

A series of mixed lanthanide and vanadium sulfides LnvS, {Ln = La, Nd or
Gd) has been prepared by reaction of LnVO, with dry H,S or CS; in a furnace at
1000-1200 “C [101]. Reaction of HpS8 with the compounds MV,0. (M = Mg, Fe, Co
or Ni) yielded MV,3,; with MV, 0,, (M = Mg, Fe, Co, Ni or Zn}, Mg .¢VS,. The
dependence of magnetic properties and specific heats upon stoicheiometry has
been investigated for BaVs;. Sulfur deficient BRaVS, was found to have
Curie-Weiss paramagnetic behaviour and ordered ferromagnetically at
temperatures below 16 K. Stoicheiometric BaVSy; showed a maximmn in its
magnetic susceptibility at 70 K associated with a semimetal-semiconductor
transition [102]. Previous megnetic studiea on the layered compounds
LiVy_yFe,S; (for 0.1 ¢ y < 0.5} have been extended to lower concentrations
(0.1 » ¥ 3 0.01) of intercalated iron, as well as cobalt and nickel [103].
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The cathodic behavicur of the layered mixed metal sulfide Crg gVo 552
hag been gtudied in a rechargeable cell having the configuration;

liquid Nat containing
B"-alumina Crg. 5V .55;
Na electrolyte

The cell was operated at 130 'C and the electrolyte used was 1M Nal in
1,2-bis{2-methoxyethoxy)ethane [104]. The rechargeable capacity was found to
be limited to 70% of the firsi discharge. The same group have studied the
efficacy of V3, itself in molten NalailCl,] as a rechargesble cathode in the
cell [105].

liquid liquid
A'-alumina VS,
Na Ma[ALCl,]

The layered diselenide V,,.Se, does not suffer from non-stolcheiometry
to any great extent {x ( 0.1} and crystals studied for X-ray diffraction
studies have been obtained from the vapour phase and a single crystal X-ray
structure determination carried out [106], The structure was found to be
close to the GdI, type, containing layers of selenium atoms stacked above each
other and perpendicular to the c-axiz. Such an arrangement. leads to two types
of octahedral sites (000, 00¥#) of which the former (000) are occupied by the
Vi1} vanadium atoms and the latter (004) are partially occupied by the small
amount, x, of vanadium atoms V(2). Thus the stacking sequence along the
c-axis is represented by -Se-V(1)}-Se-V{2)-Se-V{1)-.

4.2.5 Other vanadium(IV) species

Vanadium(IV) and vanadium{lIl} halides have been allowed to react with
ammonium cyanide in liguid ammonia in an attempt te prepare simple cyanides of
vanadium(IV) and vanadium{III} [107]. The reaction with [V01,} led to
formation of a brown solid in which the cyanide nomplex thought to be formed
{egquation (18}} could not be separated from {NH4]}CL. Similarly, with VCl,

(VCl,i + 3[NH,ICN + 2NH; —— V(CN)4(NHp} + 4[NH ]C1 (18}
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and VBry, the product formed, V{ON)4(NH;}, could not be separated from [MNiH,1X.
VBry can be reduced with an excess of K[CN] and potassium in ligiud ammonia to
give the complex K,V(CN),."H; which, when heated, loses ammonia lesving
K,V(EN},. Wwhen the complex having solvated amponia was treated with [NH,]{CN}
in ammonia, a purple seolution was obtained which yielded the pale purple

KVICN) JVH + 2[NH,1[CN) — K, V(CN), + H, +2NH, (19)

KaVICN), {equation {19)}.

4.3  VANADIWM(IIT)

4.3.1 Species confaining vanadium-halogen bonds

The mixed-valence compourds Rb,VF, and s VF, exist over the range
0.82 3 x 5 0.45 arnd two different type of crystal structures, cubic and
orthorhombic, are found within each system [108]. A study has been made of
the dependence of the structure arxd magnetic properties in the compounds upon
the composition. For small values of x both structures were found to exist,
whereas at large values of x only the orthorhombic structure was identified.
tnit cell dimensions for x = ¥ were calculated for orthorhombic Rb,VF, and
Cs,¥F, and cubic Cs,VFj. The magnetic data were found to support the
concluasion that the orthorhombic phase iz an electronically ordered structure
consisting of linear chaine of V2t ione orthogonal to linear chains of Vot
ions. Values of 7T, Curie constants ()} and Curie-Weiss constants (8) were
reported for different phases of RbMNF; and Cs,VF;. Preparations of a new
ternary fluoride of wvanadium, RbCuVFg, have been reported [109]. Three
different procedures were given, all of which involve the use of high
temperatures. Lattice parameters were determined for RbCuVFg, which waa found
to be orthorhombic.

A new crystal form of VCl, has been obtained, starting from «-VCly in a
transport reaction represented by eguation {20} {110]. New wmit cell

VClg(s,) + ¥I,{g) — VC1,I(g) — VCly(s,) + ¥I,(g) (20)

parameters were ozlculated from the X-ray powder diffraction pattern. A
procedure has been reported for the preparation of [VC1,({0C.Hg)5], which
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have been omitted for clarity [113]

involves treating VCl, with anhydrous thf under reflux for 22 h [111]. The
method is claimed to give high yields of pink, crystalline [VClgithf)s],

The X-ray photoelectron spectra of the Ip electrons in VCly have been
measured and the results compared with the theoretical spectra based on ligand
field theory [112].

4.3.2 Species containing venadium-oxygen bonds

The preparations and X-ray structures of two new oxo-centred basic
carboxylate complexes of vanadium, namely [V,(u-0){MeCO,)}g(MeCOOH), (thf} 1t
{VC1, (MeCOOH) ;1™ and [V5{H-O}{CFa005)g{thf)] [113]. 'The former was prepared
from VCiz-thf and ethanoic acid and was found to be monoclinic, G /c. The
structure consists of trimuclear cations situated on crytallographic two-fold
symmetry axes and monoclinic anions on crystallographic inversion centres.
The way in which the compound is formulated implies all the vanadium atoms to
be in oxidation state 3+, although the authors admit they have no conclusive
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evidernce for this formulation and suggest it is the most likely based upon the
method of formulation. In the cation (see Figure 17Ta), the {V;0} umit is
planer and has essentially three-fold symmetry with a V-v distance of
3.307(2) A. The crystallographically non-equivalent V-{u-0) distances differ
only by 0,11(7) A and therefore are assumed alike st 1.910(6) A. The anion,
[VC1,{MeCOOH),]-, (Figure 17b), has regular trans octahedral geometry, with
the MeCOOH molecules situated at the vertices, r{v0} = 2.089(8) A. ‘The second
structure, Figure 18, consists of [V,0{CF3C0;){thf),] having vanadium atoms
in the +2 and +3 oxidation states, It was obtained as an oxidation product in
the reaction between VCl,.Z2thf and sodium trifluorcethancate. The structure
is monoclinic, space group PZ;/m and the molecule hazs approximately Dy,
symmetry. The V-V distances differ by 0.023{2) A (average 3.257{11) A) and
the crystallographically inequivalent V-(u-0) distances differ by 0.053(5) A
{at 1.90(2) and 1.953(8} A}. The small distortions of both molecules from
perfect Dy, symmetry are attributed to unsymmetrical packing forces.

The kinetics of vanadium{1IT)-monomalonate complex formation in aqueous
sclution have been studied by stopped-flow techniques and a generalised rate
law proposed [114]. Steps in the reaction are depicted in equetionz (21} to
{24) and the rate law expressed in equation (25). The =same group has
investigated the kinetics of ligand substitution reactions of [Vimal)g]13~

[V(H,0)g]3% + [Hmal]l~ &= [V(H,0)q(Hmal)]2* (21}
ki
[V(H,0)g{Hmal] |2+ == [V{H,0),(mal}]t + H,0 + [H0]* (22)
k_y
[V{H,0)gOH] 2t + Hpmal === [V(H,0)g{OH).Homal]Z* (23)
LN
[V(H,0) g (OH) \Hymal ]2+ === [V{H,0),{mal}]}* + H,0 + {H,0]* (24)
k_y
iy [Hymall
Kobs = (kg + oY) + + kg HH e 7 (25)
hp[H]Y {1t

with various multi-dentate ligands, including [edtal}* and [ntal®- [116]. The
formation of vanadium{II1) complexes with citric, malic and tartric acids has
been studied by nuclear magnetic relaxation techniques [116,117}: the
compositions of the complexes formed were determined and the reaction schemes
proposed.
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4.3.3 Other vanadium(III) species

Study on the thermal stability of the cyano complexes K [V(CN);).2H 0O
and K,[VICN)gl.3H;0 showed the vanadium(IIT) complex to be less stable than
the vanadium(II} complex [11B].

4.4  VANADTUM(II)

4.4.1 Reactions of Wa}; ians

The kinetics of reductions of some trans-bis{dimethylglyoximato}
cobalt(I1I} complexes by vanadium{II) ions have been studied [113). The V‘a’;‘i
ions were obtained from the reduction of vanadium{V) perchlorate by zinc. The
reduction rate constants were found to be independent of the hydrgen ion
concentration in the range 0.003 ¢ [HY] < 0.1 mol dm™3.

4.4.2 Species having vanadium-halogen bonds

An X-ray analysis has been carried out on rutile-type VF,, which showed
the V2+ ijon to be octahedrally coordinated with the axial V-F distances
slightiy shorter, by 0.019 A, than the octahedral ones [120}. This difference
in magnitude is of the same order as in other rutile-type fluorides where the
cations have no degeneracies in their electron configurations. These
experimental studies on VF,, along with data for MgF,, were used to form the
basis of a computer simulation of the structure of VF, doped (1X) into
magnesium fluoride. The interest in this material lies in its high efficiency
ag a fusion driver.

The magnetic and structural properties of the series of mixed metal
flucrides, CsVMFg (M = Sc, Ti, Cr, V or Fe), have been studied [121]. The
pseudchexagonal phases Cso_.‘VLl_‘M{l.LFa (M7 = 8¢, Ti, or Cr) with tungsten
bronze-like atructures have been prepared and their lIattice constants
determined.

The electronic spectra of a series of trangition metal cations
(Ti2+, v2* and Cr?*) in anhydrous hydrogen fluoride have been recorded {122].
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The solutions were prepared by treating the metal, previously cleaned of
surface oxide, with anhydrous HF containing a lewis acid (e.g. BFy, AsFg or
SbFg). Crystal field parameters, Dq and B, were calculated for V2t in
different environments and compared with those already reported for aqueous
v2t, The comparison supported the interpretation of the spectra in anhydrous
HF as being due to octahedrally coordinated vanadiumiTl}. Details of the
gynthesis of VCl, in aqueous solution have been rveported [123). The methnd
involves the reduction of V,0g, by zinc in the presence of HCl, according to

the equation {26):
V,0¢ + 32n + 10HCL ——— 2VCl, + 37ZnCl, + AH,0 {26)

The polarised crystal absorption spectra of CaVX; (X = Cl, Br or I) have bheen
measured between 5000 and 30000 cm~! at temperatures between 6 and 273 K, and
the mechanisma of spin-allowed and spin-forbidden transitions investigated
[124],

4.4.3 Species containing vanadium-oxygen bonds

51y NMR spectra have been recorded for certain refractory binary
compounds of vanadium, namely VX, (X = 0, C or N} [125]. Calculations were
made of guadrupolar coupling c¢onstants which were found to agree well with
theoretical values.

The reduction of dinitrogen in V(OH),/Mg(OH); and V(CH)»/Zr0,.Hz0
systems has been directed to vield either hydrazine or ammonia by selecting
the appropriate reaction conditiens [126]. When the reduction was carried nut
at high dilution with high N, pressures and low V(OH)./Mg{OH}, ratios and high
NaOH concentrations, NyH, was formed preferentially. [Under these conditions
any secondary reduction of N,H, to NHy was effectively supressed and so only
traces of NHy were produced, Conversely the formation of NHy, from N, was
found to be favoured by small reaction solution volumes with high
V(OH) ,/Mg(OH), ratios and low Na concentrations. The VIOH),/7r0;.H,0 system
generally produced lower yields of both reduction products.
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4.4.4 Species containing vanadium-sulfur bonds

The mixed-valence sulfide CugVS, has been formed during the reactior. of
CuS with V8, or Cu,S with V,Sg, at 115%10 K [127}.

4.4.5 Species containing vanadiumm-nitrogen honds

The series of low valent vanadium porphyrins [V(PPhMe,),(por)] (por =
octaethylporphinato {OEP) or meso-tetra-4-tolylporphinato (TIP}} has been
prepared by reduction of ([VCl,{por}] with & =zinc amalgam in O,-free thf
containing an excess of dimethylphenylphosphine [128]). The crystal stiructure
of one of the complexes [V(PPhMe,),(OEP}] has been determined, The structure,
Figure 19, was foumd te contain vanadium atoms pseuwdo-octahedrally coordinated
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Figure 19: The molecular structure of [V(PPhMe,),(0EP)] [128].
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by four nitrogen atoms of the porphyrin ring in the equatorial plane and two
phosphotus atoms of PPhMe, trans to each other in the axial positions. The
reactions between such low-valent porphyrins and molecular dioxygen were
studied and, although the tendency is for rapid oxidation to oxovanadium,
{(VIV=0), complexes, the use of 80 provided evidence for the formation of &
complex having dioxygen coordinated to the vanadium in a superoxide-type
manner. Thus, the autheors remarked that the use of such low-valent complexes
as dioxygen carriers may be a feasible process.

The crystal field parameters (10Dg, B and €} have been used to calculate
d-d trangiticns in [V(CN)g]*" by both angular overlap and ligand-field theory
[129]. These parameters were alsc applied in semi-empirical caleculations to

obtain charge-transfer transitions.

4.5 LOW CXIDATION STATE OOMPLEXES COF VANADIUM

The EPR spectra of [V{C0}gl have been measured in frozen cyclohexane and
in [Cr(CD)}g} hosts, and EPR perameters g, gy and g, and A,, Ay and A,
reported for the species in cyclohexane [130}. The EPR spectra obtained were
non-axial in both mediea and the highest symmetry distortion possible
{consistent with the measured parameters) was proposed to be a Dy angle
bending distortion. A different group of workers have investigated the EFR
spectra of [V(COlgl and {V(CO),}2* in single crystals of {Cr{l0)g] [131]. The
fvo}Zt radical wes detected at 90 K following » irradiation of the sample,
This latter showed almost axial & and 5!V hyperfine tensors.

An improved syntheszis has been reported for the cationic arene complexes
of vanadiuwm(I), {V(00),{CgHg-nMe, ]t [132]. The reaction, equation {27),

2[V(CO}g} + CgHg Moy —— [V{00)4(Cala_yMey) IHIVIOOIg]™ + 200 (27)

involves treatment of [V(CO)g] in heptane with, =ay, 1,2,4,5-tetramethyl-
benzene wunder argon for forty-eight hoursa. An X-ray crystal structure
determination was carried out on the product where x = 4,
[V{00) L{CHMe ) 1IV{O0) g1, and the 'H NMR spectrum reported for the species.
The structure is depicted in Figure 20; the C, axis of the {V(00),} maiety
passes through the centre of the aromatic ring and the vanadium atom is
equidistant from each of the six ring carbon atoms {H{V-C} = 2.33 A). The
{V(CO},} unit has approximate Cyy symmetry with C-V-C angles in the range
72.9-76.3". 1In an extenaion of studies on heptaccordination, the structure
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Figure 20: The structure of the cation in {V{00),(CgHaMe, ) I[V{CO)g] [132].

Figure 21: A perspective view of the [V({00)}g{AuPPh,)] molecule [133]
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of the complex [V(CO}g{AuPPhy) ], in which all the ligands are monodentate, has
been reported [133]. The molecule, Figure 21, has crystallographically
imposed 3 symmetry with the vanadium and gold atoms on the axis. The vanadium
atom is seven-coordinate in a capped octahedral environment, the gald atom
assuming the capping position at a distance of 2.6490(3) A, This was thought
to be the first V-Au bond distance reported. The effect of the gold capping
on the geometry of the octahedron was discussed and compared with related
molecules,

The reaction between {cp,}VX {X = Br or I} and NO in toluene yielded two
products, both of which analyse as [{cp) VINOIX] [134]. The TR and FPR
spectra of each product were studied over a range of temperatures and the
results lead the authors to conclude that an equilibrium must exist between
{(ep)oVI(NOYI) with a linear VNO group and {[{cp),VINO}II with a bent VNO group.
A solution of [(ecp)zVINO)I] in thf was found to yield browm-gold crystals
after several days, which were shown to be [{{ep)VI},{{cp)V{(NOI}{u-C),] by
crystal lography. The structure, Figure 22, can be seen to contain an

Figure 22: The molecular structure of {[{{cp}VI},{{cp}V(NO)},{L-0},] [134].

eight-membered ring of four vanadium atoms ard four oxyvEen atoms. The
fluxional nature of [{cpl,VI(NO}I] was thought to be in some way responsible
for the formation of the complex.

A more detailed report of the structure of {[(cpigVgQgl, whose
preparation was referred to in last year's review, has been published and
compared to the structrue of [(cp),Cr,0,1 [135]. The preparation of the first
vanadium-sulfide cluster, [{Mecp),V.S,1, zimilar to the oxygen cluster above,
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has been reported [136]. Treatment of [{(Mecp),V.8z] with PBuy in CH.CI,
yielded purple crystals of [{Mecp),V,5,] after precipitation by hexane.
Several structures were postulated for the complex on the basis of 1H NMR and
mass spectrometric results. Reaction of [(Mecp),V,S,] with (Fe(GO)g) yielded

[ (Mecp) V,S,{Fe(CQ)53)] (see Figure 23). Furthur reactions of this complex
0\ < c
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Figure 23: One of the itwo independent molecules in [(MeCgH,),V,54{Fe{C0)3}]
[136].

were carried out, which convinced the authors that there is a wide scope of
chemistry to be revealed in the field of cyclopentadienyl vanadium sulfide

clusters.

4.6 SPECIES THAT FORMALLY CONTAIN OXO-ANTONS OF VANADIUM

Once again the vanadate, [V0,]®", ion has received much attention and
mmmerous reports have been made on different complexes containing the anion,
detailing their structures, and spectral and physical properties.

A calculation has been made of the vibrational spectra of Ca(VO,); by a
matrix method assuming three crystallographic non-equivalent [V0,13~ groups
[137]1. The structure is known to be rhombohedral, containing (V0,1 anions
which are distorted to different degrees from true tetrahedral geometry. The
predicted spectrum wms compared with that observed by experiment. In an
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extension of the study, calcium ions were replaced by larger atoms (M = Sr or
Ba) to give a mixed-metal vapadate (CaM;_.);[VO4],. This caused the shorter
V-0 bonds in [VD,]3~ to lengthen, and hence the wavenumber of the assoniated
V{vQ) vibrations to decrease. Conclusions were drawn fram the changes in
wavenumber about the interchange of cationic positions. The X-ray orystal
structure of copper{II)vanadate, Cuy{V,),, has been determined and is showun
in Figure 24 [138], The complex is triclinie, space group Pl and isotvpic

0
0\ /Cl < O\V/
J\ f O/ \
0 Cu 0 g—Cu

Figure 24: The crystal structure of the triclinic Cug{vO,}, [138].

with the corresponding phosphate., The V-0 distances were found to vary from
1.643 to 1.783 A, and the lengths seemed to depend upon the relative positions
of the oxygen atoms to the nearest copper atoms.

By mixing solutions of Na5[VO,] and Ga{NO;]ly at various pH's, complexes
of moleculer masses corresporkling to  GaVO,.3H,O, G, (V,0:),.18H,0  and
GayV,0,3.8H,0 were cobtained [139]). The water melecules were thought to have
different. adsorption centres in the complexes. Infrared spectra of the
products suggested that they contain {GaOg} octahedra and [VO,) tetrzhedra.
The complexes were heated in an attempt to obtain anhydrous corystalline
structures, but all decomposed above 550°C te Ga,0, and V,0g5. 1nh a similar
study, solutions of Sc[NOz]; and Nay[V0,] were mixed amd the precipitates
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obtained were studied [140}]. However, considerable contamination of the solid
phases with sodium salts was observed, although some pure compounds were
thought to be obtained, one of which was represented by the formula
{[{Bc{CHI} 3{VO4 )2 1{HO0) 4 gl (Ha0) 3 (H0) p The same group also studied the
dependence of the compogitions of yttrium and lanthanum wvanadates upon pH by
mixing sclutions of the nitrates with Nagy[VO,] [141].

The structure of a salt, calcium sodium vanadate, CaNa[VO,] has been
studied by powder neutron diffraction [142]. The salt was obtained by heating
sodiun oxalate, calcium carbonate and V,05 for thirty minutes at 600 K and
then for two days at 973 K: the resulting material was annealed for one week
at 773 K. The structure was found to be of the Na;[Cr0,)(II} type and was
described as being built from {CaQg} octahedra sharing paraliel edges, giving
alightly staggered chains along [001]. These chains are arranged in parallel
planes normal to [010] and linked by {VO,} tetrahedra. Various double
vanadates of thallium and rare earth elements, such as TlLn(VO,)., have been
synthesised and characterised by X-ray diffraction and IR apectroscopy [143}.
The thermal stability of the complexes was studied and each was found to
decompose at temperatures above 450 "C to T1,VO, and LnVO,. The spinel system
Zn,_,Fe,(Fe,, ¥V, ,)0, has been prepared by heating mixtures of ZnFeV0, and
Fes0, at 1000 'C and the distribution and valency of the eations investigated.
A transition from a near normal to an inverse distribution of Fe{II) and
Fe(11l) was found to exist [144].

The rande of mixed cationic and anionic apatites of general formula
Coyg ST POl g (VO I GgIOH); (x =2, 5 or 8 s=1, 2, 3, 4, 5 or 6) has been
the subject of a spectroscopic study. The point group of the 'tetrshedral’
ions appeared to depend upon the value of 8. For instance in the case of
x=5 and 8= 1, the [VO,]%" ion appeared to have Cyy symetry from the IR
bands observed {3V, and 1V;). When s = 2, the point group changed to Gy, and
as g5 increased to 5 a loss of symmetry was observed s0 eventually most of the
[V0,]?~ ions belonged to the (5 group. The X-ray diffraction pattern of the
salts showed & decremse in crystallinity as the amount of [VO,}®~ present
increased [145]. The IR spectre of the series of mixed anicnic strontium
apatites Bryo(PO4le.z{V0,) z(OH}, (2= 1, 2, 3, 4, or 5} again showed that the
symretry of the anions depended on the composition of the complex [146].

X-ray powder data has been reported for the decavanadates of pyridinium,
[CgHgNH) gH5 {V  g000] - M0 [147].

The structure of the first mixed valence iscpolyvensdate ion, [Vy40pa1%"
which exists &as a discreet entity has been published [148]. The
tetracthylammonivm salt of the ion, whose preparation was reported some time
ago, was recrystallised from ethanenitrile. Figure 25 shows the structure of
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Figure 25: One view of the [V 40,,]% anion {148].

[VmOzs]“, which comprises one assymmetric unit of the structure. The atoms
V{l} and V{(2} are in tetragonal pyramidal geometry, and thought to be
quadrivalent with V-0 distances similar to those found in the other
vanadium(IV} complexes. These two tetragonal pyramids of {V0,)*" units are
considered to be above and below a crown of eight vertice shared tetrahedra
containing {VO,} units. These eight vanadium atoms are thought to be formally
pentavalent, with V-0 distances +typical of a wvanadium(V} complex. The
distance between the two central vanadium({IV) atoms iz quoted as approximately
4.44 :&, which is similar to that found in other dimeric vanadirm{IV)
complexes.

The polymerisation of decavanadic acid by an autocatalytic process is
known to yield polyvenadic acid gels, free from foreign ions such as Na* or
[NO3]~ [149]. During the polymerisation, some vanadium reduction is thought
to occur which resulted in mixed wvalence vanadium(IV) and vanaditm(V)
polymers. When layers of this polymer gel were deposited on glass,

semiconductor properties were observed due to electron transfer betwesen
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vanadium(IV) and vanadium{V) atoms. The authors suggest that the polyvanadic
acid coclleids exist as polydispersed ocils rather than rods from the
interpretation of both the EPR spectra and light scattering experiments.

The pelyvanadates Na,V;,05,.7.TH;0 and Na,Vg0,s.4H,0 have been
characterised by IR, EFR and NMR studies, and the loss of water molecules on
heating studied [150]. The complete dehydration of NayV;;05,.7.7H;0 was
observed at 280 C, when a structural change occurs with formation of Na,VeO,e
bronze.

Monophasic vanadium antimonate, VSbO,, has been prepared by carefully
heating an equimolar mixture of V,0g and Sb 05 in O,-free dinitrogen at 750 "C
[151]. However, tracex of Sb,0, were ohbserved to sublime out from the
reaction mixture, suggesting the formation a non-stoicheiometric product such
ag V3b, 0O, .5 {0 ¢ ¥ ¢ 0.1}, Calcination of the product at 810 'C led to
the formation of B-8b,0, crystals which, when heated at 670 'C, produced
crystalline outgrowths of VSb0,, B-3b,0, and V,05. The system V,Og/MoD; has
been studied in order to characterise the B-phmse, which was found to have the
composition VgMogD,,. X-ray powder diffraction studies were carried out to
demonstrate that the crystals VgMogD,, were monoclinic and cell dimensions
were calculated [152]. The crystal structure determination of the ammonium
vanadium molybdenum oxides, [NH,],¥,Mo,_,0,, has been carried out by complete
prefile analysis and refined by least squares to R - 10% [153]: when ~ ¢ 0.2,
the crystals were found to be hexagonal, space group FBy/n with Z = 8.
Crystals of the compound Cs,Mn,V,0,s have been obtained by electrolysis in a
melt of initial molar composition Cg,[00;] = 36.4%, V.05 = 54.6% and
Mn[CO5] = 9.0% at 420 'C [154]. The gtructure was fourd to contain
{CsMnyVyygly layers parallel to the ab plane, with two Cs atoms per cell
between them. The layers are made of flat ribbons of {Mny0,4}, bridged by
{V505} double tetrahedra, which leave large cavities inside the layers which
are occupied by caesium atoms. The oxide vanadium bronze Ca,V,0g of type 8,
has been studied by EPR amd IR spectra and magnetic susceptibility
measurements [155]. A sudden change in physico-chemieal properties of the
bronze was found close to the composition Cag psVo0s, thought to be due to the
redistribution of calcitm jons in the possible positions in the crystal
lattice. Oxide vanadium bronzes of slkali metals MV,05-8 (M = Li, Na or K)
have been obtained during crystallisation of melts of =alkali metals and
vapadium(V) oxide in air and the Gibbs free energy of formation calculated for
the compounds {156].

A new complex KjVO,[80,]; has been obtained in the ¥,0-80,-V,0g system
and has been studied by X-ray powder diffraction, IR spectroscopy and crystal
optics [157]. The unit cell parameters of a related complex K,S,0,.V,05 have
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been determined from X-ray powder photographs [158].

A study has been made of the hehaviour of oxovanadium, {VO}2+, ions in
tungstic acid [159]. In aqueous dmso, the {VO}2+ ion was found to insert
itself into the most stable tangstic acid, HyW,,04,, according to equation
(28} and in the presence of excess (VO}2t the complex VO(W,,V055) crystallised

HyW oOsp + {VOIZ¥ s H,W, VO, + 2HY (28)

out. When the reaction wams carried out in water, there was competition
between the insertion reaction and flooulation of the associated tungstic
acid.

High resolution solid state NMR spectra of the quadrupslar nucleus 51V
(I = 7/2) in [NH,]VO4; and NaV0O,; have been reported. The spectra were obtained
by observing the (34,-%} spin transition wunder oconditions of rapid
‘magic-angle’ rotation and are thought to be the first of their kind reported
for S1v [160],

The optimm experimental conditions for the preparation of TIVD, and
T1,Vg0y 4 have heen arcertained by investigating the systems
NaVQ5 /CH,COOTY /CHZ000H/H, 0 and  NaVO, /CH4CO00T] /HNG; /H,0  [161], The existence
of a new pentavanadate, KVg0,5.2H;0, has been verified by analysis of the
precipitate formed in the system K,S50,/KVO4/H.50,/HaO [162]. The reaction of
aqueous NH,VO, with HaP0, and oxalic acid was found to yield the complex
[NH, ] {VO} (VO, } (HPO, ), . IO, which was characterised by thin layer
chromatography, X-ray diffraction, TR spectroscopy, and thermal analysis: this
complex wms found to act as a catalyst in oxidizing C, fragments to maleic
anhydride [183].

The X-ray structure of the high temperature modification of V405 has
been determined. The structure 1is described as comprising hexagonal
close-packed oxygen atoms with octahedral interstices which are partially
filled with vanadium atoms. These wvanadium filled octahedra form two chains
of two types which run parallel to [00]1] arki which alternate in the directions
{160] and [0G10]. One type of chain is composed of double octahedra coupled
together by having edges in common, the other type consists of single
octahedra coupled by sharing corners. This is similar to the low temperature
V405 structure, in that it has a sheer structure derived from the rutile
structure [1B84}.

A single crystal ENDOR study of the [VO{H0}512* ion in
Mg[NHyJ-[80,]1;.6H,0, where [VO{H;0)gl}?* substitutes for Mg?t in the lattice,
hags been carried out to determine whether hydrogen bonding with [S80,]2~ ions

plays s dominant role in determining the positions of the water molecules, or
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whether the geometry is determined by the binding forces in the aqua complex
itself (165}. ENDOR data on [VO{HzO}5]?* in Tutton’s salt and in frozen
agueous solution were ocompared and showed that the cation has a similar
geometry to the hexasqua complexes [Cu(R,0)g}l?% and [Zn(H0}g]2*, where planes
of H,0 molecules are almost perpendicular to each other. The geametry of
{VO(H;01g]2% ia retained in frozen aquecus solution. It was concluded that
internal hydrogen bonding forces have a large effect in determining the
geometry, because of the lack of pronmmced solvent effects on [VO(H0)g12%,

Vanadate sulfate trihydrate, VOS0,.3H,0, has recently bheen the subject
of a =ingle crystal X-ray determination, but in the study three of the
hydrogen atoms were not. located abuolutely. Therefore the same group have
made a study by neutron profile analysis on the structure of V0S0,.3D0 [166].
The coocrdinestes of the non-hydrogen atoms were found to agree well between
both sets of data. The previous location of the hydrogen atoms was confirmed
as being quite good, with the exception of one atom which was found to be
shifted towards one oxygen atom to give a normal hydrogen bond.

The sucegaful formation of phases from the reaction of Nae,{00;] with VO,
and V0, has been studied by DTA [167]. Carbon dioxide, which is evolved
during the reaction, was found to play a vital part in the oxidation/reduction
reactions. Products obtained from the reaction of Na,CO; and VO, are V;0,,
Na,V,0g, Na Vo0, NasVOy and Na,VO,. In the reaction with V,0,, only Na,V,0,
and Na,V0, were obzerved.
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