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STUDIES IT{ VANADIT'I.I CHE}IISTRY

SUMMARY

The chemistry of vanadium in the +4 oxidation state'is dominated by the

very stable [V=Q]2+ grouping. This 'vanadyì' moìety acts as a coordination

centre form.ing many stable mononuclear compìexes with a variety of ìigands.

The research project expìores some other less well known aspects of the

chem.istry of the eìement, in part'icu'lar, the formation of dimerjc vanadyl

compìexes and the ab'ility of V4+ to form chelate compìexes not containing the

oxo group. An important aspect of the preparative work has been the identi-

f i cati on of the type of cheì at'i ng ì ì gands wh'ich stabi I i ze these I ess con'rnon

types of vanadium comP'lexes.

The synthetic work on the dimeric alkoxo-bridged oxovanad'ium(IV) comp-

lexes of the type iVO(AA)(0R)lZ has established that such complexes can be

formed with a nestricted type of b'identate 'ligands (AA = anion of Ê-d'iketone

or o-hydroxy aìdehyde or ketone) and with primary or secondany alkoxìde

bridges. The dimeric nature of [V0(acac)(OMe)], has been confirmed by its

X-ray crystaì structure determi nati on. Simi I ar dimerj c structures are

postuìated for all the prepared compìexes on the basìs of their sub'normal

magnetic moments, mass spectra and the'ir characterist'ic E.S.R. spectra and

other spectroscopic propertìes. In a number of comp'lexes the study of the

magnet.ism oven an extensìve range of temperature has permitted the calculation

of J, the coupling between the unpaired electron on each of the two' vanady'l

centres as well as understand'ing the mechanism of the magnetic exchange in

these dimers.
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The novel non-vanadyl vanadium(IV) complexes of the type VLZ have been

prepared from thnee types of dinegatìve tridentate 1ìgands, LZ- which are:

(a) Schif f bases of ar"oyl hydrazines with ß-diketones or o-hydroxy aromat'ic

carbonyl compounds,

(b) Sch j ff bases of o-ami nophenol s w1th the same carbony'l compounds and

(c) 2,2' -dihydroxyazoanene dYes.

In all cases the ligands are p'lanar, with the donors -f*^O- fonmìng a five-

and a sjx-membered chelate rìngs. The crysta'l stnuctures of four of these VL2

compìexes wìth d'ifferent ligand systems show their generaì preference for the

uncommon trigonaì prismatic geometny whìch have been discussed exp'licìtly 'in

tenms of d1-electnonic configuration, ligand geometry and the bite sizes of

the chelate rings. The unusual stabilizatjon of the V4+ ion in the absence of

the oxo function 'in the VL2 compìexes may be attn'ibuted to n-electnon donat'ion

from four strong'ly basic phenoìic and/or enol'ic oxygen donors in a flattened

tetrahedral arrangement provided by two dinegatìve tlidentate'l'igands. These

compl exes show strong LMCT bands i n the vi si bl e negì on and characteri sti c

E.S.R. spectra.

A number of V02+ and V03+ comp'lexes containìng the same ¿2- have been

prepared in an attempt to elucidate the neaction mechanism of the formatjon of

VLZ. Wjth type (a)'ligands, reactjon of equìmolar amounts of VOCì2 and L!2

has been found to give readjly oxidizable (VOL)Z or VOLHCI from which in tunn

the vanadjum (+5) complexes VOL.0R and (V0L)29 have been prepared. In these

complexes, as the crystaì structunes of V0(Bzac-BH).OEt and IV0(Bzac-BH]20

show, the vanadium has a square pyramidal coordìnat'ion. The monomeric

VIVOLHCI can be used to fonm mixed ligand comp'lexes of the type VLL'.

The electrochemical study of VL2 complexes showing a neversible VIVTyIII

wave in the region (-)0.050 - (-)0.400 V vs S.C.E. can be used as an a'id to

'ident'ify and characteni ze such compì exes.
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ABBREVIATIONS

The abbrev j at'ions I i sted bel ow have been used throughout the text of th'is

thesi s.

acac Acetyl acetone Me MethYì

Bzac BenzoYl acetone Et EthYl

dbm Dj benzoyl methane Prn n-Propy]

HNp Z-Hydroxy-1-naptha'ldehyde Pri 'iso-Propyl

HAP Z-Hydroxyacetophenone Bun n-Butyl

Sal Saì ì cyl a1 dehyde BuZ sec-Butyì

BH BenzoYl hYdrazi ne Ph PhenYl

Sal H Saì i cyì oyl hydrazì ne Bz Benzyl

QAP o-Amj nophenoì Et0Me Z-Methoxyethyl

3-am-2-nap 3-funi no-2-napthoì EtOEt 2-Ethoxyethyì

g -nap ß -napthol L'iOAc L'ithi um acetate

Erì o T Eri ochrome Bl ack T AA Bi dentate I i gand

The abbrev'i atj ons for the di basi c tri dentate Schì ff base I i gands ( L!2)

were der^ived from those of the component aldehyde/ketone and the amine, ê.9.

the Schi ff base deri ved f nom condensat'ion of acety'lacetone and benzoyì hydra-

zi ne was abbnevi ated as acac-Bl-þ; that f rom benzoyì acetone and saì i cy1 oy'l -

hydrazine as Bzac-Sa'll-þ; that f rom Z-hydroxy-1-napthaldehyde and o-am'ino-

phenoì as HNP-0AP&; .tc. The tridentate azo dyes were al so abbrevj ated usi ng

abbrevjatjons of the diazonìum and the coupììng components, e.g. the azo dye

de¡ived f nom coup'l i ng of di azon'ium sal t of o-ami nophenol and Ê -napthoì was

abbreviated as 0AP-ß-nap; etc. These tridentoto ìigand abbreviatjons are gìven

'in Secti on 6.5 aften the name of each I i gands.

I. R. Infrared br broad

UV Ul travi ol et sh shoul der

N.M.R. Nuclear Magnetic Resonance m medj um

E.S.R. El ectron Spi n Resonance s stnong

B.M. Bohr Magenton ms medium stnong

nm nanometer w weak
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CHAPTER 1

INTRODUCTION

1.1 CO0RDI¡|ATI0N CHEI'IISTRY 0F VANADIUI.I

The number of publ i cati ons i n the 'inor^ganì c I iteratune concerned with the

chemistry of vanadium is rather small compared to othen transit'ion metals.

This'is in part due to ìts limited'involvement jn bioinorgan'ic chenristry as

compared to the extensjve roles of other metals, especialìy ìron and coppelin

a number of key physioìogical and numenous essential proteins and enzymes.

0nly in recent years, thene has been some jnterest in the b'iochemistty and

physiology of vanadìuml, compounds of bìo'logìcal significance, especiaìly

vanadyl ( IV) por-phyrins2.

0ne of the interesting features of vanadium chemistry lies in its be'ing

an eanìy transition metal and'its capacìty to exhibit oxidatìon states ranging

from -1 to +5 wìth the high oxidatìon +5 and +4 states bejng the most stable.

Partì cul ar^ly stabl e i s the +4 oxì dati on state wh'ich i s the most common f or

vanadium and not often found in the other first series transition metals, The

compl exes of vanad'ium vany wi de'ly i n the j n redox pnopertì es f rom those of

vanad'ium(V) which are genera'lly oxidising to those of vanadium in the +2 and

I ower states wh'ich are strongly reduci ng.

Because of its isotopìc composit'ion [mass numbers 50(0.24%) and

51(99 .76%) l, the mass spectra of the vanad'ium compl exes can be easì ìy 'interp-

reted and are of great hel p 'in synthet'ic wonk. The presence of only one d

electron ìn the +4 oxidation state, comb'ined w'ith a nuclear sp'in of 7/2, gives

rise to easily resolvable e'ight-ìine electron spìn resonance spectra which ane

of great value in studying the chemistry of this state.
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L.2 OXoVAI{ADIUM( IV) COMPLEXES

The chemistry of vanad'ium is domìnated by the stable vanad'ium(IV) - oxo

species commonly nefenned to as the vanadyl, VOZ+ entity. The V0 bond is

essential'ly a double bond which 'involves r-bonding through donation of change

from the f iIIed 2p, orb'itals of the oxo Iigand 'into the vacant 3d*, and 3dyz

orbìtals on vanadium. It is this transfer of electronìc charge to the high

ox'idation V4+ centre which stabìlizes the V02+ entity and enables it to act as

a discrete coordination centre. The most characterist'ic featune of the oxo-

vanadium( IV) complexes is the shanp and stnong [ = 0 stretching frequency

observed3 in their infraned spectra at 985 t 50 cm-l, corresponding to a V = 0

force constant of [ = 7.0 t 0.7 md/Ao. Th'is vV = 0 serves as a diagnost'ic

tool for identjfìcat'ion of the vanadyl oxygen in the oxovanadium( IV)

compl exes "

The oxovanadium(IV) ion is pnobab'ly the most stable diatomic oxocation

known and'it forms an extensive range of anionic, cationic and neutral comp-

lexes w'ith a variety of ìigandsa-s. These complexes genena'l1y exh'ibit five

coord'ination which may be incneased to s'ix by acceptìng a ligand ìn the vacant

site tr.ans to the vanadyì oxygen. However, some recent ç6¡(10-14 has shown

that the sixth lìgand may have a cis u..ung"i"nt with nespect to the vanadyl

oxygen as was found in the crystal structures of V0(acac)2.4-phenylpyridine by

Ca'ira et al . r2 and IV0(b'ipy)2C11+ Uy C..1. Hawki ns 14. Cai na _et a] . 10 suggested

on the infraned evjdence that the V0(acac)r.B (B = several substituted pyri-

d'ines) could be classified'into e'ither cis or tnans isomers depending on the

pyridine substituent. Similar suggestions have bòen maderl fon the V0( AA)2.4-

methyì-pyridìne N-oxide adducts (AA = anion of acetyìacetone, benzoyìacetone

o n di benzoy'lmethane ) .

The V - 0 stretching frequency is quite sensitjve to the nature of the

c'is or tnans ligand. Donors that jncnease electnon density on the metal ion

by transferring charge into the same d onbitals of vanadium as the oxo 1ìgand

reduce its accepton properties towands 0, thus lowering both the V-0 multiple
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bond chanacten and the infraned stretchìng fnequency. The V02+ entity ìs so

stable that 'it has a discrete exjstence in compounds 'in the soljd state, in

fused state, jn solution and'in the vapour state4. The inertness of the oxo

l.igand is reflected by'its very slow exchange ratesl5rl6' iÍl contrast to the

nates of donor. atoms at the other positìons which ane comparable to those in

other +2 cationslT.

Oxygen Position Residence Tjme (sec)

0 0
= 1.8 x 10 4

1.35 x 10-3

= 10-11
ß

0 0

c

ß

Y

ßß

il
V

0a

qr

Vanady'l

Equatori al

Tnansß

due to Jahn-Tellen effects, the prjncipal

of a squane p'lane.

Figure L.2.1: 017 exchange for V0(HzO)3* ì n aqueous sol utj on

at room temperature.

The coord'ination of V02+ is often compared with that of Cu2+ ìn which,

coond'ination sites are the conners

L.2.L 0X0VANADIUI4( IV) CHELATES t{ITH 0 At{D/0R N-D0NoR ARoHATIC 0R QUASI-

AROMATIC LIGANDS

In most of these comp'lexes , the 'l 'i gands ane ß-d'i ketones or anomati c

2-hydr.oxyaì dehydes or ketones, or the Schi ff bases deri ved f rom the'i r

condensat'ion with a variety of amines such as hydrazines, alkanolamines,

o-hydnoxy ary'lami nes and d'iami nes. Such 5ch j ff bases may act as bi dentate,

tridentate or tetradentate'ligands.
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(a) BIDENTATE LIGANDS

ß-d'iketones (AU), having at least one hydr ogen on the c-carbon atom and

capable of exh'ibìting keto-enol tautomerismls react with V02+ to form V0(AA)2

complexes, in which the vanadium replaces the enoljc hydrogen thereby shifting

the keto-enol equ'il'ibrium in favour of the enol form. These metal-ß-diketo-

nates, with si x-membened chel ate ri ngs, exhj bit aromati c behavi our. For

example, subst'itutìon of the cr-proton bears a close resemblance to various

electr"ophil'ic substitut'ion reactjons in the benezene ringls. The ß-d'iketones

and o-hydroxyaldehydes or ketones exhìbjt h'igh pKa values, gìve lise to planar

chelate rìngs and can act as pn donors to fonm V0(AA)2 or related Schiff base

compìexes. An advantage of these ìigands is thein numenous substituent denìv-

at'ives with var^y'ing electron-withdrawing capabìlities which can be cornelated

to the stabìlity, bonding, electnochemical and stereochemical properties of

theì r compì exes.

The X-ray crystal structure determì nati ons of V0( acac)Z 'o and

V0(Bzac)Z ,, show a fi ve coordi nate squane pyrami dal arrangement wjth the

vanadìum atom'lyìng - 0.5Â above the plane formed by the four singìy-bonded

oxygen atoms of the d'i ketone 'l 'i gand. The extens ì ve rev'i ews by $sl þ'i ¡a I s

summarize the chemistry and propertìes of many such V0(AA)2 comp'lexes. Many

of them f orm sì x coordi nate adducts w'ith Lew'is bases I i ke ammoni a, pyri dì ne,

bipyridyì and phenanthrol'inel0 rII ¡22'24. Recently the E.S"R.2s, magnetic

propertì es2 6 and el ectnochem'i slry27 of such comp'ìexes have attracted i ntenest.

The chemìcal reactions of these complexes wene investigated wìth consid-

erabl e attent'i on on'ly aften 1960t s w'ith an ob jecti ve of expl ori ng new prepar-

ative methods for a variety of their derivatives. Intenests in the V0(AA)2

type complexes'in the present study ane their use to prepare (i) some alkoxo-

bri dged vanadyl di mens of the type IV0( AA) ( 0R) ]2, contaì ni ng onìy one such

(AA) ììgand per vanadium in which the square pyramidal structune is completed

by the brìdgìng aìkoxo groups, and (ii) some non-oxo vanadium(IV) complexes of

the type ULZ contaìning some Schiff base lìgands fonmed in s'itu by the
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reactions of the V0(AA)2 w'ith aroylhydrazines under appropriate conditions

(Chapter 3.1.2).

(b) TRIDENTATE SCHIFF BASES

Because of the great synthetic flexibil'ity of Sch'iff base fonmation, many

ìigands of diverse structural type have been synthesized by condens'ing vanious

ketones or al dehydes w'ith di fferent amines , such as di ami nes, al kanol ami nes,

hydnoxyarylamines, hydrazines, etc. Schiff bases derived fnom B-diketones, or

o-hydroxyaldehydes or ketones, and anoy'lhydrazìnes have keto-enol tautomerìc

equìljbrium associated wìth the ß-diketone as expìained above and the aroyl-

hydrazine part28. The extensjve delocalization over both systems favour enol-

i zat'ion to a greater extent than the i ndi v j dual cornponents g'iv'ing rise to a

potentialìy dinegative'ligand. It ìs also possìbìe to obtain the Schiff

bases , 'in situ, duni ng reacti ons of some metal al dehyde or ketone comp'lexes

wìth sul'table NH2- contain'ing compounds. In certajn cases2er30 this ìs the

on'ly way to obtain the desìred ìigand. In the present wonk, such reactions

wene used advantageously, especi aì ly w'ith acetyì acetone-hydrazone compì exes

whene attempts to prepare the Schiff base by condensing acetyìacetone with

benzoyl hydnazi ne resulted i n the formati on of a cycl i zed product. A 'l arge

number of Schìff base complexes of oxovanadium(IV) w'ith a van'iety of donor

atoms have been reponteda-9131. L. Sacconi32 prepared and studied a number of

V0 - Schiff base complexes of general fonmula IX-Salen-N(R)(R')J2V0 in which

V is coondinated to two ìdent'ical Schiff bases, and [(X-Sal )(X-Sa]en-N(R)

(R')1V0, in whjch V is linked to one sa'licyìaldehyde and one Schiff base (X =

H,5,6-benzo- or'5-chlono- and ft = CH3, H, CZHb, C6HS, etc.). The authors

bel 'ieve that the Schi f f bases behave as b'i dentate 1 ì gands coordì nati ng th rough

the oxygen and the imine nitrogen in the former case and as tridentate ligands

i n the I atter compì exes.

However, the pnesent study is confined to the dinegative Schìff bases

(LHZ) which have the ab'i'l'ity to pnotonate the vanadyl oxygen givìng rìse to
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uncharged VIVIZ type comp'l exes. Vanadyl ( IV) compl exes of such ì ì gands are

known and confonm to two types, vtz. the VOLX, where, X js a mono or bidentate

1ìgand and the dimeric (VOL)Z complexes wh'ich ane chanacterized by thejn

subnormal magnetìc moments and most of which contain the dibasic tridentate

ìigands hav'ing d^Ñ^0 o. fruÎ donor atoms. 7e1s¡l5sv33-35 prepaned some V0-

complexes of the Sch'iff bases derjved fnom 5-R-saìicylaldehyde and 5-R'-ortho-

aminophenoì (R = H , R' = H, Cl , Br and R = N02, R' = Br). Ginsberg et a1.36

prepared these as wel I as some new comp'l exes wi th subst'ituted Sch'i f f bases

whene, R = H, R' = H, CH3, Cl, Bn, N02; R = Cl, R' = H, Cl and R = N02, R' =

H, Br-, NgZ. 0n the bas'is of the magnetic data, they suggested a dimerjc

stnuctur.e. Sjmilar dimenic structures were proposed by several ws¡(s¡537-39

for the oxovandi um( IV) compl exes of the vani ous Schì ff bases den'i ved fnom

2-hydroxy-1-napthaldehyde and 4-R', 5-R substituted o-aminophenols. Similar

comp'lexes of Schi ff bases deri ved f rom sal i cy'laì dehyde or substituted saì i cyì -

aldehyde and 1-napthy'lmethylamine40 or o-hydroxybenzylamine4l or alkanola-

¡¡i¡s542r43 were also proposed on the basis of their infnared, electronic and

E.S.R. spectnal data and subnormal magnetìc moments, to have dimeric configur-

ations. UnfortunatelY, rìo crystal structure on any of this type of d'imers has

yet been determjned probabìy because of the dìfficulty jn growing suitable

crystals due to theìr insolubility or instabi'lity in solution44. The elect-

roni c spect ra of many of these 'i nsol ubl e compl exes urene obta'i ned by ref I ect -

ance from the solid on as a mull and wene interpreted in terms of the

Ballhausen-Gray orbjtal scheme45. Also most E.S.R. spectna of the above

dimers were obtained with solid undiìuted powders6.

Aìthough Dua et al.a6 reported some oxovanadium(IV) comp'lexes of some

t¡identate benzoy'lhydrazones and chanacterized them as oxovanadium(IV) dimers,

we bel ieve f rom oun study (Chapter 4) that these compounds were rea'l'ly

(hydrazonato)oxovanad'ium(V) alkoxides or at best a mixture of this and ljttle

V0( IV) monomer.



7

(c) QUADR IDENTATE SCHIFF BASES

This type of 1ìgand is of less'interest to our work because such ligands

are well-su.ited to squar.e pyram'idal coordinat'ion and hence are less likely to

form non-oxo vanadium(IV) chelate complexes. Quadridentate Sch'iff bases

der i ved f rom sal i cy'la1 dehyde and polymethyl ened'i ami nes neact wi th oxovanadi um

(IV) su'lphate to give compìexes of formula IV0(0C6H4CH = N-C R'R" (CH2)n-1-

frf = CH CUHO0)1 (n = ?, R', R" = fl or CH3; n = 3-10, R' = R" = H)47. The

l ì gand bì s (S-methy]-2-hydroxypropi ophenone)ethyl enedì amìne compl exes with

V02+ ,*B¡4e. The Schiff bases derived from g-diketones, e.g. 2,4-pentanedione,

2-methoxophenylbutane-1,3-dione or 2-methoxopheny'lpentane-1,3-dìone with I,2-

diaminoethane aìso give mononuclear complexes with V02+ 50¡51.

1.3 Î{ON-VANADYL VANAD IUM( IV) COI{PLEXES

As has been stated eanl'ier, the stable V02+ is pnesent as a discrete unit

jn a wioe variety of complexes4'5'7 a great many of which exh'ibit square-pyra-

mjdal coordjnation. S'ix coor dinat'ion compìexes of the simple V4+ ion 'in which

the vanadjum js not attached to a doub'ly bonded oxygen atom are rane' espec'i-

ally wìth chelatìng 'ììgands. The non-oxo complexes are common with chlorine

as the donor atom and w'ith some suì phur contai ni ng cheì ati ng 'ìi gands havì ng

shorter bites.

gctahedral tV(en)3JFO, VFå- and VCl2r- were neported'in the mid-sixtiesT.

The wìde1y studied vanadium(IV) halidesT of the type VX+ (most stud'ied comp-

ounds are w'ith f, = Cl ) are found to be unstable, extnemely neactive and

rapidly hydroìysed in water to give vanadyl compìexes. In most other pnoton'ic

solvents, ê.g. ammon'ia, am'ines, a'ìcohols, etc. an incomplete hydrolysis occurs

resulting in the pnoduct VCI2SZ 7 (S = deprotonated solvent). VCl4 fonms

mostly octahedral adducts w'ith one on two lìgand nolecules attached through

oxygen-, suìphur'-, selenium-, îitnogen-, phosphorus- and arsenic-

donors7ts2t53. An interest'ing eight coordjnated adduct wjth bidentate o-

phenylenebisdimethylarsine, IVCl4.2 d'iars]'is known to possess a dodecahedral
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stnuctur"es4. Compounds of the type V(0R)4 55r56 are also unstable and high'ìy

suscepti bl e to hYdrolYsi s.

I n cont rast to VX+ type comp I exes , the t r^'i s non-v anadyì compl exes of

bjdentate sulphur donon ligands, such as dìthìolenes57 possessing genera'lly

tr.igonal p¡ifrmat'ic geometny are stable to hydnolysis. The tris-(cis-1,2-

d.iphenylethane-1 ,z-dithiolato)vanadium(IV), V(S2C2Ph2)!- Rossesses a distorted

trigonal-prismatic coond'inatìs¡58r5e. The structure of [(CH3)aNl2

tV(S2C2(CN)Z)Sl (where, S2C2(CN)e = maleonitriled'ith'iolate jon) shows a

distonted coordjnation geometny60 intenmediate between a trìgonal prism and an

octahedron. It has been suggested that eight coondination vanad'ium(IV)

comp'lexes of some bidentate dìa1kyl d'ithìocarbamates' e.g. IV(S2CN Et2)41 have

a dodecahedral6l configuration. V(dtpa)4 and V(dta)4 [where, dtpa- and dta-

are the dithiocarboxylates C6H5-CHZCSS- and CH3-CSS- respect'ively-l have been

shown to be dodecahedral 'in structune62.

Floriani et a1.63r64 recently reported the preparation of some novel six

coordinated octahedral VCl2L4 (where, L4 = an 0,N donor tetradentate or two

b'identate ìigands) type complexes by the reactìon of the conresponding V0L4

compìexes with SOCl2. These dichlono denivatives are very sensitive to

hydrolysìs and regenenate the stanting oxovanadium( IV) complexes. That iS,

the two Cl atoms can revens'ibly rep'lace the oxo function,

s0cl
2

VOL VCI L
244

Jne-6i VC]214 type compì exes can al so be prepaned di r^ectly f nom VCl4 and

the l'igand. For example, IV(Sa]en)C'ì 2J (Salen = N,N'-ethyìeneb'is(saìicylìden-

iminato) anion) can be obta'ined f rom V0(Salen) and S0Cl2 as we'll as f rom the

d'irect neaction of vc]4 and salenþ e+' Pcl 5 can also be used as a deoxy-

genati ng agent i nstead of S0C'12.

An X-ray ana'lys'is shows ttre IV(Sa]-N-Bu)2Cllf molecule to be octahedral6a

with eìongatìon atong the Cl -V-cl di nection. The IV(Sal -N-R) 2C12f (R = Bun'

HO
2
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phCHz, Ph, pCICOH+) comp'lexes can be used as precunsons of other substituted

complexes and organovanadìum(IV) compounds ìn wh'ich the V-C bond is stab'ilized

by Schiff base 1igand565. Followìng Floriani's method, A. Jezierski and

J.B. Rayno¡66 pnepaned a number of s'ix-coord'inated VX2L and VXZL' Z (X = Cl ,

Br) type comp'lexes and measured theìr E.S.R. spectra. The reaction of S0X2 or

(CgX) Z (X= Cl or. Br) w'ith oxovanadium(IV) porphyrjnates gìves the very

reactive d'ihalo derivatives67 which ane nemankable because they can act as

pnecursons of low-valent vanadium porphyrìns. Most recently, M. T'irant and

T.D. Sm'ith68 studied some neact'ions of the bis(salicy'laldehydehydr^azone)

vanad'ium(IV) djchloride w1th some aromatic and hetenocyc'lic am'ines and

obtained in each case the compìex of the type V(SalH)t(aminato)2 (SalH =

sa'l'icyìaldehyde hydrazone) formed by the el'iminat'ion of the reactive chlorine

anìon as hydrogen chloride.

Van Dreele and Fay6s reponted V(diketonato)2X2 type complexes befone

Florian'i. They also neported the finst cationic complexes, tV(dik)¡l*Y-(dik =

acac or dpm; Y = FeClI or SbC][) prepared by neactìon of V(dik)2C12 wìth Lewìs

acids FeCl3 or SbC15.

The f i rst repont of non-vanady'l compl exes with b'identate oxo-l i gands was

in 1971 when Henry, Mitchell and Prue70 prepared the tris-chelated complexes

of vanadium(IV) w'ith 1,z-dihydroxybenzene (catecho'l , cat) and its subst'itutecl

derivatìves of the type TIZ[V(RC6H30Z)3] (R = H,3-Me,4-Me,3-MeO). They

suggested an octahedral structu ,"W the complex ion, V(RC6H3 Où3- wh'ich later

was found to be tnue when Cooper, Koh and RaymondTr determined the crystal

structune of the complex IEt3NH]2[V(cat)3J.CHrCtl. Some studjes of the

(Et3NH)2[v(a-x-cat)s] (x = H, N02, 4-t Bu), saIv(cat)3] and (Et3NH) 2lY(2,3-

Nap)Sl (2,3-Nap = an'ion of 2,3-dihydroxynapthalene) have been carried out in

the Iaboratories of A.A. Diamantis72.

Diamant'is 'in 1976 d'iscovered the novel VL2 (L2' = a dinegative tridentate

0 N 0 donor 'l'igand) type six-coordinated non-vanady'l vanadìum(lV) complex,

bis[pentane-?,4-dionebenzoy'lhydnazonato (2-)] vanadium(IV), 'in which the V has
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Fígure 1.3.1: The crystal structure of V(acac-BH)2.
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the unusual tr''igona'l prì smati c aeomet îy73. Later, ì n the same ì aboratory '

D. FairlieT,+ and I.tl. RobertsT5 prepared V(Bzac-BH)2 and V(Sa'l-gH)2 nespect-

ìveìy. The most intenest'ing feature of these stable vL2 type complexes ar^e the

elim.ination of the oxo function of the vanadyl(IV) species and the subsequent

f onmati on of a s'ix-coordi nate compl ex wìth the tri gonal pni smat'ic aeometry

(Figune 1.3.1). The ìigand acac-BH forms a 5-membened and a 6-membered

chelate ring and the b'ite of the formen ring (see F'igure) is the smallest of

any S-membered r..ing reponted. The trì gona'l prì smat'ic coond'inati on geometry

was attributed to th'is small bite with the 5-membened chelate rìngs occupying

two of the short edges of the T.P.

1. 4 oxovANADIUM(V) COMPLEXES

The chemi stry of vanadi um(V) , 'li ke that of vanad'ium(IV) , i s al so domi -

nated by the presence of the vanadyl, V03* group and all the vanad'ium(V)

compounds encountered 'in th'is proiect are of th'is type. In str^ong'ly acid

aqueous solut'ion, cis-dioxo V0) SnouR also exists and many salt and comp'lexes

containing this group'ing have been characterìzed crystallographìcalìyz6t7e.

vanadi um i n .its +5 state has a do ground state and 'its comp'l exes a ne col ou red

because of the'i r l'igand to metal charge-t ransf er bands.

VgCl3 undergoes several addjtion neact'ions to give five on six coordin-

ated addition complexes of the types VOCI3.l- 80r8r and VOCì3.21 w'ith a vaniety

of oxygen or n'itr-ogen donor f igands, L7¡82¡83. In these complexes' V0cl 3

acts as an acceptor. Dependi ng on the react'ion cond'iti ons, V0Cl t undengoes

sol volyti c reactj ons with ì i gands contai ni ng a repl aceabl e hydrogen atom to

give various substitution pnoducts, ê.9. V0(OMe)t, V0Cl 2(OMe) ' VOCI Z(OEt) '

VOcl(0Et)2,V0c12(acac),VOcl(acac),7t83andVocl(N-pheny]benzohydroxamato

( -t¡ ¡ e+. An x-ray cr.ystal structune study of v0(OMe) g tu shows that the

molecule cons.ists of dimeric units linked in linear poìymer cha'in through one

of the ¡r-aìkoxo group givìng the vanadium atom an octahednal coordination.
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alkoxo (0R) compìexes of the type V0(0R)Ln in which the other

ar.e occupied by bìdentates6r 87 or tridentates8rs9 s¡ quadnidentate

ligands are also known88. The crystal structure of oxo'isopt^opoxobjs(8-hyd-

roxyquinol.inato)vanadium(V), V0(Opri)(oxìne)2 eø shows that the vanadium atom

ìn this molecule is octahedrally compìexed.

Q n f ew oxo-br.i dged comp'lexes ane known 'in whi ch the stnucture
llv-0-v ¡ 1s present with, the other coond'inat'ion posìtions of each V atom

0

being occupìed by a variety of ligands such as two bjdentate, N,N-d'iethylhyd-

roxyì am.i no ( 0NEt 2) gr oups e0 , two bi dentate 8-qu'i nol ì nato gnoups sI and one

tridentate Z-(2'-hydroxyphenyl )-iminomethylphenato groups2 and the'ir crystal

st r.uctu ral stud'i es showed the cent nal vanad'i um atom to be 6 ,6 and 5-coondi n -

ated respecti vely. In the case of [v0(0Ntt2) ]20, the p-0 can be repl aced by

c20-[ vi el di ng the comp'lex Iv0(ONEt 2) 2)2croo sz i n whì ch ' as pr^oposed by the

authors, the V0( 0NEt2) 2 groups are bri dged by the tetradentate p4-oxa'ì ato

I i gand theneby caus'i ng a seven coond j nati on env'i nonment anound each V atom.

The p-oxo complexes react neversìb1y w'ith alcohol to g'ive the monomeric
qA

al koxo compound 'pfl accord1ng to the equat'ion,

Lzv(0)-0-(0)vL2 + 2 ROH- 2 v0(0R)12 + H20.

The reaction 'is formally analôgous to the esterificat'ion of a carboxylìc acid

44 a-
anhydri de.'

1.5 OUTLINE OF RESEARCH AIIIIS

The vanady'l , V = 0, mo'iety w'ith a charge of +2 acts as a coondj nation

centre forming many stable mononuclear complexes with a variety of ligands.

The major aim of this research project was to explone some other, less well-

known aspects of the chem'istry of the eì ement, 'in part'icul ar the ab'i1 ity of

V4+ to fonm comp'lexes not containing the oxo group and the formation of

d.imer.ic vanadyl compì exes. An i mportant aspect of the preparati ve work has

been the .ident'if ication of the type of chelatìng 'ligand which stabilizes these

less common types of vanadium complexes. The main project of this reseanch is
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di vi ded i nto thnee secti ons.

(i ) ALKOXO-BRI DGED oX0VANADIUt'l( IV) C0iIPLEXES

Although sevenal d'ialkoxo-brìdged Cu(II), Cr(III) and Fe(III) comp'lexes

ane knowngs-e7, no such compìexes of V0(IV) had been reported" The a'im of

th.is project was to prepane a range of 5-coord'inate al koxo'bri dged

oxovanadium( IV) complexes of the fonm (AA)v0(0R)2v0(AA) ìnvo'lving different

mononegati ve bi dentate ì i gands (AU) of varyi ng s'izes and el ectnon withdrawì ng

capaci tì es and to exami ne some of thej r propertì es , especi aì ìy the'i r

spectroscop'ic pr.opertì es with the aim of gaì n'ing an understandi ng of the'i r

electronic structures and bonding. 0f panticular interest was the study of

the magnetic exchange interaction between the two bridged centres over" an

extended temperature range. The determì nati on of a s'ing'le crystaì X-nay

str^uctune of IV0(acac)(OMe)J2 was undentaken with the aim of establishing the

type of di merì zat'ion 'invol ved f or whi ch there was ev j dence f rom other

experi mental stud'i es. However, duri ng the counse of our detaj I ed

.investigatÍon of these compìexes, thene appeaned a nepontss of the cnysta'l

structune of the same comPound.

(i i ) BIS.TRIDENTATE NON-VANAD YL VANADIUH( IV) COMPLEXES

The first tr^igonaì pnìsmatic non-vanadyì vanadium(IV) compìex of the type

VL2 wì th di negati ve t ni dentate pentane-2,4-di onebenzoyì hydrazone as the 1 i gand

4r'rL
(UlZ) was d'iscovened i n this I aboratory by A.A. Di amanti sze;wh;ieln ori gi nated a

novel fjeld as to the poss'ibility of eliminating the oxo function of the

stable V = 0 group thus having avaìlable all six coord'ination posìt'ions to

make simple V(IV) chelates. The a'im of the present study was to extend

research on this type of complexça and to investigate the range and type of

djbasic tridentate ì'igands capabìe of form'ing such comp'lexes. The other aims

of this project were (a) to study the geometry of the coordination in these

novel comp'lexes, (b) to study the mechanism of the formatìon of these

compìexes, (c) to'investìgate the possìbility of the fonmation of m'ixed ììgand
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VLL,type complexes, (d) to study their varìous spectroscop'ic properties, and

(e) to study their detailed electrochemical behav'iour and see if this could be

used to characterjze their formatìon and as a possible analyt'icaì tool.

(i i i ) COMPLEXES OF OXOVANADIUI.I( IV) AND (V) I.IITH TRIDENTATE LIGANDS

The a'im of thi s sectì on was to study the i ntermedi ates ì n the f ormat'i on

of 1-lZ complexes. Tridentate ligands, L, ane known to form monomerìc VOLX

IX = H20, ophen or (OV)21 37 or (VOL)2 type dìmers6. The latter ar^e eas'ily

oxj d j zabl ee2, especi a'lly i n sol uti on. 0un 'intent'ion was to see whethen such

V6LX or (VOL)Z complexes occur as intenmediates in our system with the hydra-

zone Sch.if f base f igands by us'ing pr eparati ve and spectnoscopi c techni ques.

The secondary a1m was to study the oxidation products of the type VVOL.0R and

(VVOI-) r0 whì ch were read'ily f ormed f rom (VOL) was

the'ir structures and physìcochemical propert'ig ina-

tion of L jn the VL2 comPlexes.

F
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CHAPTER 2

ALKOXO.BRIDGED 0x0vANADrut-t( Iv) DII{ERS

2.L GENERAL INTRODUCTION

The vanadyl(IV) entity, Y02+, fonms numenous monomenic compìexes with a

varìety of ligandsa tgtT-e. Although a numben of djmeric oxovanadium(IV) comp-

I exes of tridentate 'li gands are known6, no such dimeri c compl exes contai n'ing

ar.omatjc or quasi-aromatic bidentate ligands have been reponted. The intenest

i n the di al koxo-brì dged oxovanad'i um( IV) compl exes contai ni ng mononegati ve

b.i dentate I i gands arose when Di amanti s ee, on nefl uxi ng V0( acac) 2 i n ethanol ,

ìn the presence of phenylhydrazine, acc'idental'ly discovered the product

IV0(acac)(0Et)]Z in studyìng the reactìons of V0(acac)2 with van'ious subst'i-

tuted hydrazì nes. Later studi es establ i shed the product, IV0( ß-di ketonato)

(0R)12, to conta'in two bnidging alkoxo groups. D'imeric alkoxo-bridged comp-

ounds of other transition metals, such as Cu(II), Cr(Iil) and Fe(lII) ane well

char.actenjzedg5-97r100-I04. TheSe are prepared,

(i) By direct reactìon of the appropriate metal salt and the bidentate

ligand in the stoich'iometric r^atìo 'in an excess of the desined alcohol in the

presence of a bases6's7¡103. The Fe(III) complexesÌ03 wene obtained by the

oxidation of such a mixtune containìng the Fe(II) salt. In the case of the

Cu(II) compìexestOl the ìigand used in excess acted as a base, on

(i.i) By bridgìng two metal centres, already attached to the bidentate

'ligands, in Et0H ìn the presence of a base96. In some cases, a coondinated

'ligand molecule prov'ided the base making available the coordination posit'ions

needed for the bridging gnoupr03r104.
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Bradìey et al.I05, in their book on metal alkoxides, descnibed a few

vanadium(IV) alkoxides of the type V(0R)4 and a vanadyl(V) alkoxjde, V0(OMe)3.

These compounds conta'in both bridging and termjnal alkoxo gr^oups. Although a

number of analogous Ti (IV) alkox'ides have been well-studied structurally, no

crystal structure of any vanadium( IV) alkoxide 'is known. Molecular weight

detenm'inat'ions show that vanadium tetramethoxide'is trimenic, tetraethoxjde is

dimeri c, whereas the tetra-n-propoxj de, n-butoxi de and n-amy'lox'ide show aver-

age degnee of assoc'iation of 1.38, 1.31 and 1.27 respectiveìy55. These comp-

ounds ane easily hydrolysable.

For the present project, a number of [VO(AA)(0R)]Z type dimers have been

prepaned by treating V0(g-diketonato)2 in appropriate dry and oxygen-fnee

alcohol with pheny'lhydrazine. Alternatìve synthetic pnoceàures not utì'lizing

phenyìhydrazine have also been developed. A metathesjs reaction pnocedure has

been successful'ly used to prepare the highen alkoxo-bnidged djmers.

An interesting aspect of d'imeric complexes is the magnetic coup'lìngs of

the unpaired electnons on the component metal jons. Dimeric compìexes are

convenient model compounds for studyìng such magnetic interactions. Magnetìc

studi es of vari ous I ì gand bnì dged djmens i nvol v'i ng metal -metal i ntenactj ons

have been useful 'in understand'ing certain features of the chem'istry of metal -

loproteìns and enzymesl06-108. Hodgsont00 nevjewed a number of halogen-,

hydroxo- and substituted hydroxo- (including alkoxo-) brìdged dìmens of the

first senies transìt'ion metals and described mechanjsms of magnetìc couplings

of the unpaired electnons in them. The presence of an unpained electron on

each vanad1um atom 'in [V0(AA) (0R) J2 makes the dimen a suitable system for such

magnetì c studi es. A determi nati on of thei r magneti c behavi our over an

extended range of temperature, together with their spectroscopic and struct-

ural i nvesti gatì ons was undertaken so as to chanacteri ze fuì'ly the dimer

system. Howeven, during the course of our detailed 'investìgations of these
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djmers, there appeared ô reportes on the structune of IV0(acac) (OMe)]2.

Before the appearance of thìs report, t.le had already detenmined the crysta'l

structure of this dimer wh'ich we report hene for companìson.

2-2 FORI.IATIOI{ OF DII{ERIC COIIPLEXES

,l
¡'
¡

t

t

The dimer.i c Iv0(AA) (0R) ]2 compl exes have been obtaj ned

general methods , viz. ( i ) from V0( g-di ketonato ) 2 compl exes '
synthesi s f nom voc] 2 and ('i i i ) the methathes'is react'i on.

usi ng three

(ii) d'irect

(Í ) FRoit v0( ß -D I KETOÍ{ATO), C0I'IPLEXES

Some d'imeric IV0( ß-diketonato) (0R) ]t compìexes (Tabl e ?.2.I) rae¡e

pnepaned by r.efluxing V0(á--dikefonato)2 and PhNHNH2 (1:1) in the appropriate

alcohol, RQH. The reaction did not proceed when other bases, such as Et3N or

Lj6AC were used ìnstead of PhNHNHZ. This c'learìy rejected our primany idea

that PhNHNH2 simply acted as a base and'led to a further investigat'ion of its

role, It was found that PhNHNH2 nemoves one of the ligands fr"om V0(3-d'iketo-

nato), to form a cyclìc 3,5-dialky'l derivatìve of 1-phenylpyrazoìe (D.P.P.)"

Fon example, the neaction of V0(acac)2 and PhNHNH2 in MeOH to gìve

IV0(acac) (OMe)12 proceeds accond'ing to the equation,

2 V0(acac) Z + 2 PhNHNHZ + MeOH(solvent) = [V0(acac)(OMe)J2

+2 + 4 H 0.
2

The format'ion of the hetenocyclic pnoduct in the above reaction uras proved by

isolat'ion and detenmination of its 'H-N.M.R. spectrum wh'ich was companed with

the product of the reaction between PhNHNH2 and acacH. The isolation was

effected by evaporating to dnyness the filtrate of the react'ion mìxtune,

;CHl3
N

N
I

Ph
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ac'idify'ing to decompose any compìex left and extr.acting .in CHC13, and the

viscous ì iquìd recovered from it had its 'H-N.M.R. spectrum neconded j n

CDC'l 3. The ' H-N. M. R. of the product obtai ned by dryi ng the neact'ion mi xtune

of 1:1 acacH and PhNHNH2 was also reconded Ín cDcl3. The r values (p.p.m.)

obtajned fnom these spectra (Table 2.2.2) ane comparable w'ith those obtained

by E1 guero et al .10 s. Most necentìy, Murnay 4_gl. r r0, i n descri bi ng the

crystaì structure of (c5H9N2)4[Mog026J, reported the in situ formation of the

3,5-dimethy'lpyrazoìium cat'ion, C5H9NZ+ during a react'ion of Mo02(acac)2 with

benzoyì hydr.azi ne i n ordì nary 'wet , methanol .

TABLE 2.2.I: VO AA OR DIMERS PREPARED FROM VO -D I KETONATO COMPLEXES

N0. COMPLEX COLOUR NO. COMPLEX COLOUR

1 [V0(acac)(OMe)]2

2 LvO(acac)(OEt)12

4 [v0( BzaQ(OMe) J2

5 [v0( Bzac ) (OEt ) ]2

Ivo(&ac)(onr^n)],

Bl ue

Sky-bl ue

Gneen

Green
(0ljve)

Green
(Bì ue)

3 IV0(acac) (0Frn)J2 Bl ue 6

TABLE 2.2.2, 1H-N.M.R. 
DATA (r VALUES )FOR3 ,5.DIMETHYL.1.

PHENYLPYRAZOLE ( D.P. P. ) rN cDc l?

D.P.P. Fnom -CH" 4-cH3 5-ci!3

acacH + PhNHNH2

V0(acac)2 + PhNHNH2

Litenature val uelo 9

7.70

7.70

7.7L

4.01

4.00

4.02

7.70

7 .70

7.7r
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It was observed that the use of two or three-fold molar excess of PhNHNH2

does not affect the neactìon or the yjeld, suggesting that the AA- 'in the

tV0(AA)(0R)12 formed'is quite stable,'in the presence of ROH, to react with

phNHNHZ to gi ve any f u rther D. P. P. Thi s ext na stabi l 'ity, at l east 'i n the

pr.esence of ROH, was furthen demonstrated when the reacti on of

IV0(acac)(0Et)]2 w'ith benzoyìhydrazìne'in dry methanol gave the metathesis

product, IV0(acac)OMe)]2 ìnstead of the expected (VOL) 2 or YL2 (L = dinegat'ive

tr.identate pentane-?,4-djonebenzoylhydrazonato anion). In contrast, r-efluxing

of V0(acac)2 w.ith benzoylhydrazine (1:2) in dry methanol under dinitrogen

yì eì ds the VL2 compl ex (Chapter 3). Thus, thì s react'ion of V0(e-d'iketonato)2

and phNHNH2 i n ROH was conveniently used to prepane some of the d'imens w'ith

the I owen al cohol s (Tab1 e ?.2,7) . Howeven, such compl exes with AA = acac and

R = .isopr.opyl on n-, sec- or tert-butyl coul d not be pnepared, probably due to

the bul ki ness of the al kYl gr"ouP.

(i i ) DIRECT SYNTHESIS FR01.l VoCl2

A number of [v0(AA)(0R)]z complexes (Table ?.2.3), especially with AA =

non-ß-diketonate ligands such as 2-hydroxy-l-napthaldehyde and 2-hydroxyaceto-

phenone wene obtaÍned by the dj rect reaction of AAH w'ith VOCì2 in dr^y ROH and

i n the presence of a base (Et3N or L'iOAC).

2 VOCI 2+ 2 AU+ 4 Et3N + ROH (solvent¡ = [V0(AA)(0R)72+ + Et3NHCl

The d.imer^s being extr.eme]y sens'itive to water, the supplied 507" aqueous VOCì 2

solution (B.D.H.) was dnied over P205 under high vacuum for sevenal days unti'l

a blue solid mass was obtained. Th'is was dìssolved in dry ROH and the

V-content determined spectrophotometrìcally (aM of V02+ in lM H2S04 = 17.8 M-1

cm-l) and used in all the direct preparat'ions. This method was found to be a

successf u'l generaì method wh'ich coul d be used to f orm dimeni c compì exes wjth

ììgands other than ß-diketones as well as some which could not be prepaned by

method (i ). In al I cases , the des'i red dimeri c products of thi s reacti on

separated out jn a few minutes after propen mixing of the components.
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TABLE 2.2.3: IV0(AA) (0R) ]r DIMERS PREPARED DIRECTLY FROM VOC] 2

NO COMPLEX COLOUR NO. COMPLEX COLOUR

1 [vO[dbm)(OMe)]2

2 [v0(dbm)(0Et)]2

3 [v0( HNP) ( OMe) ]z

4 [v0( HNP) (0Er) ]2

App'le-Gneen

Green

Green

Appl e-Green

5 tVOtHNP) (oRnn) 1,

6 [v0( HAP) (OMe) ]2

7 [v0( HAP) ( oEr ) ]2

8 tV0( HRe) (oPrn ) l,

Green

0l i ve Green

Green

0l i ve Green

Al so compounds 1, 2, 4 and 5 of Tabl e 2.2.I.

Using th'is di nect procedure, attempts wene made to prepare s'imilar

d'imerjc methoxo or ethoxo-brìdged compìexes w'ith a number of bidentate ljg-

ands, such as ethylenediamine,l,2-pr opanediamine, ethanolamine, o-phenanthro-

I ì ne, glyci ne, phenyì a'ìanì ne, anthrani I j c aci d, 8-hydr oxyqui noì i ne, 'isopnopy-

ledenebenzoyìhydrazone, benzaldehydebenzoyìhydrazone, d'imethyìglyox'ime, kojic

acid and diethyìdithjocarbamate. These attempts were unsuccessful because

either no pure desired pnoduct could be obtained on often some gummy pnecipi-

tate, maìnly of V0(0H)n, appear"ed or no reactìon occunred or some vanadium(V)

compounds formed.

(i i i ) I.IETATHESIS REACTIOil

The metathesis reaction of the type,

Refl ux
tV0(AA) (0R) lz + R'0H(sol vent [v0(AA)(0R')1, + 2 ROH

has been most usef ul i n pr^epari ng the h'ighen al koxo-bt'ì dged

could not be formed in the pure state by methods (i) and ('ii).

several attempts to prepare IV0(acac)(opri)J2 dimer in pure fonm by nefluxing

dimens which

For example,

( i ) V0 (acac ) z and Ph NHNHZ or ( 'i 'i ) VOCI 2, acacH and Et3N i n 2-ProPano'l we ne
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unsuccessful. But the metathesis react'ion yielded a veny beautiful, crystaì-

line product. The use of methoxo- (or ethoxo) brìdged d'imer as the starting

material for the metathesis neact'ion was preferred, because the small amount

of the mone volat'ile alcohol fonmed during the neaction could eas'i'ly be driven

away by passing a stream of nitrogen through the solution at the end of the

reflux. The metathesis reaction does not proceed with very buìky R'0H, poss-

ibly due to ste¡ic factors. Fon examp'le, with tert-butanol as the R'0H, on'ìy

the stanting matenial was isolated. The dimers that were prepared by th'is

method are ljsted in Table ?.2.4. Some of the startìng methoxo- or ethoxo-

dimers wene onìy part'iaìly soluble 'in R'0H even under reflux, however, they

were comp'letely converted to the -0R'-br'ìdged dimens on reflux. Reactions

wjth sol i d R'0H such as phenol , p-methoxybenzyl al cohol and p-n'itrobenzyl -

alcohol were canried out in dny toluene in the presence of high excess of the

al cohol .

TABLE 2.2.4: IV0(AA) (0R) ], D IMERS PREPARED BY METATHESIS REACTIONS

N0. COMPLEX COLOUR N0. COMPLEX COLOUR

I tV0(acac)(0Prr )lz

2 lVO( acac) (0Bz) l2

3 tvo(acac) ( oez-poMe¡ 1,

4 tv0( Bzac¡ loeri ) l,
5 tV0(Bzac)(OBun)J2

6 tV0( Bzac) loeuz) J2

7 [V0( Bzac ) ( OEtOMe) ],
8 [V0(Bzac)(0Et0Et)]2

9 [V0(Bzac) (OPh)]2

10 [V0(Bzac) (0Bz) ]2

Iv0( Bzac ¡ I oaz-pOMe ) l,
IV0(Bzac) (osz-pNo

IV0(dbm)(0Prn)]2

Iv0( dbm) lorri ¡ ],
Iv0(dbm) (0Bz)],

Iv0( HNP) (orri ¡ 1,

Iv0( HNP) ( 0Bz ) ],
tv0( HAP) lonri 1 1,

Iv0( HAP) 0Bz ) ]2

Bl ue

Bl ue

Bl ue

0l i ve Green

Bl ue Gneen

Bl ue Green

Green

Green

Bl ue Green

Green

11

T2

13

14

15

16

I7

18

19

2 ) 2l

Gneen

Green

0l i ve Green

0l i ve Green

Pal e Green

0l i ve Green

Green

0l i ve Green

Gneen

Also compounds 3 and 6 of Table 2.?.1 and compounds 5 and 8 of Table 2.2.3.
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The d'imens of acac- are mone soluble in alcohol than those of Bzac- and

consequently the benzoylacetonato dimens ane separated more quickly and easily

fnom the reaction mjxtures. The dìmers of dibenzoylmethane, 2-hydnoxy-1-nap-

thaldehyde and 2-hydnoxyacetophenone, because of thein insoluble nature 'in

al cohol s, prec'ipìtate almost 'immed'iately on mi xi ng of the component reactants.

2.3

(i )

PROPERTIES ATID REACTIOI{S:

STABILITY

Because of the alkoxo groups, these dimers are extnemeìy sensitive to

mo'isture and are easily hydroìysabìe in the solid state and in solution in the

pnesence of air. 0n the othen hand, (i) the g-diketones, 2-hydroxy-1-napth-

a'ldehyde and sal ì cyl al dehyde ì i gands are known to be stabl e to hydrolys'is

because they fonm V0(AA)2 complexes, whereas, ('ii) the Z-hydroxyacetophenone

is not. Although V02+ is usually taken to be stable to oxidation, our experi-

ence has shown the easy oxi dati on by ai r usua'l 1y result'ing i n yel ì ow-brown

colour due to vanad'ium(V). For exampìe, the unstable intermedìate, (VOL)2 of

our VLZ reaction in alcohol (Chapter 4) oxjdizes rapidly, ìn the presence of

air, to the (alkoxo) oxovanadium(V) comp'lex. Also, V0(acac)2'in so'ìutìon, if
allowed to stand fon a number of hout's, has been reported to change gradually

fnom blue to gneen to yellow to orange due to its oxidat'ion to a vanadium(V)

specì951ll. The purity as well as the stabìlìty of the prepared alkoxo-

bridged dimers depend to a gneat extent on the dryness of the solvent, ROH and

the'ir" careful handl'ing i n the oxygen-f ree dry di nitnogen atmosphere. Even a

t nace amount of moi stu re can cause formati on of s i gni fì cant monomer

'impuriti es.

In the sol'id state, all complexes s'low'ly turn to dark green when exposed

to air. The rapidìty of thìs colour change, due to decomposition and oxida-

tion,'is an'indication of theilinstability which depends on the nature of the

bjdentate ligand and the alkoxo gr^oup. Complexes with 2-hydroxyacetophenone

were found to be the most air-sensitive. That HAPH fonms neìativeìy weak
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complexes is apparent from the faìlure to obta'in the V0(HAP)Z complex under

the f ol I owi ng condi t'i ons :

('i) v0cl2 + 2 HAPH + base
EtOH

I\/0(HAP) (OEt)]2

Sol uti on goes bnou,n.

No expected neaction.

(ii) [vo(HAP)(oEt)12+ 2 HAPI'I
Tol uene

('i'ii ) [v0(HAP)(OEt)]2
Hzo

CHC'|3
\/0( 0H) n

('iv) Pnocedure analogous to that for the preparat'ion of V0(HNP)20H2

(see Expen'imental Sect'ion) gave bnown gummy stuf f (VV) '

Graddonrl2 and Webenll3 ¿lse encountered difficulty in pneparing the b'is-

Cu(II), Co(II) and Ni(II) complexes of this ligand. The genera] orden of air-

sensitiv.ity for the various tV0(AA)(0R)12 complexes appeared to be HAP>HNP>

acac>Bzac>dbm when the bidentate'ligands were varied keeping the alkoxo gl^oup

the same. The comparatively hìgh stab'iì'ity of the d'ibenzoyìmethane complexes

in the above se¡ies is exp'lainable, to some extent, by their low solub'i'lity.

Factors such as resonance of chelate rings and structural considerations are

al so important. A number of I i gands (many non-aromat'ic on non-quasi-aromatic)

(Section Z.Z (.iì)) failed to give such dimeric complexes, pnobabìy, because of

the extneme unstable nature of the expected dimeric products.

Complexes w'ith bulky alkoxo groups are less stable and thìs agnees with

our observatjons discussed above relatìng to the difficulty or fa'ilure to

prepare them.

The dimers ar.e generaì1y so'luble in common organic solvents, ê.9. chlono-

form, djchloromethane, acetone and benzene but the'ir solutions are extneme'ly

sensit.ive to traces of moisture in the solvent which gives the solut'ion a dank

c'loudy appearance due to the formation of V0(0H)2. In dny solvents, the clear

blue or gneen solution s'lowìy tunns dark to dark gr^een to ult'imate'ly orange-

red when exposed to a'ir. The solutions made by distiì'ling the dry solvent on
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to the d'imen j n careful ly degassed contaÍ nens, stay stabl e 'indef i nitely.

Sol uti ons of the d'i mer i n sol vents such as CH2C1 2, benzene, etc. are

stabil'ized by the addjtion of about 5% of the nespective alcohol. The above

observat'ions are exp'la'inabl e f rom the f ol I owi ng nevensi bl e reacti on:

CHCI3 + trace H20

tvo(AA) (oR) lz 2tvO(AA)(OH)l*+2ROH

ROH

v0( AA) , + v0( 0H) 2

(* Postuì ated i ntermed'iate)

The reacti on was establ i shed qual i tati ve'ly f or al I the bi dentate .,lt ¿i,tî:
except 2-hydnoxyacetophenone. The react'ion IV0(acac)(OMe))Z Uf 

t

V0(acac)2 + V0(0H)2 was established quantìtative'ly by the foìlowing

experi ment :

Taking extreme care to exclude oxygen, a solution of the comp'lex in

di sti 1 ì ed, dry and degassed CHCI 3 was exposed to an oxygen-free

atmosphere of di nitrogen saturated wìth CHCI3 and HZ0 vapoulin a

desi ccaton. The 'i niti al bl ue sol uti on started tunn'ing dark and i n

about two houns a dark green precipitate stanted settling down at the

bottom wìth a supernatent gneen solution. ThÍs pnec'ipitate, filtered

after 24 houns, þlas ident'ified to be V0(0H)2. The blue-green mass

obtai ned by evaporatì ng the fi ltrate was characteri zed to be

V0(acac)2. One equìvalent each of the products were obtained from one

equivalent of the dìmer used.

(i i ) REACTIOl{S

The treatment of tV0(AA) (0R)lZ (except AA = HAP) w1th the b'identate

ìigand (AÐ'in toluene or dichlonomethane results'in the formation of the bis

V0(AA)2. The same reaction if carried out in alcohol does not proceed. The
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explanatìon must be that -0R is difficult to substitute'in the presence of an

excess ROH due to the suppr"ession of dissociation of the equilibrium in wh.ich

an 0R group is removed.

Attempts to pnepare some m'ixed I i gand compì exes by the react'ion

[VO(AA)(0R)lZ+ 2 A'A'H + 2 VO(AA)(A'A') wene not successful with one possibìe

exception. Reflux'ing of IV0(acac)(OEt)J2 with BzacH in the molan ratìo of l:Z
in toluene resulted in a rnixture of V0(acac), and V0(Bzac), which were

sepanated by f racti onal crystaì I i zati on. S'imi I ar resul ts wer.e obta'i ned with

other ß-d'iketonato systems. The reactjon of IV0(acac) (OEt)]2 or IV0(Bzac)

(OMe)J2 with HNPH in the molan ratio of 1:2 gave a green precipitate of the

known compound V0(HNP)2.0H2 wìth V0(acac)2 or V0(Bzac)2 in the filtnate. The

product was ident'ified by its'infrared spectnum and by ana'lysis of its V and

'ligand contents. It appears that ìigands under these cond'itions are veny

IabiIe and the more thenmodynamica'lìy stable products are obtained by a

dismutation of the reactants. The neact'ion of IV0(acac)0Et)J2 wìth 2-hydroxy-

acetophenone 'in the molar ratio of !:2, howeven, gave most probab'ly, V0(acac)

(HAP) as evidenced by ìts V and HAPH contents and UV (in 0.5 M H2S04 i;r 50%

aqueous EIOH) and'infrared spectra. Because, with this ligand, we were unable

to form the compìex V0(HAP)2, it seems that the d'ismutation does not take

pl ace but 'instead the mi xed I i gand comp'lex i s formed. But the compound was

unstable and could not be characterized further.

Although V0(g-diketonato)2 compounds ane known to form adductslo-12 with

a vari ety of bases i n thei r vacant positi ons, attempts to pr.epare py-arCducts

of these dimers were a failure. Addition of pyrìdine to the degassed

IV0(acac)(OEt))2 in toluene nesulted in the decomposition of the dimen. Among

the products, we were able to ìdentify v0(0H) 2 and V0(acac)2.pt. The latter
was identified by companing its electron'ic spectrum with that of V0(acac)2in

toluene containing pyridine. This demonstrates the lab'ility of the ligand of

the dimer to form the most stab'le compounds.
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2.4 X-RAY CRYSTAL STRUCTURE 0F [V0(acac)(OÈle)]z

The X-ray crysta'ì stnucture of IV0(acac)(OMe)]2 (Fig. ?.4.1) determined

by Di amant'is and T. Hamb'ly (" ) i s i denti cal to that publ i shed by Musi ani

et al .98. The crysta'l s wene obtaì ned fnom methanol sol uti on. The bond

'l engths , bond angì es and the devi at'i ons of some rel evant atoms f rom some

least-squanes pìanes are listed in Tables 2.4.1 - 2.4.3.

The complex cons'ists of methoxo-bridged dimeric IV0(acac)(OMe)12 units

with a crystallographic invers'ion centre at the middle. Coordination about

vanad'ium approximates a squane pyramì da'l geometny with the vanadyl oxygen

occupying the apical site. The two vanadyl oxygens are tnans to each other as

expected fnom the s'iting of the molecule about a centre of symmetry. The V

atom is 0.5944 above the plane defined by the foun oxygen atoms fonmjng the

base of the pyramid. The central cycle defined by the two V atoms and the two

brì dgì ng 0 atoms i s crystal I ognaphi ca'l ly constrai ned to be p1 anan by the

centre and the C(1) of the methyì group lìes 0.108Â out of this pìane. Ther^e

is an angle of 44.9o between the pìanes through the centnal ning and the acac

chelate. The bases of the two edge-sharing square pyramids occupy nearly the

same pl ane. There ane no contacts, si gnì fi cantìy shorter than the

van der l,laal s nadi us sum, between the comp'lex mol ecul es.

The V = 0(2) distance of 1.586(2)Â shows evidence of multiple bonding and

is typica'l in such structunes. The V-0(3) and V-0(4) d'istances of 1.970(2)

and 1.958(2)¡ of the tenminal oxygens are companabìe to the V-0(1) distance

[1.965( 2)Â] of the bri dgi ng oxygen and al I these di stances ane agai n

comparab'le to the avenage V-0 distances of 1.968 and 1.960Â found ìn V0(acac)2

Footnote: (*) As has been stated earlier, during furthen studies of this

f ami ìy of compounds to neach a reasonab'ìy comp'lete chemi stny of such

complexes, there appeared a report93 describing structure of this

compou nd.
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and V0(Bzac)2 nespectiveìy21, âS well as to the average V-0 distance of

1.9794'in V(acac)3rr4. The 0(3)-V-0(4) and 0(1)-v-0(4) angìes of 87.1(1) and

87.2(7)" 'invoì v'ing nespecti ve'ìy the termi nal oxygens and the tenmi nal and the

bridging oxygens are also comparabìe to the 0-V-0 ang'les (average 87.4')

involving the oxygens of the same acac or Bzac ligand'in V0(acac)2 on

V0(Bzac)2 as well as to the same (average 88.0o) in V(acac)3. The smaller

0(1)-V-0(li) angle (75.3(1)") involv'ing the bridging oxygens in the dimen is

due to the rel ati vely shorter di stance wh'ich 'is possì bl e between these two

oxygens compared to that between the ligand oxygens 0(3) and 0(4) which is

detenmined by the ligand geometry.

The average C-0 and C-C bond di stances of 1.282(4) and 1.385( 5)Â

respectiveìy'in the chelate ring indicate the pnesence of delocalization of

the n electrons which pnobabìy extends to the metal atoms to form a pseudo-

anomatic system. The separation of the V atoms [3.107(1)Â] prec'ludes the

possibìlity of any direct metal -metal bonding.

TABLE 2.4.1: B0ND LENGTHS (Â) F0R IV0(acac)(0Me)]z

0

0

c

c

c

c

0

0

V

c

c

c

1)

3)

1)

3)

3)

5)

v(1

v(1

v(1

0(3

c(2

c(4

1. e6s( 2)

r.e7o(2)
3.107(1)

1.285(4)

1.486(5)

1.385(5)

2)

4)

1)

5)

4)

6)

v( 1)

v( 1)

0( 1)

0( 4)

c(3)

c(5)

1.586( 2)

1. e58( 2)

1.419(4)

r.27 9( 4)

1.386( 5)

1.494( 5)

TABLE 2.4.2: BOND ANGLE S (') FOR IV0(acac)(OMe)]z

v(1

v(1

v(1

0(1

0

0

0

V

0

c

c

c

c

1)

2)

?)

1)

1)

1)

3)

3)

4)

2)

3)

4)

1)

1)

5)

4)

s)

6)

0

0

0

V

0

V

0

c

0

v( 1)

v(1)

v( 1)

0( 1)

v(1)

0( 4)

c( 3)

c( 4)

108.6(1)

105.2( 1)

108.0( 1)

t04.7 (2)

75.3(1)

131. I ( 2)

r23.7 (3)

L24.3(3)

115.1(3)

0( 3)

0( 4)

0( 4)

c( 1)

c( 3)

c(2)
c( 4)

c(4)

c( 6)

0(3

c(3

c(3

c(5

c(s

0( 1)

0( 1)

0( 3)

v( 1)

v( 1)

0( 3)

c( 2)

0( 4)

14s.e(1)

87.2(r)
87.1(1)

r27.6(2)
130.2(2)

115.7( 3)

120.6 ( 3)

123.5( 3)

121.5 ( 3)c( 4)c( 5)
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TABLE 2.4.32 LEAST-SQ UARES PLANES AND THE DISTANCES (Ã) OF RELEVANT

ATOMS FROM THE PLANES

PLANE 1:

PLANE 2:

PLANE 3:

PLANE 4:

0.7 47Ix + 0.5840y - 0.31732 = 4.7040

thr^ough V(1), 0(1), V(1r ) , 0(11 ).

[c( 1), 0. 108 ; 0( 2) , 1.450; 0( 3) , 1.008; 0( 4),

- 1.0821

0.0623x + 0.9048y - O.42I3z = 4.6356

thnough V(1),0(3),0(4), C(2), C(3), C(4), C(5),

c(6).

t0( 1) , - 0.995; C( 1) , - 0.992; 0( 2) , 1.5161

0.4369x + 0.8093y - 0.39272 = 4.5250

throush 0( 1), 0( 3), 0( 4), 0( 1i ).

tV( 1) , 0.594; 0(2) , 2.181; C( 1) ,

- 0.440; C(5), - 0.492f

0.042; c(3) ,

0.1166x + 0.3663y + 0.92322 = 6.L626

through V( 1), 0( 2) , V( 1ì ), 0( 2i ).

tc( 4) , - 0.040; c( 4i ) , o. o40l

2.5 I'|ASS SPECTRA

Apart fnom the cnystallographic stud'ies, the detenmìnation of the mass

spectra 'is spec'ifical'ly useful jn pnoviding dinect evidence fon dimer

fonmation. All the dimer complexes gave mass spectra showing the molecular

ion peaks consistent with their dìmen'ic structure comp'lemented thus their

mi cro-anaìyt'ica1 data. An X-ray cnystaì structune detenmi nat'ion of the model

complex, IV0(acac)(OMe)]Z (Section 2.4), showed a d'imenic configuration by
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br-ì dgì ng thr-ough the two methoxo gl'oups , and the si mi I ari ty i n the chemi cal

and spectroscop'ic properties of the comp'lexes reported in Sectìons ?.2,2.7

and Z.g lead us to believe that they have the same dimeric structures.

Al I the compl exes gave sim'il ar f nagmentat'ion patterns (Tabl e 2.5.1)

cons.istent wjth the fonmulations of the compounds as dìmers. observance of

the molecular ion (m/e) peak and loss of 0R is a generaì feature of the

spectra. Most inter-esting is the loss of two 0R groups with the retention of

a dimeric fragment, [V0(AA)]2. This suggests a structure in which the alkoxo

groups are ter.mi nal and ane not 'i nvol ved i n bnì dgi ng. Such mol ecul es woul d be

expected to lose both alkoxo gr^oups st'ill retaining the d'imer structune, at

least during the mass spectral experiment. Howeven, the cnystal structure of

IV0(acac)(OMe)]2 having bridging alkoxo groups c'learly nejects such an

i ntenpretatì on.

Because the dimens w.ith the same b'identate l'igand but with varying aìkoxo

gr.oups, on ìosing two 0R gnoups, g'ive in each case the Same mass spectraì

peaks char.acteristic of the nespective IV0(AA)]z d'imer^s, it ìs most likely

that dimer-.izat'ion'in tV0(AA)12 occuns thnough the vanady'l oxygen-' poss'ib'ly

t' ;<5; ., o. thnoush some weak v. .. . v i ntenacti on, such as , I " "'$ t'

However., it ìs qu.ite unìike1y to'involve dimerization v'ia the bidentate'l'igand

s.ince the same phenomenon i s observed w'ith di verse ì i gands, such as acacH'

BzacH, dbtt!1, HNpH and HAPI. It appears , theref one, that di meri zatì on i n

tV0(AA)lZ occurs as a nesult of a neanrangement following the loss of the

al koxo groups.

I,Jith some of the di mers , a speci aì f eature of the f ormati on of a

f nagment , [Vo(AA) J20 wi th the ] oss of (0R + R) 'is observed. S'imi I ar f nagment-

ation pattern was also reported2s for AA = saljcyladehyde. A possjble struc-

tune of this fragment is exp'lainable in terms of oxo-bt''idgin9.
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TABLE 2.5.I: CHARACT ERISTIC MASS SPECTRAL PEAKS FOR THE

tv0( AA) ( OR) ], COMPLEXES

AA= ft= Mol ecul ar

Wei ght

M+ .R -0R -0R-R -2 0R

acac Me

Et

Pnn

Prl

Bz

Bzac Me

Et

prn

prì

Bun

394.L7 4

422.228

450.281

450.281

546.369

518.316

546.369

57 4.423

57 4.4?3

602.47 4

602.47 4

608.421

642.455

670.511

642.457

670.511

698.564

698.564

794.652

394

422

450

450

546

363

377

391

391

439

332

332

332

332

332

348

348

407

455

503

dbm

Bu2

Et0Me

Ph

Bz

Me

Et

Prn

Pni

Bz

518

546

574

574

602

602

608

642

670

642

670

698

698

794

565

579

627

487

501

515

515

529

529

532

549

563

611

625

639

639

686

472

472

472

472

472

472

47?

472

472

596

596

456

456

456

456

456

456

456

456

456

580

580

580

580

580
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AA= ft= Molecular

I,le'ight

M+ -R -oR -oR-R -2 oR

HNP

HAP

Me

Et

Prn

Pri

Bz

538.306

566.360

594.413

594.413

690.501

466.240

494.294

522.347

522.347

618.433

538

566

594

594

690

s37

507

521

535

535

583

49?

492

451 435

449

463

463

511527 420

476

476

476

476

476

Me

Et

Pr 
n

Prl

Bz

466

494

522

522

618

420

420

404

404

404

404

404

2.6 INFRARED SPECTRA

The Inf rar^ed stud'i es of these di meni c compl exes are ì mportant to

(i) demonstrate the presence and examine the effect of coondination on the

vibrations of both the non-br''idgìng (AA) and bridging (0R) ligands, (ii) use

vibrational fnequency of the V = 0 group as a probe to get an insìght into any

stnuctural d'istort'ions f rom pure C4u symmetry expected for discrete dimers, or

as evi dence f or i nteracti on between adjacent mol ecu'les, ('ii ì ) assi gn

vibrational frequencies jn companison to the monomenic V0(AA)2 complexes and

('iv) prov'ide supporting evidence for structural similarities jn th js fami ìy o,f

compl exes.

Regions of major interest for thjs part'icular fam'ily of dimens are

(i) vV = 0, (ii) vC *0, vC ... Cr vôs C 

-0, 
etc. for the ß-diketonates
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0
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and vC = Q for the hydroxy anomatic canbonyls and ('iii) vC 0 of the

bn'idg'i ng al koxy groups.

(i ) uV = 0 REGIOI{

There are three s'ituati ons i n whi ch the vV = 0 may pr"ovi de structunal

i nformatì on about the coordi nati on envi ronment of the vanadyl group.

(i ) Al I monomeric V0(IV) comp'lexes 'incorporat'ing a vacant site trans to the

vanadyì oxygen exhjbit the ! = 0 stnetch'ing frequencies in the region 960 t
50 cm-1 s while the attachment of a donon atom to this coordination site

neduceS this vV = 0 IL'22'24.

ii) It is expected that, fon d'imeric complexes, the trans vanadyl groups,

, shouì d g'i ve ri se to a symmetri c ('ideal ìy I. R. i nacti ve or

weak'ly active) and an asymmetric (I.R. actìve) modes and thus should show two

vibrational bands. But little is known about this in the litenature. The

vanadium atoms in the monomers and these dimens possessing the same coordina-

tion symmetry (C+v) should show the vV = 0'in the same regìon.

(iiì) Complexes with ....V = 0....V = 0.... po'lymeric chain 'interaction on

having structural distontion fnom C4u to Dgf, show vV = Q at as low

as - g5o cm-l lts¡ tI6.

All the alkoxo-bridged oxovanadium(IV) d'imers exhibit the vV = 0 (980 -

1000 cm-1) ìn the expected normal region. This agnees with a COO symmetry of

the vanadium centres'in the dimers inconponating a vacant site tnans to the

vanadyl oxygen and excludes possibilitjes of any structunal d'istontions or of

intenactions between the adjacent dimers. Unlìke most square-pynamidal

monomenic complexes, these dimers, with few except'ions, show chanacteristic

splitting in the bands in the vV = 0 region with a sharp band incorporating a

shoulder between 10-20.r-1 on the high on ìow energy side (Table 2.6.1 and

Figur.e 2.6.I). 0n occasions funther weak bands are obsenved in the vicinity

of the principaì vV = 0 stretch. It is not always possible to know whether

these bands nepresent furthen sp'l'itting of the vV = 0 on ane due to skeletal

V
tr
0
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lnfrared spectra for (A) [v0(acac) (Ott) ]e;

(B) [v0(Bzac) (0Pn)]2; (c) [v0(dbm) (0er] )12;

(D) tv0(HNP) (0Prn))2 and (E) tv0(HAP) (oMe)12'

=lv rO
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vibr-ations. In the dimeric structure, the V = 0 groups are in an essentially

ident'ical env'ir.onment because a v'irtual centre of symmetry (Section 2.4) is

present in such dimens. Thenefone, we considen that the observed spìit in

the vV = 0 band ar.ìses because of the dimeric nature of these comp'lexes as a

r.esult of coupìing of the two V = 0 vibrations. A comparison can be made w'ith

is ¡v = 54 cm-I tz or with coup'ling in

v = 70-80 cm-l lI7. The appeanance of

the split 'in the form of a shoulden on a peak of haìf-peak width of about

20 cm-l suggests a 
^v 

of the order of 10-20.*-1. Such low 
^v 

values ane

TABLE 2.6.I: THE V O STRETCHING FREQUENCIES ( .r-1) oF THE

¡

È

1

1

)

I

I

I

i

VO AA OR l D I MERS

AA'

Me

Et

Prn

a cac

993 s

Bzac dbm

1004
993 s

998
989 s
970

1002
990 s

980

HNP

994
982
970

HAP

992
986

9e0 s)
e78 )

997
990
980

1005
990 s

975

R

+

)

)
s

)

)

)
S)

)

)
s)

)

)

)
)

)

)

)
)

988
984

1

¿È,¡ì
ft
Ir

s

1003
997

s
999
988 s

977

999
990

999
9905

998
9895

975

997
988
970

990
975

970

990

)

)

)

)

)
)
)

)

)

)

)
)

)

)
s)

)

)
s)

)

s

995s)
e75 )

s) 990 s

980)

Pr

Bz

Bun

Bu2

Ph

EtOMe

EtOEt

Bzac-P0Me

1000
991
970

1004
997
975

1005
997 s

1 996 s

997 s

988
983

S )
s)

)

( 1005, 993s , 975)

(992s,978)
(998, 992s, 980)

33? ì s, s78

(1002, 993s, 970)

( 1004, 997s , 888)

vo(AA) 2*

[* For comparison, ** v0(HNP) 20Hz)

997 999 997 980**
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consistent with the expected 1ow couplìng between the two trans V = 0 gnoups

linked by two single bonds thnough two oxygen atoms of the alkoxo groups,
0-

enved two V = 0 stnetch'ing frequencies

d N-( 2-hydroxyphenyl )sa'li cy'l ìdene'imì ne

complexes of V02+ and they attr"ibuted this to unit cell group splitt'ing or to

a cr.ysta'l packi ng eff ect whì ch causes the two vanadi um atoms of the di men'ic

molecules to be non-equivalent.

Table 2.6.I suggests that the fnequency of the vV = Q js generally

ìndependent of or does not change s'ignificant'ly w'ith the variation of the

bi dentate 1 i gands on the bri dgi ng al koxo gnoups thus showi ng simi I ar

stnuctures of these d'imens as well as similar environments around the V atoms.

(i i ) yg Ç :-*- 0, vS Ç -:-r-:- C, uôS C 

- 
0, etc.andvC=0REGI0NS

The above stretches ane i mportant i n obtai ni ng i nfonmati on about the

effect of the coordinat'ion on the Ç = 0 frequencies and the nature of the

bonding in the Ç = 0 group. The stretching frequenc'ies of v C g- 0,

vs C ... C, vs C ... 0, vâS C 

- 
0, ô C-H and n C-H regions are diagnostic

for the bonded ß-diketonate gnoups which have a quasi-aromatic structune and

propertìes. For the hydnoxy carbonyl complexes, the v C = 0 is the only band

gì ven i n the I iterature as characteristi c of the bonded hydroxycar^bony'l

ì i gands.

Rasmussen et al.rI8 dg5ç¡ibed the effect of chelation'in centain ß-d'ike-

tones whi ch gi ves r''ise to a consi derabl e shi ft of the carbonyì f requency. By

cons'ider.ing the anomatic characten of the chelate rìng, Beììamy et al.lte

assìgned the higher region band (- 1570 - 1600.*-1) to C "' 0 stnetch'ing and

the lower bands occunring anound I5?5 cr-l to C "' C stretching modes.

Pinchas et al.l20 e¡ the bas'is of a study of the I.R. spectra of 13C and 180

labelled acetyìacetonates of Cr (III) and Mn(III) confinmed Bellanty's assìgn-

ments. They observed sign'ificant dispìacement of the 1570 cm-1 band by chang-

i ng C = 160 for C = 180 wheneas the band at 1515 .*-1 *u, not affected apprec-
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'i ably. Thi s c'l early i ndi cated the band at 1570 cm-1 to be associ ated w'ith a

vibrat'ion mode characteristic of C "' 0 and the one at 1515 ct-l to be a pure

C... C band. Similar observat'ions have since been made with various metal-g-

diketonate complexesl2t-L23. Fay and Pinnavai¿124 eg¿5¡¡s( the infraned

spectra of a number of acetylacetonato complexes with vanious metals and

assigned the bands in the reg'ions 1551-1592 .t-1 to us (C * 0), 1517-

1534 cm-l to vs (ç r'-'- C),1333-1397 cm-l tovas(C -..-'- 0), 1267'1287 .'n-1 to uu,

(C - 0), 1183-i188 cm-l to o (C - H) and 760-802.*-1 to rT (C - H) stnetching

modes.

In our dimeric complexes, no band was observed in the regions 1600-

1750 cm-1 lfor ß-d'iketonates) and 1625-1750 cm-1 (fon hydnoxy ketones or alde-

hydes ) 'indi cati ng that al I the carbony'l groups ane coord'inated. Exampì es of

i nf nared spectra i n the regi on 1650-600 cûì-1, whi ch 'is the most t'nf onma-

tive for these dimens are shown in Figur^e 2.6.L. In agreement with the above

ass'ignments, we assi gn the bands i n the r-eg'ions 1550-1600 cn-1, 1528-

1536 cm-1, 1315-1360 cm-1, !2go-1312 cm-1, 1180-1198 cm-1 and 770-800 cm-1 for

the B-diketonato d'imens to vs (C ¿!-!- 0), vs (C -r"- C), vas (C:0),

vas (C - 0), o (C- H) and n (C - H) respectively (Table 2.6.2). For HNP and

HAP dìmens, we ass'ign the bands in the 1580-1625 .,n-1 and 1580-1618 .t-1

f r.equency negì ons to v C = 0 (Tabl e 2. 6. 3). The hydroxy car^bonyl compounds

contai n a numben of other bands wh'ich are obv'iousìy characteni sti c of the

ì i gand and i ndependent of the al koxo gr^oups (Tabl e 2.6.4). However, no

assignments for these bands are found jn the literature. It'is evìdent from

Tables 2.6.2 to 2.6.4 that the signifìcant I.R. absonpt'ion peaks associated

w'ith coondinated g-diketonates and 2-hydnoxy-l-napthaldehyde (-1) in both the

dimeric IV0(AA)(0R)J2 anO the monomenic bis V0(AA), complexes are essentìal1y

ident'ical which 'ind'icates that the AU l'igands in the d'imers ane non-bnidging.

Also Tables 2.6.4 and 2.6.5 illustnate that these band positions are genenal'ly

ìndependent of the natune or size of the bnidgìng alkoxo groups and no part'ic-

ular- effect of R or any reasonable tnend'in the band positions is obsenvable.

t
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TABLE 2.6.2: ASS IGNMENTS AND COMPARISON OF SOME MAJOR

.1

i

È-.

iNFRARED PEAKS OF SOME-1cm VO AA 0Er DIMERS AND VO AA

AA- =

MON0MERS (AA- = u -DIKETONATES ONLY)

acac Bzac dbm

D'i me r" Monome r Di me n Monome r Di me n Monome r

t

li
t,

t

¡

I

I

Assi gn
ment,s

+

vs Ç-0 1596sh

vs C "' C

vaS C -:- Q

vasC-0

1575 s

1530 s

L592

157 5

1 569

1530

1345

I29I

sh

Sh

S

S

msh

s

L592

1 565

15 50

1 530

T3L2

L302

ms

Sh

S

s

m

msh

1592 ms

1565 sh

1550 sh

1530 s

1313 m

1297 w

1602 m

1593 ms

1565 sh

1530 s

1322 n

1302 w

1230 m

1187 w

1602 )

15e3 )
ms

1530 s

1324 ms

1312 msh

I232

1184 wôc-H
( deformat i on )

nC-H(outof
pì ane bendi ng)

1185 sh 1190 w 1184 w 1186 w

1294 ms

794 ms 800 )

7sL )

777 ns

É

['

t'
780 )

770 )

770 s 765 ms
s MS

TABLE 2.6.3: THE C = O STRETCHING FREQUE NctES (.r-1) 0F THE

VO AA OR D IMERS AA- = ANION 0F HYDR0XYALDEHYDE 0R KETONE

tt Prn Pni Bzft=
Me

AA
+

HNP

L622 s

1602 s

1580 s

1618 )

1607 )

1508 s

1625 s

1605 s

1585 s

1614 s

1 584s

1622 s

1605 s

1583 s

1612 s

1 585s

1625 s

1605 s

1585 s

1613 s

1 588s

1621 s

1604 s

1580 s

1612 s

1585 s

1562 sh

S

HAP

VO(HNP) ZOH1* 
,1623, 1604, 1586)

* V0(HAP)2 and V0(HNP)2 could not be prepaned



TABLE 2.6.4: COMPARISON 0F S0

( 0THER THAN v

ME CHARACTERISTIC INFRARED PIAKS (CM.1)

R

V = 0. v C = 0 AND v C - 0 ALKOXY) 0F [V0(HNP)(0R)]z

AND V0(HNP) e0He

CHARACTERISTIC INFRARED PEAKS

I

(,
Oì

IMe

Et

Prn

Pri

Bz

v0( HNP) 20H2

1540 s

1547 s

1545 s

1545 s

1545 s

1541 s

1424 s

1430 s

1430 ms

1430 ms

1428 m

1430 m

1360 sh

1370 ssh

1340

1340

1342

1 340

1340

1340

1308 m

1310 m

1310 w

1310 w

1308 w

1308 w

1258 m

1260 m

1258 ms

1260 m

1255 w

L252 n

1197 m

1200 s

1195 s

1200 s

1218 sh

1192 s

1170 m

1170 m

1170 s

1169 m

1170 w

1169 s

1145 m

1147 ms

1143 s

1150 w

1146 w

1147 m

833 s

834 s

835 s

830 sh

865 w

832 s

756 s

760 s

752 s

760 s

755 s

746 s

m

m

MS

m

w

w/n
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TABLE ?.6.5: ASSIGNMENTS OF SOME MAJOR I NFRAREI)

i-11 orPEAKS (cm I V0( B zac ) (0R) lo D I MERS

+

!s C "'0
i592 s

1563 sh )
1554 ms )

1592 s

1563 ssh )
1s54 s )

1797 w

1298 w

1590 s
1552 s

1590 s

1550 s

i590 s

1576 sh
1563 sh
1553 s

Et0Me

1590 s

1564 sh
1540 s

Prn Pr Bu2 Bz Phi
Assì

men

Me

1620 sh
1589 s

1560 sh
1550 s

9n-ts

vs C"'C 1536s 1530s 1532s 1530s 1530s 1532s 1530 s

vas C ---!- 0 1315 n 1358 s 1352 s 1355 s 1345 s 1314 s

vasC-0 1291 s 1310 ms

1180 w 1184 w 1185 w

I?74 w I29? n

+
( 1312 s
( 1216 s

+

1185 w 1184 w 1196 m

1174 w

780 s 780 s 780 s

765 s

tion)
H

rma
ðc-
( defo

lt\,-
pì ane

1298 ms

1198 s

1185 w

770 s

H (out of 78? s

bendi ng )

780 s 790 w
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(i i i ) v c - 0 (BRTDGII{G ALKoXo) REGI0NS

Bands due to the C - 0 stretches of the coordinated alkoxo groups appear

in the fonm of one or more strong absorptions in the 800-1200 cm-1 regie¡r03,

the exact positions of which ane dependent upon the nature of the particular

alkoxo group. For po'lynuclear T'i (OEt)4, Ta(OEt)5 and Nb(OEt)S complexes,

Barnaclough .t al.125, fnom experiments on hydrolysis of the alkoxides,

assigned two C - 0 modes in the regions 1028-1040 cm-l and 1064-1070 cm-l, the

fonmer beÍ ng associ ated with the bridg'ing and the I atter with the term.inal

ethoxo gr"uop. Lynch et al.tz6 in studying some transition metal (Ti, Zr, Hf,

etc.) isopropoxides reponted the corresponding absorptions for the ìsopnopoxy

group at 1120-1140 cm-1 and 1160-1175 cm-1.

The appearance of a single peak at 1030-1050.*-1.in t(AA)rFe(OMe)12

(AA = acac, Hexafluoro-acac, DPl4) dimensl03 ¡ 104 was assi gned to the C - 0

stnetch of the bridging methoxo group. In the ethoxo-br-idged dimens the

absorption is at about 1659 qr-1 roe. The strong absorption at 1120 cm-1 fon

t(DPM)rFe(0Prì )lz t03 was assigned to the c - 0 stretch of the isopropoxo

9roup. For the sec-butoxo dimen, IFe(hfa)20CH(CH3)CHZCH3]Z I04, the band at

1000 cm-l was assigned to the butoxo C - 0 stretch.

The v C - 0 bands due to the br'ìdgìng_aìkoxo groups of the present

IV0(AA) (0R) ]e complexes (Table 2.6.6) have been assigned by takìng into
consideration the afonement'ioned Iiteratune values for various metal alkoxides

and alkoxo-bridged dimens and of the alcohols themselves. To confjrm the
posit'ions of the v C - 0 bands of the bnidging alkoxo groups in the dimers,

hydrolysis (partiaì and comp'lete) reactions were performed on some of these

dimens and the'ir infnared spectna measured. Because of the sensitìvity of
these dimens towards moisture, their partiaì or" complete hydrolysis occurs

readiìy to give a mixtune of VO(AA)2 and V0(0H)n and a neduced amount or none

of the dimen. The pnogress of the neaction was followed by ¡ecording the

i ntensity of the v C - 0 band as we'll as some other bands charactenist.ic of

the alkoxo group. For partial hydrolysis, the dimer. was stirned.in aqueous-
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TABLE 2.6.6.. INFRARED FREQUENCIES ( .*-1) CHARACTERISTIC OF THE

vC-0 (ALKOXO) O F THE [VO( AA) (OR) ]' DIMERS

Me

Et

Prn

Pri

Bz

Bun

Bu2

Ph

EtoMe

acac

1032 s

1044 s

1047 s

1120 s

1034 m

Bzac

1031 s

1035 m

1041 s

1115 s

1013 m

1030 ms

1014 s

176? n

1125 s

dbm

1037 m

1047 m

1046 m

1121 m

1028 m

HNP

1035 s

1042 s

1046 m

1113 ms

1033

1030 s

1040 s

1045 m

1120 ms

1032 ) ..
1023 ) "

AA= HAP

R
+

cHcl3 for half to about three m'inutes and a pontion of the cHcl3 extract

was then evaporated to dryness (on the vaccum l'ine) and the infraned spectra

of the resi due recorded. For compl ete hydro'lysi s, the d'imer, i n the same

sol vent, was heated for about 15 m'i nutes and the cHcl 3 evaporated off. The

V0(AA)Z !,ras sepanated f rom V0(0H)n, by wash'ing wìth waten and its CHCI3

extnact evaporated to dr^yness to obtain V0(¡n)2. The part'icular band reduc-

.ing ì n ì ntensity or disappeari ng on hydr^oìysis (Fì gure 2.6.2) was assi gned

to v C - 0 of the alkoxo group by comparing its posit'ion with the v C - 0

(strongest absor-pt.ion) of the respective free alcohol. Some ne'ighbouring

bandsothenthanthevC.0thatdonotoccurjntheVO(AA)2werethus

assigned as due to the part'icular alkoxo group. For example, the usually

stnong absonptìon appearing at 1035-1047 cm-1 in the tV0(AA)(0Et)12 dimers is

assigned to a C - 0 stretch of the bnidging ethoxo gr'oup on the basis of the

c - 0 stnetch nean 1050 cm-f in primary alcohols, and also by comparison with
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Figure 2-6.22
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the symmetnic)c - 0 at lo42 ! 5 cm-1 in R2sn(OEt)2 r27.fþs add'itional ne'igh-

bourìng bands at - 1095, - 1070, - 889 and - 867 .r-1 are cons'idered charac-

teri sti c v.ibrat.ions of the ethoxo group correspond'ing to absorpti ons at 1081 '

1050 and g76 cm-1 ìn ethanol and are comparab'le with bands characteristic of

some ethoxo complexesI03r 10)tL27'

Table ?.6.6 shows that the band pos'it'ion due to v c - 0 of a part'icular

al koxo gr oup i s genera'l 'ly i ndependent of the natune of the b'identate ì'igands

but dependent on the natune of the alkyl gnoup. The v c - 0 incneases fnom

methoxo to isopropoxo and the v C - 0 for methoxo and benzy'loxo (0CH2C6H5) are

generally the same.

ELECTROI{IC SPECTRA 
-_

2.7

(i ) SPECTRA OF VANADYL COMPLEXES

Sevenal model s are avai I abl e to i ntenpnet the el ectnoni c spectra of

vanadyl compl exes of i deal i zed or di storted square-pyrami dal geometry'

[u¡l¿¡j128, Felthamt2e and Jongensenr30 ìndependent'ly used elementary crysta'ì

fìeld models to explain the energy level scheme for the vanadyl comp'lexes.

Based only on the Ccv symmetny of V02+ alone, Funlan'i 's calculat'ions could not

account for all the obsenved levels. Jongensen's scheme, based on a tetra-

gona'l V0(HZg)!+ motecule ion wìth axial destabilization, could only qualìta-

ti veìy account f on the 'crysta'l f i el d' part of the spectrum. These s'impì e

cnysta'l f .iel d model s wer.e al so i nadequate to expl ai n the obsenved magnetì c

properties of some V02+ compounds. To overcome these 'inadequacies of the

simpìe crystaì f.ield model , Ba'llhausen and Grayas developed an energy level

scheme (the B-G scheme) by considerìng the bonding in the molecule ion

V0( HZO) e+ 
.i n terms of mol ecul a n orb'ital s whi ch was abl e to accoúnt both f or

the 'crystaì field' and the 'charge transfer' spectra of V0(H20)(+ ana related

vanadyl compl exes. They cons'idered part'icuì arìy the ex'istence of consi denabl e

oxygen to vanadium n-bond'ing which is responsjble fon the charge transfer



featunes of the electron'ic spectrum of V0S04.5 H20. Room temperatune spectral

data fnom various Iiterature sources4 fit the BalIhausen and Gr^ay scheme welI.

Their M.0, bonding scheme aìso explains the nesistance of V02+ to protonat'ion.

1¡ith the oxygen 2p orbitals used fon n-bonding, only the non-bonding spo

hybr"id orbital js available for protonation which has considerable 2s

character. and is energetìcally unsuited for bond'ing purposes. They could also

expl aì n the panamagnetì c resonance 'g' factors and the magnetì c susceptì bj I i -

t'ies of vanadyì comp'lexes i n terms of the'ir M.0. calculations. The'i n onb'ital

t ransf ormat j on scheme f or the metal and 'l 'i gand orbi tal s i n C4u symmet ry and

the mol ecul ar onbi tal scheme for V0( HZ0) e+ a ne g'i ven i n Tabl e 2.7 .I and

Figure 2.7.I r.espectively. 0f VO1HrO¡!+, one of the water molecules was

considered to be trans to the oxo'ligand resulting in a C4v symmetry. The

order of the energy levels establ'ished by them fon this symmetry is:

b2 (dxy) < e (d¡a7, dy) . br ( d*, _ yz) < al (dzz)

Spectra'l assignments of some oxovanadium(IV) complexes are given in

TABLE 2.7.L: ORBITAL TRANSF0RMATI0N SCHEME IN C S YMMETRYI+ 5

REPRESENTAT I ON

a1

METAL ORBITALS

3dr, + 4s

4s - 3dr,

4pz

3dxz, 3dyz

4px, 4py

3d*''y 
'

3dxy

LIGAND ORBITALS

I/z (o1 + o2 * o3 * o,r)

o6

nu (2px, Zpy)

þ t", - os) , ,+ (o2 - oa)

)z (or -o2*oa -ou)

o5

e

b

b

1

2

Table 2.7.2 giving the approximate energy negions

main features of the spectra of vanadyl comp'lexes

for the tnansitions. The

ane stni kì ngly simi ì ar; a

band (band I) at about 13,000 .*-1 f ol. the el ectron transit'ion en* * b2 or
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Figure 2.7.1: Energy level diagram for V0(HZü].* according to

Ballhausen and GnaY.

TABLE 2.7 .22 B AND ASSIGNMENTS FOR SOME VO
2* corqptexEs

ACC ORDING TO THE B - G SCHEME4s

2
a

a

,
I
I
ì

d

4s

1

BAND PoSrrroNS (x 10-3 cu-1)

BAND I BAND I I BAND III A

2A, * 2e, b

1a1* + b2 c

,2+x! d

COMPLEX 2E(r) * 2Bz

an* * b2

XZ ryz + XY

,,,
*

b1

x2-y

* 2Bz

*bz
2*xy

V0(acac)2 ttt
V0(enta) 2- r+s 

' t¡ o

V0(oxal ate)l' 45 rl3o

IV0( dl -tartna :e) ll- ajms¡13 r

V02+ compl ex4'I3 2 (genera'l )

14.0

12.8

12.6

13.4

L2.T5

17. 0

r7.2

16. 5

18.6

15-18

29.8

29.4

23.r

22-30

a

b

Band number

B-G M.0. assìgnments

c

d

Electronic energy levels
Transit'ions between d onbital s
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( -3 Ds + 5 Dt) .. ............. ( l)

10 Dq ... .. Ò....... ........ "'( 2)

(10Dq-4Ds-5Dt) (3)

(band II) at about 17,000 cm-l due to

28, * 282. 0ften the thi rd band*
the electron transit'ion b1 * b2 or

(band III) at 20,000-30,000 cm-1 is eìthen not observed (presumabìy because it

is burìed beneath a much mone intense charge transfer band which often sets ìn

at about 30,000 .,n-1) , or ìt is seen as a shoul der on that band and i s

assìgned to the transit'ion tur* * b2 or 2A, * 2Br. Al I h'ighen energy bands up

to 50,000 cm-1 are also assumed to be charge transfen in origin or ane due to

'i ntral ì gand transiti ons.

The value of 10 Dq is obtaìned directly fnom the b1 + b2 transit'ion- And

?-
tne panaffer.s Ds and Dt spec'ify'ing the degnee of the tetnagonal ity present i n

the f.ield can be calculated+Sr133 f¡e¡ the transitìons,

e +b2 =

b1+b2 =

a1+b, =

To expl a.in the el ectnon'ic spectra of compì exes of I ower symmetry and at

low temperatures, Selbin et al.Illr134r135 proposed d'ifferent assignments to

those of the above B-G scheme. According to their pr^oposal, the obsenved

band I of the B-G scheme conta'ins three bands assigned as (i) dxy + d^2'y2,

(jì) dxy + dxz and (iii) dxy + dyz, band II becomes (iv) dxy + dzz and

band III becomes (v) the fifth band, anising from the finst change tnansfer

trans.ition enb * bz. The spectrum of v0(acac)2 lll sþeps two bands at 14'000

and 17,000 .r-1, the f irst of these is sp'l'it 'into thnee components at Iow

temperature and the total of four bands have been ìntenpneted as d-d transi-

t'ions in C2u sYmmetrY.

Subsequent work us'ing more refined M.0. calculations on V0(HZO)6* tt6 and

VOCIA- 137 ¿¡d on certain vanady'l complexes of C2u sYmmetryrrs'13s confirmed
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the relative enengy order of the B-G scheme as:

dxy < d^r, dyr, d^z_yz , dr,

with the dxz and dyz orb'itals beìng non-degenerate in the lower symmetry

cases. However, it has been pointed out that although the nelat'ive onder of

the orbitals is the same, the remova'ì of some of the more drastic B-G assump-

tions and approximations changes the enengy gaps between the levels consider-

abìy. Consequentìy, jn the absence of low tempenature spectra, an 'intenpreta-

t.ion of band I as given by the B-G scheme should be tr"eated cautiously because

there is a poss'ibility of its be'ing an envelope of up to thnee tnansitions.

(i i ) SPECTRA OF DIIIIERIC COI.IPLEXES

The on'ly pnevious work on electronic spectra of djmeric vanadyl

compl exes i s that of L.J. Theri of et al .37 t43 r I40, Syamaì al and Havi nal e40.

They examined the spectra of several tVOtfûOll, complexes for which they

assumed d'imerjc structures on the basis of subnormal magnetìc moments

(cf. Sect'ion 1.2.I). Such spectra ane, of course, vet"y relevant to the

compounds wh'ich ane the subject matter of thìs Chapten. Because of their

insolubiljty, these dìmenìc complexes wene exam'ined in nujoì mulls and

occas'ionally in pyridine solution. The spectra'uere described as being

domìnated by stnong charge transfer bands at about 25,000.*-1 wìth up to

three other^ bands appearing as shouldens, which wene assìgned mostìy according

to the B-G scheme. However, such assignments are based on not well-resolved

spectra 'in the sol id state and, aìthough reasonable' can only be cons'idered as

tentat'ive.

The electnonìc spectra of most of the IV0(AA)(0R)]Z d'imeric complexes

pnesented ì n th'is Chapter wene determi ned i n chl ot'of orm sol ut'ion and the

energy of the pri nci pa'l bands and the'i r assi gnments are summarized j n

Table 2.7.9. Most of these spectra wene detenmined fnom compounds in wh'ich the

bidentate AA is acac, Bzac and dbm. However, only a l'imited numben of spectra

yì,as determi ned w'ith the other 1 i gands because of thei n I ow sol ubi 1 i ty and



their instabiìity 'in chloroform solutions, unless extremeìy rigot ous condi-

t'ions are followed. Fon the same reasons, mo'lar absorptìvities were on'ly

determined in few cases. Exampìes of spectna, together with those of the

correspond'ing monomerjc V0(AA)2 complexes are shown in Figures 2.7.2 to

2.7.4. Howeven, when AA is HNP, the spectna are not strictly companable

because only the hydnate, V0(HNP)Z.OHZ could be obtained. As mentioned

eanìier, V0(HAP)2 could not be pnepaned.

A three-band spectrum 'is obta'ined fot the IV0(acac)(0n) ]Z dimers,

wheneas,'in the other IV0(AA)(0R)]2 comp'lexes, thene is an additional band in

the ultra-violet negion. 0n the basis of the square-pyramjdal (C+v) geometry

for each vanad'ium centre and fo'ì I owi ng the energy I evel scheme by Bal I hausen

and Gray+s, the two bands at about 15,000 and 17,00.*-1 ure assigned to the

electronic transit'ions err* * b2 or 2E(t) * 2Bz (d*r, dy, * dry) and b1* * b2

o, 28, * 2Bz (dyz-yz * d*y) r'espectively. According to the B-G scheme, thene

should be a th'ird band between 23,000 cm-l and 30,000.r-1 dr. to the tnansì-

tjon 1ar* * b2 or 2A, * 22, (dzz * dry). Th'is band is most often masked by,

or appears as a shoulder oñ, an intense charge transfer band present in the

region. Such shouldens ane detectable'in the spectna of the V0(AA)2 complexes

(e.9. curves 1 in Fjgures 2.7.2 - 2.7.4). In the dimer comp'lexes, because the

charge tnansfer band ìs shifted to the longer wave lengths, such shoulders are

only seen i n a few cases, such as curve 4 'in F'igure 2.7 .2 and cur"ves 3 and 4

in Fi gure 2.7.4. The additional bands appearing at 33,000-38,000 cm-l ane due

to intna'l'igand transitions associated w'ith the pnesence of aromatìc nings.

Considering the energy of the bands and thein molan absorptivìty values

(Table 2.7.3), the spectna of the dimens ane similan to that of the corres-

ponding V0(AA)2 morofiêrS. Figunes 2.7.2 - 2.7.4 clear'ìy 'indìcate the s'imilar

patterns'in the dimer spectra in complexes with the same AA and vanying 0R

gnoups. However, the spectra of dimers have small but consistent chanacter-

istic differences from those of the monomers. The V0(AA)2 rnoñorrêrs show two

distinct absonption maxima in the v'isible negìon, whereas the dimer spectrum
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TABLE 2.7 .3: ELECTRONIC SPECTRAL DATA AND BAND ASSIGNMENTS FOR

v0(AA) ,AND IV0 (AA)(oR)le COMPLEXES.* ( S0LVENT = CHCIai

'a' DENOTES 95% CH2CIr 5% EIOH)

BAND PoSrrroNS (X rO-3 CM-1)

(MOLAR ABS0RPTIVITIES (M-lc¡¡-1¡ ARE SH0l^lN IN PARTNTHESES)

COMPLEX

BAND I

eÍ *bz
BAND I I

(br.sh ìn dimers)

bl* *bz

C.T. (1u1* * b2)

BAND IV

C.T./Intraligand
BAND III

V0(acac)2

IV0(acac)(OMe)12

IV0(acac)(0Et)]z

I V0( acac ) ( 0Bz) ]2
V0(Bzac)2

IV0(Bzac)(OMe)]2

I V0( Bzac ) ( OEt ) ]2

0 Prn

OBu 
2

0Ph )

14.8
(42)

15.1
( 54)

15.1
(53)_
L5.2d
(s5)

15. 1

14.8
( 54)

t5.2
(65)

15.1
( o+¡
ts.za
( 68)

L5.2

L5.2

15. 2

L5.2

15. 1

14.9
( 64)

15.2
( 88)

15.?

15.2

15.5

15.0

16.8
( 38)

17.2
(43)

17.2
( 41)
17. 3a
( 44)

17.2

16. 5
(53.5)

17.2
(54)

T7.T
(54)

17. 1a
(56)

17.r

17.l
t7.r
L7.L

17.T

16. 5
( 58)

L7.2
(77 )

L7.2

17.2

T7.I

18.1

33.2
(1.37 x 10a)

32.7

32,7
(1.97 x 10a)

32.7

30.3
(2.86 x 10a)

29.8

29.8
( 3.35 x 10a )

29.8

?9.8

29.8

29.8

29.8

28.L
(3.91 x 10a)

27.5
(4.72 x 10a)

27.4

27.5

25.0

25.9

38.8
(1.78 x 10a)

38. 3

38.3

38.3

38. 3

38.3

38.3

37. 3
(2.08 x 10a)

36.9
(3.43 x 10a)

37. 0

37.0

29.1, 33.3

30.9,36.4

.3
x 10q)

38
( 2.35

I V0( Bzac ) (

IV0(Bzac)(

I v0( Bzac ) (

Iv0(Bzac) (

IV0(Bzac)(
V0(dbm)2

OEtOMe) l2
0Bz)f2

))z
)12

J2

)lz
)2

))z
)2

Iv0(dbm)(OEt)]2

IVO(dbm)(0Prn

Iv0(dbm) (0Bz)

tv0(HNP)(@rn

Iv0( HAP) (0Bz)

* The spectra of some of the less stable comp'lexes wene not determined.
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consi sts of two br^oad bands , whi ch ane not c'l ear'ìy separated and wi th the

h i gher" energy band appeari ng as bnoad shoul der on the other^. Al I absonpt'ion

maxima ìn the v.is.ible region in the case of d'imens appear at slight'ìy h'igher

energ.ies (2g0-340 cm-1 fon band I and 430-750 cm-1 for band II) with nespect

to that for^ the monomers. This somewhat hìgher enengy of the dìmer d-d bands

suggests that the crystal field produced by the two alkoxo oxygens is stroRger

than that due to the bidentate ìigands. Thus,'in the IV0(acac) (0R)J2 comp-

lexes .it js about 430 cm-1, ìn Iv0(Bzac)(0n)]z complexes, 620 cm-1 and'in the

[v0(dbm)(0R)J2 complexes about 750 cm-1 stnonger than'in the respective mono-

mers. These estìmates are based on the B-G scheme which ind'icates 10 Dq with

band II Icf. section (i )]. If, however, one accepts the assignments g'iven

by Selb'inrIr these values --would be st¡onger^ by 300, 400 and 2gO t*-1

respect.ive'ly. such comparisons are not possible for Iv0(HNP) (0R)]z and

t\/0(HAP)(0R)lz complexes. The three diketonato'lì9ands and HAP appear to

pr.oduce a s'im'ilar cr^ystal fjeld, however, HNP produces a significantly

stronger crystal field by about 500 .*-1. In the ultra-violet region, the

d.imen peaks appear at'lower energy levels (about 400-600.t-1¡ *'ith respect to

that of the monomers.

Table ?.7.3 .ind.icates that the molan abso+ptivity values of the d'imen and

the monomer are of the same order and are consìstent with the d-d tnansitìons

in the visìble region (zo-4s l,1-l cm-1 per vanadium centre) and w'ith the charge

transfen and/or intralìgand transition ìn the UV ¡egion t(i-3) x 10al'

The separation between bands I and II gìves a measune of the djffenence

between the cr.ystal field in the Z and in the x and Y d'irect'is¡5133' As ìs

evident {no,a^the Figure below, the smallen the sepanatìon the gneaten ìs the

tetnagonal distortion. The fact that the gap between band I and band II is

greater ìn the d'imers than in the monomers (e.g. by about 100 t*-1 in

IV0(acac) (0R) ]2, about 300 .r-1 i n IV0(Bzac) (0R) ]Z and about 470 ct-1 i n

Iv0(dbm)(0R)]2 dimers) suggests that the tetrogonal d'istortion js less'in the

dimers. This .is in agreement with the qualitative obsenvation that the
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stnonger fierd due to the alkoxo groups w'ill 'increase the field in the xy

pl ane and hence reduce the tetragonal d'istonti on. Thene are schemes wh'ich

perm.it the calculation of parametens wh'ich give a quant'itat'ive measure of this

czu Gou o

2

TetragonalitY

d-orbìtal splittings in fields of vanying symmetry as a

result of varying cF effects. The dotted l'ines bracket

the approximate reg'ion observed in this work'

distortion45,r4Irl42. However, these values are heavily dependent on the

enengy of band III r33 due to 1a1* + b2 transit'ions which cannot be determ'ined

accurateìy in these dimeric complexes for its being masked by the intense

charge transfer band.

The width of bands I and II'is difficult to determine because they appear

as a compos.ite band. An est'imate can be obtained by measuning the half-he'ight

distance between the position of band I and the low enef'gy contour. such

estimates suggest that the bands 'in the d'imens are about 200-300 cm-1 broader

than in the monomers. From the magnetic stud'ies, a J value of about 100 cm-l

has been obta.ined for the splitting of the ground state. Aìthough this may be

fortuitous,.it'is consjstent with a spl'itting of this onder in the energy

"1
z

:rt
b

2

bt
2 a

x -v

XZ Yz

e
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levels of the d orb'itals'in the dimeric stnuctures.

In conclusion, the v'isjble and the UV spectra of the d'imers ar"e

cons'istent with the proposed structures showing a gneat similarity to the

spectra of the monomeric species and differìng only in a slightly stnonger

crysta'l f iel d and mangi nal ìy greaten band wì dth.

,l

i

2.8

(i )

ELECTROÍ{ SPIil RESOI{AI{CE SPECTRA

INTRODUCTION

The E.S.R. measurements are useful in the study of the dimenic comp'ìexes,

especia'l'ly in establishing the dimeric nature of such complexes. Compared to

the usuaì1y sharp E.S.R. signa'ls fon monomerìc comp'lexes, because of spin

relaxation the dimens show broad featunes around the mid-fie'ld regìon. The

dimers genenally exh'ibit two features, a bnoad line jn the midfield (g - 2)

negion fon lM, = t l trans'ition which is often masked or mixed w'ith strong and

sharp features due to monomer impurities which exh'ibit hypenfine sp'l'itting.

The appearance of a line in the half-field (g - 4) region fon the lM, = ! 2

'forb'idden'transitions, ind'icat'ing the pnesence of tripìet-state, confirms

the existence of the princ'ipa1 dimer complex. The above features character-

ìstic of dimeric behaviour of the comp'ìexes ane obsenvable in both powdered

solid, ìn solution and in frozen solution E.S.R. spectra.

Aìthough the half-f ield absorpt'ion at g - 4 'is a'ìways a clear indìcation

and pnoof of the pnesence of the dimer spec'ies, in most cases the admixture of

monomen and dimen signals makes it difficult to intenpnete the m'id-field

spectra at g - 2, as even a trace amount of monomen impurity can affect the

E.S.R. spectra signifìcantìy. Similan observatìons have been reported by

other workers. For example, ana'lytically pune ICuZ(Me5-dien)Z(N3)2J(BPha)2

even aften recrystallizatie¡143 showed the monomerjc impur"ity featunes

markedly even though it has little effect on the bulk magnetìc susceptibil-

ity. Not only the shanp monomer Iines domìnate the first derivat'ive spectra

but attempts to enhance the spectnum by lowering the temperature increase the
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sens'iti vity of the monomeri c speci es wh'il e at the same time decrease the

popul ati on of the trì p'let state of the anti f ennomagnet'ical ìy coupì ed dimer.

In the present alkoxo-brìdged d'imer systems the effect of the monomelimpunìty

"is much more pronounced because of the very h'i gh i nstabi I 'ity and ease of

hydro]ysi s of these dimers. The features , due to the d'imer, are genera'lly

poor ly resolved as expected, because of dipo'le-dipole broadenìng.

At lìquìd nitr^ogen tempenature, the dimen complexes of polycrystalline

sol'id state42¡43¡ I44 s¡ aS frozen solutis¡106r 143 rl45-ì'a7 sflg¡ show hyper-

fine sp'littings of the half-field I jne giv'ing 'in many cases 2(1, + 12) + 1

I i nes whì ch pr"ovì de f urthen and concl usi ve evi dence f on the ex'istence of the

princ'ipal dimers. In some cases, hyperfine spìittìngs of the ÂMs = t t high-

field region are also observed42rl43 at ìiqu'id nitr"ogen tempenature. This

addìt'ional hyperfine spìitting feature of the dimens ìs not observed 'in many

i ndi v'idual cases4 2¡43.

(i i ) PREVIOUS RELATED STUDIES

Aìthough a small number of dimeric vanadyl comp'lexes have been studied by

E.S.R. methods6, thene has been an extensive solut'ion studies of dimeric

copper complexes which also serve as a useful model for our system. Lippard

et al.106 6þ5q¡ved clear'ly the seven-line 12(3/2 + 3/2) + 1; for Cu, 11 = IZ =

3/21 hyperfine sp'litt'ing fon the lM, = ! 2 transition at - 1500 G, characteri-

stic of a dimer^ system, in both the powdened solid at low tempenatune and in

f nozen solut'ion of an imidazole-bridged copper comp'lex. Belford _et al_.131¡146

obsenved 'in the g = 2 region a 15-line E.S.R. spectrum fon the vanady'ì tart-

rate complexes in solution which they attributed to electron exchange between

the two vanadjum nuclei 12(7/2 + 7/2) * 1 = 151 constituting a dimer. Their

observation of the half-field (g - 4) 'fonbidden' transjt'ions for all the

tantrate (d-, l-, dl-) compìexes confirmed the ex'istence of triplet-state

binuclear species in these complexes in solution. The E.S.R. spectra of a

number of djmeric vanadyl complexes of tridentate ligands were measuned in the
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polycnystal I i ne sol i d state42 r 43 ¡ I44 whene some of the d'imens exh'ibi ted the

half-field spectra at - 1600 G. The low temperatune solution E.S.R. stud'ies

of some por^phyrìn dimers of oxovanadium(IV) showed weak absorpt'ion at the

half-field region and hyperfine splìtting in the mid-field reg'ion2 and (for'

others) the hyperfine sp'littìngs'in the mid-field as well as in the low-field

legi on5 148.
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(a)

RESULTS AND DISCUSSIOI{

POI{DERED SOLIDS

All powdered solid E.S.R. spectra of the IV0(AA)(0R)]Z comp'lexes with

var.yi ng AA and 0R groups (some are shown 'in Fi gure 2.8.1) ane simi I alin

nature and show absorptions in two regions, v'iz. (i) in the mid-field negion

(- 3000 G) a generalìy veny broad feature encompassing a field of about 1500 G

with a superimposed nanrower feature (wìdth 280-300 G) and (ii) a weak absor^p-

tion in the nalf-fiel¿ regìon. The relat'ive intensity of the half-field

(g - 4) region is unpredìctable and is about 2-5% of the broad mid-field

absorpti on. The absorpti ons 'i n the mi d- and hal f -f i el d regi ons are d'i f f enent

fnom those of the powdened monomer. S'imilar mid- and half-fie'ld spectra ane

also obsenved at ìow temperatures. The 'intens'ity of the half-fjeld absorption

follows the intensity of the broad feature. As may be seen from the pairs of

spectna A, B and C in Figure 2.8.1, there is no any correlation of the effect

of temperature wìth the spectna.

All the spectra have s'im'ilar shapes and featunes at room and ìow tempena-

tures. The br.oad mid-field and weak half-field absot'ptions, which are not

present ìn the monomer spectra, can be taken as evidence for the presence of a

d'imen structure. The broadness of the featunes and the absence of hyperfine

splitting are due not only to'intramolecular spìn-spìn nelaxatìon but also to

intermolecular interact'ions involving both dimens and/or monomers. For

exampìe, the spectrum of V0(acac)2 in powder^ed fonm shows an unsplìt single

feature of about 300 G. It'iS, thenefore, not possible to interpret the
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E.S.R. spectra (1 at room temperature; 2 at -160oC) of
A. IV0(Bzac)(OMe)]2; B. IV0(Bzac)(OEtOMe)J2 and

c. Iv0(Bzac ) (08u2) ]2. ( r DPPH).
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apparent relative'intens'ity of the two features'in the mid-field ne9'ions in

terms of the rat'io of monomer to d'imer. A'lthough, no doubt, a small amount of

monomer must be present'in the sol'id as a result of hydrolys'is, its contribu-

tion to the shape of the spectrum must be much h'igher than its actual concen-

tration 'in ter.ms of dimer content. A1so, because of the d'if ferent extent of

E.S.R. responses of the monomen and the dimen, their nelat'ive ratio in the

sample can not be deduced merely fnom the shape of the spectrum.

The low temperature spectra wene recor"ded at -160oC. In these spectna no

si gn'if i cant d'if ferences wene obsenved f r om that reconded at r"oom temperature.

for IV0(Bzac)(OEtOMe)J2, the ìow temperatune spectrum IF'igune 2.8.1 (B)] shows

less dimeric and mone monomenjc feature in the m'id-field negìon. Excluding

the effects of relaxatìon as a functjon of tempenature, one would expect the

d'imer I 'i nes to decrease i n 'i ntens'ity as the temperature i s I owered due to

I owen popu'l ati on of the t ri p'ì et-state and thus the nel at j ve i ntensi ty of the

monomen should 'incnease. However, this may be a fortuitous coincidence

because other comp'lexes eithen showed no significant change in the nelative

'intensities, ê.9. IV0(acac)(0Bz)]2, IV0(dbm)(oRrn)1r, IV0(Bzac)(08u2)]z

IFigure 2.8.1 (C)] and IV0(HAP)(OMe)12 or, as'in the case of IV0(Bzac)(OMe)]Z

[F'igure 2.8.1 (A)], the reverse of the expected change was observed. It seems

that temperature effects cannot be expla'ined simply in terms of changes in

the popu'latìons of the singlet and tripìet states but that the effect of temp-

erature on the intermolecular sp'in-spin relaxation must also play a part.

Felthouse and Hendricksonl43 ¿lss obsenved s'imilar intenesting, unusual temp-

erature dependencies of the E.S.R. spectra of some di-p-(1,3)-azido copper(lI)

dimers whìch, they noted, might be due to the varied degnee of contrìbutl'ons

fnom exchange, dipo'lar, pseudo dipo'lar and hyperfine'intenactìons.

(b) SPECTRA ITI SOLUTIOII

The E.S.R. spectra of a few of the tV0(AA)(0R)lZ complexes were also

recorded in solution at noom tempenatune and at -160oC. At noom temperatune,
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the spectra show a broad absorption with a superìmposed 8-line hypenfine

structure (Fìgure 2.8.2). By joining the mid-poìnts of the hyperfine lines

(e.g. spectnum F'in Figure 2.8.2) 'it is poss'ible to est'imate appnoximate'ly the

half-line widths and the g- values of the djmers. These ane gìven in

Table 2.8.1.

Even with extneme pnecautìons to exclude mo'istune some hydro'lysis of the

comp'ìexes accondÍ ng to
c{2cl 

2

t\lo(AA) (0R) lz _¡7-. v0(AA) , + v0( 0H) 
2- n2,

takes pìace as evident from the fonmat'ion of V0(0H)2 in E.S.R. tubes filled

and sealed on the vacuum line. It iS, therefore, not sunprising that a

monomer spectrum is obsenved with an A value of 107 G whìch'is in agneement

with that for V0(acac)2 or" V0(Bzac)2. This does not exclude the possibi'lity

of the presence of monomeric species of the type V0(AA)(0H) on V0(acac)

(so'ìvent) where, solvent could represent one or mone molecules of ROH eithen

as 'inter"medi ates or ì n equ'if ibrium with the dimeric fonm. Because of the'i r

shanpness, the monomer s'ignals domìnate the spectra. Howeven, by allowìng the

samp'les to hydrolyse complete1y, it was possible to show that good quaìity

speci mens contai ned onì gi na'l 'ly no mone than 2-5% of the vanad j um i n the

monomer f onm. Thus the c'learìy obsenved, very bnoad nature of the s'ignal ì n

the h'igh f i el d negì on, undenneath the 8-l j ne hyperf ine spì itti ng, wh'ich i s

caused by the spin-spÍn relaxation due to the d'imer structure of the comp'lex

shows the major" const'ituent in the solut'ion to be the princ'ipa'l d'imer compìex.

The fnozen solution E.S.R. spectra of some of the more soluble dìmens

wene neconded 'in tol uene on d'ichl oromethane. In the f rozen sol ut j on spectra

(F'igures 2.8.3 and 2.8.4), as jn the powder spectra, the broad signa'l pnedomi-

nates. In all cases, the broad signal has superimposed on it a large number

of sharp narnov.rer'lines. These spectra show similarit'ies to those of the

djme¡ic vanadyì çi!¡¿lssI47, vanadyl tantnatesla6 ¿¡d vanadyl deuteroporphy-

n'inedimethy'lestenl4E g¡qgpt some satel I ìtes.
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Room ternperature so'lution E.S.R. spectra (i n toluene)
of D. IV0(acac)(OEt)J2; E. IV0(acac)(0Prn)J2 and

F. IVo(acac)(0Pri)J2 (r DPPH).

Figure 2.8.2'.
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TABLE 2.8.I: E.S.R. DATA FOR SOME IVO(AA (OR) I" DIMERS

COMPOUND SOLVENT TEMP. "C APPROXIMATE

BROADNISS

(G) (0F THE

MAIN FEATURE)

g VALUES

92 94

A0

MID.FIELD

(G)

V0( acac ) 2

IV0(acac)(OMe)12

IV0(acac) (0Et)]2

IV0(acac)(0Prn)12

Iv0(acac)(onri)],

Iv0(Bzac)(OMe)]2

IV0(Bzac)(0Et)]z

c6H5cH3

c6H5CH3

20

- 160

Sol i d

Soìid

cï2c1 2

c6H5cH3

c6H5cH3

Solid
cq2c1 2

c6H5cH3

c6H5CH3

c6H5cH3

c6H5cH3

Solid

Solid

cï2c12

Solid

Solid

Sol'id

26

- 160

20

20

- 160

- 160

20

20

- 160

20

- 160

20

- 160

22

-160

300

1500

470

470

1700

1400

470

470

17 00

470

1700

470

17 00

470

1450

1400

1250

1400

i400

1400

1400

1.98

1.96

r.976
1. 973

1.98

1.94

1.972

1.97 4

1.98

1.981

1. 9B

r.97 3

1.96

1. 98

1.9 B

1.98

1.97

4.06

4.00

4.00

4.00

3. 88

3.86

107

107

107

107

3.96

4.09

I07

2T

- 160

1400

1450

r.97
1.96

107

IV0(Bzac) (OEtOMe)]2 Sol id

Solid

19

-160

IV0(Bzac) (oeu2) ], Solid

Sol 'id

1. 98

1.98

4. 00

4.00

Iv0(HAP)(OMe)]z 20

-160
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Low temperature (-160"C) soìution (in toluene) E.S.R.

spectra of G. IV0(acac)(OMe)]2 and H. IV0(acac)
(OEt)12. (r DPPH).
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The intenpnetation of these frozen solution spectra is quite straight-

forwand as has been stated above for^ powdered solid and room tempenature solu-

ti on spectra. 0n the central portì on of the br-oad feature ther.e i s super-

imposed the frozen solutìon spectrum of V0(AA)2 as can be seen by comparing

the V0(acac)2 spectrum K and the d'imer spectra G, H and I'in F'igures 2.8.3 and

2.8.4. The penpend'icular featunes are clearly discennible and have the same

hypenfine sp'litting as for the monomer. Outside the range of the monomen

spectrum (about t 600 G from the mid-point) the dimer feature shows a complic-

ated pattenn of hyperfine spf itting. The E.S.R. spectra of interacting

dimeric metal comp'lexes have been studied extensive'ly by Smith and p'ilþ¡e¡alas

and such comp'lex hyperfine pattenns of the type described are characteristic

of dimenic vanadium systems.

In addìtion,'in the half-field region, ìess intense signa'l due to the

spin-forbidden lM, - t 2 tnansition have been recorded for some complexes.

Spectna G and I in F'igures 2.8.3 and 2.8.4 show such a signaì which shows what

appears to be vert'ical and paral ì el si gnal s with hyperf i ne sp'litti ngs about

half of the monomen spectrum as expected from the theony149rl50.

In principìe, fu'11 ana'lysis of the fnozen solution dimer spectra can lead

to conclusion about the separation of the magnetic dipoìes and hence to conc-

lusìon about the structune of the dimens. In our case, the interfenence due

to the presence of monomers would make such an analysis difficult.
The value of the E.S.R. studies together with the other spectnoscopic

stud'i es to the project has been to pnovì de ev'idence that the compl exes whi ch

have been prepared are all ver^y closely related and have structunes sim'ilan to

the onìy one established by X-ray crystal'logr.aphy.

2.9

(i )

ÎiIAGÎ{ETIC PROPERTI ES

II{TRODUCTION

As has been stated earlier (Section 2.1), the study of the magnetic prop-

enties of these complexes is specifically useful in pnovìding an understanding
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of the electron.ic interact'ions which arÍse as a consequence of the'ir dimer''ic

structures. Because of the unpa'ired electron on each of the vanadium centres'

the dimen.ic alkoxo-b¡idged oxovanad'ium(IV) complexes are capabìe of exhib'iting

magnetic interactìons thnough spin-spin coupling and have a noom temperatune

magnetic moment well below the sp'in on'ly value of 1.73 8.M., whìch is a ready

diagnostic of their dimenic structune. Determ'ination of the magnet'ic p]^oper-

ties of these complexes over an extensive range of temperatune has enabled the

evaluation of the.in coupling constant J, and hence an undenstanding of the

electnonic effects'in these binuclear complexes'

(i i ) THE I,IAGNETIC IÎITERACT IONS IN DII,IER SYSTEI.IS

Dependi ng on thei r magnetic behav'iour, the transit'ion metal complexes

be1ong to one of two types , vtz. ('i) magnetically dilute and (ii ) magnet'ically

condensed. In the former case, the metal ìon is not involved'in magnetic

exchange with the neighbouring metal 'ions. In the magnetically condensed

compl exes , the metal 'i on 'i s j nvol ved i n magneti c exchange wi th the nei ghbour-

.ing metal ions thr.ough exchange foncesl00r I5l-is8. The princ'ipal types rssa e¡

magnetic behaviour gìve ¡ise to (a) antiferromagnetism, (b) fernomagnetìsm and

(c) ferrimagnetism. Intramolecular ant'ifenromagnetic ìnteract'ions, confined

wj th.in d.iscrete mol ecul ar structunes, are the commonest type of i nteractì on i n

chemical compounds. Complexes wìth antifennomagnetic sp'in-spin coupì'ing,

nesulting fr-om a binuclear on polynuclear structure, have subnormal noom temp-

eratune magneti c moment5 160 -166.

The mechan'isms of antjfernomagnetic exchange 'interactjons involves the

mutual pairÍng of electronic spins v'ia some form of orbital overlap, anaìogous

to the formation of a chemjcal bond. Two types of interact'ion mechanìsms ane

possì bì e: (a) di rect i nteracti on and (b) superexchange. The I attenl 52r I554,

involves the.interaction of electrons with oppos'ite sp'ins on the two'interact-

i ng metaì ions via an intermediate bridgìng d'imagnet'ic anion thnough o- or II-

bondì ng orbi tal s. Most compl exes wì th subnormal magnet'i c moments ane
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expl aì ned usi ng th.is concept. The mechani sm of di rect i nteract'ion i nvol ves

d.i rect overl ap between the d orbital s conta'ini ng the unpai r^ed el ectrons on

each metal ion leading to mutual pairing through ô-bonding. The weak ô-

bond.ing over'lap whi ch ì s greatly dependent on the metal to metal d'istance

gì ves ri se to a di amagneti c sp'in-s'ing'let ground state and an excited par^amag-

netic spìn-tn'iplet state. The observed magnetic behaviour arises fnom the

thermal popu'lat'ion of the spi n-t ri pl et state. Consequently, paramagneti sm

will be observed on'ly for. weak ô-bonds, in contrast, stnong ovenlaps w'i1l lead

to a strong metal-metal bond as found 'in, ê.g. many canbonyl and halide

cl uster compounds t s gb wh'i ch are di amagneti c.

The singlet state (s - 0) and the tniplet state (s = 1), pnoduced by the

coupling of two S -- lZspins of an'interacting pair of ions, ane separated by

the exchange coup'ì i ng constant or the exchange ì ntegra'l , J , an i mportant

numerìcal parameter for- study'ing magnetic'interactions. In antifernomagnet'ic

coupl.ing the d'iamagnetì c si ngl et state i s the gr"ound state and magneti c

moments of the comp'lexes would decrease as the temperature 'is lower^ed, due to

the population of the singlet state at the expense of the paramagnet'ic triplet

state. The temperature dependence of the magnetic susceptibil'ity for dimen'ic

systems in which each ion has formally an unpaired electron and thenefore

S - l¡2is well-knownl5gcrl.67â and ìs adequate'ly described by the Bìeaney and

Bowens equati e¡1 6o ,

XA, (corr) = tlil+' il + {exp (J/kr)l-1 * Nc ..........(1)

whene Nc 'is the tempenature independent paramagnetism tenm and the othen

symboìs have thein usual significance. J may be evaluated by measurìng the

suscept.ibjl'ity of a dimer as a function of temperature and fittjng the results

of the above equation. A negat'ive value of J imp'lies antifennomagnetic coupl-

.ing (singlet-state lowest) whì'le a positjve value'ind'icates fernomagnetism

(tri pl et-state I owest).
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(i i i ) PRE VIOUS STUDIES ON RELATED COMPLEXES

The most extensiveìy studied magnet'ically condensed complexes are the

copper.(II) compìexes and a compnehensive neview of subnormal Cu(II) complexes

has been publ i shed by Kato {1!.1s3. D.J. Hodgson 100 ¿l so nev'iewed a number'

of the magnetìc exchange 'in complexes of various metal ions. A. Syamal6

nev'iewed the coondi nat'ion chemi stny of oxovanadi um( IV) exhi bìti ng subnonmal

magnetic moments. Most of the oxovanad'ium(lV) comp'lexes with subnormal

magnetic moments have been prepaned fnom the tridentate dibas'ic Schìff bases

,^^
containing 0 N 0 or 0 N S donor atoms33-43¡46r144r168-176. Fon most of these

compìexes, magnetic measurements wene confined to noom tempenatures only,

however, a few wene stud'ied at sjx or seven diffenent temperatunes stanting

fnom about 80K41-43r144. The only comprehensive study 'is that of Ginsbeng

et a1.36 who detenmined the magnetic properties of a number of IV0(0-N-0)]2

d'imer.s over an extensi ve range of temperatunes f nom 1.4K to 300K and was the

first to account for the ant'iferromagnet'ic jnteractions in these djmeric

structunes. Studies by sevenal authors of such dimeric complexes of oxovana-

d'ium( IV) have been mentioned in Section 1.2.1(b). The tridentate dibasic

character of the fNì o. ûCs ì i gands 'in such compì exes fot'ces the V02+ i on

to dimerìze in onder to ach'ieve the nonmal penta- coordinat'ion. Similar

stud'ies on dimerìc complexes of vanious canboxyìic acids6 and of some biden-

^tate 0 N donor^ Schiff basesL77tL78 have also been neported.

(i v) RESULTS AND DISCUSSION

The magnet'ic moments and susceptibilities of the dimer^'ic alkoxo-btidged

complexes prepared were determìned at a sing'le temperatune (r'oom) using the

Gouy method. For ten compìexes, selected on the basis of ìigand type,

magnetic properties were determined oven the extended range of temperatune

using a Faraday magnetometer. The experimental methods for these measurements

ane desc¡ibed in the Experimental Section. The room temperature magnetic

properties of the compìexes other than those subjected to variabìe tempenatune
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measunements ane g'iven i n Tabl e 2.9.1. Insp'ite of the I imìtati ons of the Gouy

method to gìve accurate values because of the 1ow specific magnetìc suscepti-

bilities of the compìexes and the magnetic fields used, all the room tempena-

tune magnetìc moment values obtained are clearìy lower than the spin only

value of 1.73 B"M, expected for a dl oxovanadium(IV) system and suggest that

ìn all the complexes thene is ant'ifennomagnetic exchange arising fnom the

dimeni c structune" The noom temperature magnet j c moments, deter^m'ined by the

Gouy method, were comparab'le within t 0.04 B.M. to the 300K magnetìc moment

values obta'ined 1n the variable temperature experiment (Tabìe 2"9.2).

As mentioned earlien, the tempenatur^e dependence of the magnetic suscept-

ib'il'ity of the vanadyl dìmers'is expected to obey the sìmple Bìeaney and

Bowers dimer expnession (equatìon 1) where the s'inglet-trìp'let sepanat'ion is

equal to 2J. The data obta'ined from the varìable temperature study were

fitted to this nelat'ionsh'ip wÍth the additional correction for the presence of

a small amount of monomer by means of the method suggested by G'insbengl56 ¿¡d

by taking Na âS 50 x i0-6 cm3 mol-1 ìn all cases. 0f the ten comp'lexes used

ìn this study only one comp'ìex, IV0(acac)(0Me)J2 had ìts stnucture determ'ined

(Section 2.4). The other dimers, most of wh'ich were amonphous on micr"ocnyst-

alljne wene assumed to possess the same type of stnucture on the basis of

their various spectroscopic and chemical similarit'ies. In selectìng the

dimens for the vanìable temperature magnetic studies, compounds were chosen so

that comparìsons could be made of the electronic effects of the bidentate

'ligand and the electronic and/or stenic effect of the brìdging alkoxo group.

An important charactenistic of the pnesence of an intramolecular (also

jntermolecular) antifernomagnetic exchange process in a systern 'is the appear-

ance of a break in the form of a maximum in the susceptibi'lity vensus temper-

ature 64 - T) plot, The measurements must obv'iously be canried out oven a

suffic'ient tempenature nange such that the temperatune dependence of magnetìc

susceptì bi l i t'i es as wel l as a maxi mum are wel l observed i ndì cat'i ng such
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TABLE 2.9.T: ROOM TEMPERATURE MAGNE TIC DATAA OF SOME

AA) (OR) ]C COMPLEXESbtv0(

AA=

acac

acac

acac

Bzac

Bzac

Bzac

Bzac

dbm

dbm

dbm

dbm

dbm

HNP

HNP

HNP

HNP

HAP

HAP

R TEMPER-

ATURE OK

t *N (corr) x 104

(c.g.s./g-atom V)

ue ffl V

B. M.

Prn

Pr r

Bz

Prn

Pri

Bun

EtOEt

Me

Et

Prn

Pri

Bz

Et

Prn

Prj

Bz

Et

Prn

290.5

290.5

290.5

290.0

290.0

298.5

?98.5

290.8

29r.0

29t.0

29r.0

290.0

290.5

29r.0

291.0

29L.0

298.0

298.0

10.04

9.42

9.80

9.84

10. 06

10.44

10.00

10.05

9. 83

9.95

9. 9L

10.48

9. 50

8.92

g. 30

9.40

8.21

8.40

1.53

1.48

1.51

1.52

1.53

1.58

1.55

1.53

1.51

r.52

r.52

1.56

1.49

1.45

t.47

1.48

1.40

r.42

ô.

b.

Determi ned bY GouY method.

Magnetic data for complexes subiected to variable temperature experiments

are shown in Tabl e 2.9.2-

C. Corrected fon the diamagnetism using Pascal's consta¡f,5I59ô'
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TABLE 2.9.2: MAG NETIC PROPERTIES OF THE ALKOXO.BRIDGED

OXOVANADIUM (IV) COMPLEXESC'd, T v0(AA) (0R) lr

AA p u eff/U ¿(a) n(a)

-1 MONOMER

x( a)
COMPLEX

N0. cmB. M.

300 K

I

II

III

IV

V

VI

VII

VIII

IX

X

HNP

HAP

acac

acac

Bzac

Bzac

Bzac

Bzac

Bzac

Bzac

Me

Me

Et

Me

Bz

Me

Et

Bu2

EtOtvle

Ph

1. 48

1. 38

1.51

1. 57

1.60

t.52

1. 54

1.57

1. 59

1.65

- 84.5

-125. q( b )

- 88.0

- 60.6

- 74.0

- 73.6

- 70.3

- 62.8

- 47.2

- 45.7

r.9?

1.94

1. 96

1.95

2.03

r.92

1. 95

1.95

L.92

1.98

6.50

2.79

0.64

1.10

2.84

2.33

0.65

1.07

0.80

1.04

(a)

(b)

(c)

(d)

J t 0.5 cm-l; g t 0.02; % monomer t 0.2% unless otherwise stated.

J t 5 cm-1; g t 0. 05; % monomer t L%.

T.I.P. (per V) = 50 x 10-6 c.g.s.u.

Diamagnetic correctìons were taken from the ljteratu¡s1594.

exchange behaviour. The temperatune of this maximum, known as the Cur.ie on

Neel temperature (T. or T¡), is nelated to the value of the coupling constant

increasing monotonically with the value of J. At temperatunes above T¡, the

susceptib'ility obeys the Curie-l,Je'iss law. In this temperatune range the

thermal enengy available to the system is suffic'lent to overcome the anti-
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paral I el a1 i gnment of the spi ns Issd ¡i¡s¡sþy 'increasi ng the popu'lati on 'in the

tri p'let state. Bel ow th'i s cri ti cal temperature , the f orces a'ì 'i gn'i ng the spi ns

in an anti-paraììe1 arrangement predominate thus increas'ing the population of

the sing'leú state and pnoduc'ing a rapid lower^ing of the susceptibilìty with

decneasing temperature. At TN, these effects balance each other and hence

result in a maximum in the suscept'ibi'lity.

The trans'it'ion from ordered (at low temperatune) to the disordened

(at higher temperatunes than Tn) array may be sharp on gr^aduaì depending on

the nature of the system. In the present study, all the comlexes I to X

(Tabì e 2.9.2) show a broad maximum in the x¡,tys T plot typical of an exchange

coupled system. The nesults from the ten compounds are shown in Figunes 2.9.!

to 2.9.5. Al I the cunves are sim'il ar i n nature showj ng bnoad max'ima rangi ng

from 85K for IV0(Bzac)(OPh)]2 (X) to 150K for IV0(HNP)(OMe)]2 (I). 0n the

same graphs are p'lotted the magnetic moments calculated per paramagnetìc

centne from the X¡q values. These, as expected, show a steady increase with

tempenatu ne.

The low tempenatune region of the xyr:- T pìots revea'1, in all cases

(Figures 2.9.L-2.9.5) a rapid increase'in the x¡ vaìue. Th'is is intenpneted

as bei ng due to varyi ng smal I amounts of uncoup'l ed vanadi um( IV) speci es.

Below about 30K, only the singlet gnound state is occupied and the tail'ing off

of the calculated p.¡¡ to a limiting non-zero value nesults fnom this paramag-

netic monomer impunity. The presence of small amounts of paramagnetic irnpuri-

ties ìs consistent with the moistune sens'itìvity of these compounds which' as

discussed eanlier, results in the formation of monomenic vanadyl complexes.

The extent of contaminatìon was re'lative'ly high wìth the unstable IV0(HNP)

(OMe)12 ( I ) and IV0(HAP) (OMe)]Z ( I I) d'imens as wel I as w'ith the steni cal ìy

hindened 0Bz b¡idged compìex (V). Conversely, ìt was low with the crysta'l'line

OMe and OEt bridged acetylacetonate dimers (III and IV).
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The observed data were fitted by least-squanes method to the Bleaney-

Bowers equation by programmes R-Oxford and R-PolymerITs modified to allow the

presence of a monomer of S = A?. The fìtting procedune enabled the evalua-

t.ion of J, g and % monomer. The agreement of the experimental and calculated

data was expressed in terms of an R value. The parametens obtained by th'is

procedure are lìsted in Table 2.9.2.

It was possible to obta'in good fits of the data over the ent'ire tempera-

ture range for all the compìexes studied, except fon IV0(HAP)(OMe)]2, II. In

this case, whiìe'it was possible to repnoduce the observed susceptibilit'ies

above 100K with the parameters l'isted in the Table, a poor fit was obsenved at

tempenatures below this perhaps as a result of weak magnet'ic'interact'ions w'ith

the monome¡ic'impurìty. As was mentioned earlier, the HAP-conta'in'ing d'imers

were found to be the most air sensitive in the whole series studied. The

qualìty of fits to the simple dimeric expression suggests that all the comp-

I exes are di screte dimers, as found ì n the cr"ystal stnucture of IV0( acac)

(OMe)]2, IV. There 'is no evidence to suggest a tetrameric arnangement as

foundl80¡18I for the cìosely related Cu(II) complex, ICu(acac)(0Bz)]2 whene

the comp'lex ex'ists as paìrs of dimers.

As already discussed 'in Sect'i on 2.7, the single 3d electron 'in the square

pyramidal oxovanad'ium(IV) comp'lexes occupies the d*y orbitalasr 182 (t2n set)

and the g va]ues deduced fnom the fitting pr^ocedure are symptomat'ic of such a

ground t¡u¿s36, âS are the obsenved E.S.R. spectra (Sect'ion 2.8). In a

dimeric structure the d*, orbitals have the conrect symmetny for a o-overlap

thus providing a path fon the antìfer"romagnet'ic exchange between the adjacent

vanady'l centres. The strength of the exchange coupling would be primarily

determined by the extent of the overlap which amongst other factons depends

on the djstance between the two vanadium atoms. The geometrical arrangement

of the two vanadjum centres 'in the crystal stnuctune of IV0(acac)(OMe)]Z

(Secti on 2.4) is such as to produce a V""..'V distance of 3.107Â wh'ich

È.

I

I

Ì

t

i

I

i
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precludes the formation of a V 

- 
V bond of the type obsenved for dinuclear

V(II) and V(III) compoundsI83rl84 jn wh'ich much sho¡'ter d'istances have been

obsenved. Clearly, in our system, a'lthough the'interaction'is weaken,'it is

nevertheless suffic'ient to cause the observed exchange which would be sensi-

t i ve to change 'i n the i ntermetal I 'i c di stance. In cont rast to the oxovanad-

i um( IV) system, 'i n the copper( I I ) compl exes the unpa'i ned el ectnon i s chi ef ly

in the d*r_y, orbitalr (eS set) which are dinected'in space noughìy toward the

bridg1ng oxygen atoms and are well oriented for overlap with the oxygen p or"b-

itals and thus the magnetic exchange in many copper(ll) complexes occuns via

supenexchange through the br idgìng atoms. However, the absence of an electnon

.in the d*z_y, orbital s of the V0-d'imens makes a contri but'ion to exchange

thnough th'is mechanism less signìficant. Consequentìy, coupì'ing ìn the

vanadyl system'is weaker than in the nelated Cu(II) dimers which use the mone

efficient super exchange pathway. This'is despite a similar M - M d'istance in

these [M(acac ) ( 0R) J2 systems Thi s work I 80 r I 81. Re] ated arguments have been

presented for other Cu-Cu and V0 - V0 pai¡5I85r186.

While the room temperature magnetic moments do not vary markedly w'ith AA

on R, and hence g'ive little indicatìon about vaniat'ions jn the magnet'ic inten-

actions, it is evìdent from Table 2.9.2 and Figures 2.9.!'2.9.5 that the

magnitude of J and the variation of x w'ith temperature depend quite marked'ly

on the nature of both these gnoups. In a discussion of the magnetic behaviour

of a nange of ìigand-bridged vanadyl Schiff base complexes, Ginsberg et a.l.36

suggested that for an exchange pathway through ô o-ovêrlap, e'lectnon wìthdraw-

ing substituents on the Schiff base should lead to an increase in the effect-

'ive charge on the vanadium centre causing the d*, orb'itals to contract and so

resu'ltìng in a weaken exchange. The non-observance of such a dependence was

explained as r.esulting fnom an increased polarizing effect of each metal on

its neighbour causing an increase of the overlap of the d*y orbitals. As a

result of these conflicting effects, Ginsberg et al. were unable to determine

the exact effect of lìgand substituents. The above arguments of course assume

I

Þ.-

I

I

t

t

)

I

I

4

ïr

tl
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a constant \¡t o r r V d'istance. In the pnesent systems, the gnoup of foun

complexes with methoxo bridges (I, II, IV, VI) whene the V.... V d'istance

is expected to be similan permits a companison of the effects due to the

termi nal AA ì'i gands. The f our 'ì i gands woul d be expected to have el ectron

withdnawing abil'ity in the orden acac < Bzac < HAP - HNP. Table 2.9.3 Iists

band III (wh'ich is influenced by charge transfer) in the IV0(AA)(0R)]Z spectra

(Sectì on 2.7) and VIV - VI I I reduct'ion potenti al of the compì exes VL2 wher^e L

.is the dìanìon of the Schiff base of the above lìgands with benzoyì hydrazine

(Chapten 5). Table 2.9.4 ìistìn9 the ZIlZ values ($ S.C.E.) of some M(g-

diketonato)n (= 2,3) complexes, combined with the t IlZ values of some VLZ

compl exes of rel ated 1 i gands (Tabl e 2.9.3) confi nms the above orden of

electnon w'ithdrawing abil'ify, on the assumption that band III'is a ìì9and to

metal char.ge transfen. As can be seen fnom Table 2.9.2, our nesults also

confirm the opposite of the expected connelation between J value and electron

withdrawing effects d'im'in'ishing the o-ovenìap of the d* onb'ita1" Thenefore,

the second factor suggested by Ginsber'g must be more important. In the

analogous ethoxo bridged complexes (III and VII) the order of the mangitude of

J value js nevensed, howeven, with Bzac > acac. Therefore no spec'ific simple

exp'lanati on i n terms of el ectroni c effects i s possi bl e to expì a'in such

behaviouns.

TABLE 2.9.3: sOME ELECTRoNiC PARAMETERS 0F THE IV0(AA) (0R) ]a

f

J1

{r

AND RELATED COMPLEXES

Ivo(AA) (oR) ]z BAND III

(x 1o-3 cm-l)

-Jcm' VL
2 COMPLEX -E T/2 (vIv -

(v) bIII
COMPLEX V

IV0(acac)(OMe)]2

IV0(Bzac) (OMe) J2

tv0( HNP)(Orrn ) l2

Iv0(HAP) (0Bz) ]2

32.7

29.8

25.0

25.9

60.6

73.6

94.54

125.0a

V( acac-BH) 
2

V( Bzac-BH) 2

v( HNP-BH) 2

V( HAP-BH) 2

0.4?

0.35

0.11

0.18

iì. but with R = Me; b. See ChaPter 5
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TABLE 2.9.4: E VALUES OF SOME M .D I KETONATO 213 COMPLEXES

COI'IPLEX -rL/z (v)

(M*n - r+(n-1)¡

L'it. Ref. Compìex -E l/Z ( V) Li t. Ref .

(sIIt - MII)

¡

È,'

I

I

)

I

Ì

I

1

Co(acac)2

Co (Bzac) 2

Co ( dbm) 2

Cr(acac)3

Cr(Bzac)3

Cr(dbm) 3

1. 915

1.750

1.570 )
1.830 )

1.7 3

1. 50

r.26

Co(acac)3

Co(Bzac)3

Co(dbm)3

Ru(acac)3

Ru(Bzac)3

Ru(dbm)3

0.34

0.21

0. 13

0.728

0.593

0.501

187

187

187

189

189

189

188

188

188

190

190

190

* Data for the analogous complexes of HNP and HAP are not ava'ilable.

i

li

ilThe types of complexes used in this study also perm'it comparìson of the

effect of the bridgìng alkoxo group. The effect could influence the couplìng

constant by (ì) a stenic effect changing the V.... V distance or (i'i) due to

electron'ic effect. Crystal structure data ane only available for one of these

complexes and the aj r sens'itivity and mìcro-crystalline natune of other

complexes would make it d'ifficult to obta'in cnystals suitable for X-nay

structur.e determì nat'ion. Consequentìy arguments regardi ng V .... V di stances

are conjectura'l . In the senies IV0(Bzac)(0n)]Z dimens, a bul ky bridg'ing

gr.oup, such as OPh (X) or 0BuSec (VIII) causes a marked neductìon in the value

of the coup'l i ng companed to a smal I en group such as OMe (Tab'ì e 2.9.2)

presumably as a result of an'increased V.... V distance. The electronìc

effect of the 0R gr.oups would be difficult to sepanate from the steric

effects. However,'if one assumes the same steric effect'in the complexes

[VO(Bzac)(OCHZX)12, where X = Ph, H, CH3, CH20CH3, there does not appear to be

any tnend and the two compounds V and X w'ith ft = PhCH2 and Ph respectì ve'ly

repnesent almost the extreme ends of the range of J values.
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It i s worth not'i ng that a recently reported di hydnoxy bri dged 1,4,7 -

triazocyìononane (= t9l ane NS) dimer tV0(t9l ane N3)(0H)J2Br2 Isl, with

V.... V d'istance of 3.0334, has a J value of -88.5 cm-l which corresponds'in

nagnitude to the'larger J values obtajned in the present dialkoxo series.

Vanadyl 1,3,5,-triketonate dimers also disp'lay J va'lug5I86 of g. -80 .t-1

which suggests that J values of this magnitude are nather typica'l for

P,<
Rt-
l' V

lt
0

< cycles in which R = H or -C.
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CHAPTER 3

IION-VANADYL VAI{ADIUI.I( IV) COI4PLEXES I.IITH TRIDENTATE LIGANDS

GENERAL INTRODUCTION

As has been d'iscussed in Chapter I, the novel aspect of thjs work is the

investigation of the formation of non-vanadyl vanadjum(lV) compìexes with 0

and N donor 1i gands. Al though a f ew of such comp'lexes wìth b'identate l'igands

ane known (Sect'ion 1.3), they are unstable tend'ing to form vanady'l complexes.

The crystal structune of on'ly one of them, viz. [Et3NH]2[V(cat)31.CH3CN zt has

been reported. The majority of the stable non-oxovanadìum(IV) comp'lexes come

f rom our own work and are b'is-t ri dentate. The I ì gands wh'ich f onm such comp-

lexes are dinegative, tridentate and capable of forming planar five- and sjx-

membered chelate rings of the typ. -fi¡íì-. Ligands containing the azomethine

group -RC=N- and the isosteric diazo group -N=N- have been used to pnepare the

VLZ complexes. Thnee types of such ligands that have been developed ane

(a) Schjff bases of aroyìhydrazines (benzoyl and salicyìoyl) with 6-diketones

or or-tho-hydroxy aromat'ic aldehydes or ketones, (b) Schiff bases of o-amino-

pheno'ls (al so 3-am'ino-2-napthol ) with the same carbonyì compounds and (c)

2,2'-dlhydroxyazoarene dyes. A number of YLZ complexes of each type of

ìigands have been prepared so that the effects of the ligand type on the

formation and properties of the comp'lex as well as substituent effects within

each type can be examined. A number of mixed-ligand comp'lexes of the type

VLL' have also been pnepared.

These novel YLZ compl exes have been chanacteri zed by thei r mi cro-

analysis, infrared, mass, electronic and E.S.R. spectna and by electrochemical

studies. The crysta'l structures of some of these complexes have been deter-

mined. The type (a) Iigands have the V'in the Iess common trigonal prismatic

coordì nati on, the only type (b) compl ex exami ned showed an ì rnegul ar



octahedral coordi nati on.

abl e f or an X-raY cnYsta'l

'l i gands.
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It has not been poss ì bì e to obta'i n cr"ystal s sui t-

structure determ'inat'ion of complexes w'ith type (c)

3.1 BIS-TRIDENTATE VANADI uH( Iv) col,lPLEXES OF BENZOYLHYDRAZOÌ{E SCHIFF BASES

3.1.1. INTRODUCTION

Benzoylhydrazine, because it exh'ibits keto-enol tautomerism, ìs capabìe

of forming negatively charged Schiff bases wìth suìtable carbony'l compounds.

By itseìf, it may function as a neutral or as an anionic ligand with metals of

the first transition series. The cat'ion'ic compìexes IM(HZNHNOCPh)2]2+ (M =

Co, Cu, Mn, Ni, 1n)Lsz ar.e depnotonated by bases to give neutral derìvatives,

[M(HZNNgçph)Z]. The former conta'ins benzoyìhydrazine (BH)'in the keto fonm

and the latte¡in the enol form. Ar oyl hydnazines are a'lso reported to act as

tribaslc (-3H) mono- and bidentate ììgands in some rhenium(V) and molybdenum

(VI) comp'lexesl e3 r Ie4. The enol'izatìon is stabil'ized by the formation of a

Schiff base w'ith a ketone or an aldehyde, ê.9. R1R2 C = N - NH - 0C - Phlss'

Benzoyl hydraz'ine on condensati on w'ith g-di ketones or o-hydroxy anomatì c

carbonyl s g'ives dì basì c Sch'iff bases (Ulz) of the type

C=N-[tl =C-Ph
=frl -NH-C0-Ph

H

-cH
0 -0H

keto-form enol -fonm

which, on deprotonation, ane capable of acting as a tnidentate doubly charged

an'ion'ic 'l'igand. The ease of format'ion of the di negati ve an'ion 'is presumab'ly

due to the stab'iljzation of the enol form by the formation of a conjugated

system. Thus, with Ni(II), the Bzac-Bþ gives rise to the neutral complex

N'iL. NH3 w.ith ammoni a coondi nated i n the f ourth positi e¡ I e6. Al though many

neutral complexes of various Schiff bases are known, these benzoylhydrazone

Schi f f bases and nel ated 1i gands have a speci al si gni f i cance 'in bei ng ab'le to

l
c

\\
c

I

0

c
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f orm bi s-t rj dentate vanadi um(IV) comp'lexes. The ì'igands I i sted 'in

Table 3.1.1.1 were prepared by l'itenatune methods (see Experimental) and used

i n formi ng the VL2 comPl exes.

TABLE 3. 1. 1. 1 : BEN ZOYLHYDRAZONE SCHIFF BASE LIGANDS

L IGAND COLOUR L I GAND COLOUR

Bzac-Bþ

Bzac-poMe-BHlz

Bzac-pcl -BHÞ

B zac-p N0zBH-¡9

dbm-BHH^4.

HNP-BHH2

HNP-pcl -Bt-!!!2

Whìte

Whi te

l,th ì te

Yel I ow

t^lh'ite

Li ght Yel I ow

Yel I ow

HAP-Bl-l!2

HAe-pcl -Bl'!!2

HPP-BHÞ

DHBP-BHH2

Sal -BHH^<-

Wh'ite

l^lhi te

l,lhite

Yellowish l^lhite

hlh'ite

Many of these had been descnìbed in the literature and the products obtained

were characteri zed by the'i r mel ti ng point and/or i nf rared and mass spectra.

It may be noted that the for^mation of the dbm-BH$ Schiff base occurs only

when an equimolar mixture of dbmH and BH is heated'in an oil bath at a high

temperature (155'C). In this case, the nemoval of H20 moìecule fnom reacting

components to gi ve the Sch'if f base possi b'ly occurs at a hì gh temperature.

Some tridentate hydrazones can also be fonmed 'in situ, dur''ing the

reaction of some V0(AA)Z (AA = g-diketones or o-hydnoxycanbony'ls) w'ith

benzoylhydraz'ine in an alcohol under suitable cond'itions to give the VLZ

comp'lexes. Th'is react'ion has been used advantageously to prepane the f irst

VLZ compl ex, V(acac-BH) Z 
,r. It was subsequent'ly real 'i sed that the f ree

ligand, acac-Bþ, couìd not be prepared because of a cycl'izat'ion as described

bel ow. A ser.ies of yLz compl exes of these sch'iff bases have been prepared

(Table 3.7.1.1), chanacterized and the'i r properties studied.
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3.I.2. DISCUSSIoN 01{ PREPARATI OI{S AND PROPERTIES OF THE BENZOYLHYDRAZONE

vLø C0üPLEXES

In fonming non-vanadyl VL2 complexes two general methods were used, viz.

(i) Subst.itution of LHz on V02+ (solvated) whene the solvent was a primany

alcohol (Me0H or EtOH) and

(ii) Template reactjon on VO(AA)2 (where AA = acac, Bzac, HNP and Sal) with

benzoyl hydnazi ne.

A'lthough not attempted 'i n thi s work , substì tuti on on VCI 4 'i n a non-aqueous

sol vent 'is al so poss j bl e6 e.

(i ) FORI.IATIOI{ OF VL BY SUBSTITUTION

The reactìon of V02+ (solvated) to form the VL2 complexes pnoceeds via

the removal of the oxo function, presumabìy jn the form of waten. Besìdes our

system, substitut'ion of the oxo function, which is very rare,'in a'lcoholjc or

aqueous solutìon has been observed only wìth d'ithiolene ìì9andss7-50 and w'ith

L,Z-dihydroxy anomatic systemsTl. It seems that the removal of the oxo lìgand

by subst'itution takes pìace only wìth f igands which are strongìy electron

donating (o- as welI as n) such as the phenofic and enol'ic oxygens of the

t ri dentate I 'i gands .

primary alcohols (methanol or ethanoì) were found to be the best solvent

for this neaction for a variety of neasons: ('i ) they facilitate the solution

of the ììgand and of the base needed to neutral'ize the displaced H+ and

(i.i ) al so f avour the el im'inati on of the H20 f ormed by pt'otonati on of the oxo

I igand. A su'itable sounce for the vanadyl 'ion was found to be VOCI2, nHr0,

dried to a blue mass over P'OU or V0(acac)2. In the fonmen case, an external

base (LiOAC on Et3N) was added to pnomote the equiIibn'ium,

v0cl2 + 2 Lþ+ ? LiOAc+vL2 + 2 LiCl + 2 HOAC + H20 .......(1)

L.ith j um acetate and tri ethyì amì ne wene commonìy used because of the'i r

solubjlity and that of their salts in the alcohol used. V0(acac)2 Pt'ovided
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its own base for the deprotonation of the ligand accord'ing to

VO(acac) Z+ 2 Ll!z=VL2 + 2 acacH + H20 (2)

The method had been used before by D.T. SawyerIeT ¿¡d Raymond et al.7I to

prepare the t¡is-catecholates. Evaporation of the solution to dryness

f ol I owed by add j ti on of f nesh sol vent he'l p to dri ve the equ'i I'i bni um a'lthough tt"å

o.a¿ rìot usuaìly necessary. Although, no doubt, use of MeOH on Et0H as a neaction

medium facilitates the fonmation of the compìexes, the stab'ility of the

complex.is such that they can form in a two phase aqueous system. Thus, V02*,

* and a base (sodium acetate) in a mixture of CHCI3 and HZ}, on shaking,

gave dark purple VL, in the CHCI3 1ayer. The VLt was fonmed'in CHCI3 because

the reaction was accelenated by the additìon of acetylacetone. All VL2 fonma-

tion reactìons are quite fast and the characteristìc dark purple coloun.of the

product appears in about 10 minutes of the reflux w'ith, in most cases, the

precipitation of the dark purple/gneen VL2 complex.

In the VL2 compì ex f ormat'i on reacti ons , I 'i gands subst'itute stepwi se. The

possib.iììty of forming VOL as an intermediate in the substitution reaction was

.invest.igated by perf onmi ng the substituti on neact'ion (1) usi ng VOC'l 2 and i,
in 1:l molar rat'ios. As discussed in Chapter L.2.1 (b), the expected products

would be VSLX, where X = solvent or Cl- (when t- = lÐ or^ (V0L)2 dìme|in order

to sat.i sfy the coordi nati on requi nements of V02+. t,li th the present ì i gand

system the possible intenmed'iate products (Chapter 4) have been found to be

extremeìy unstabl e i n the al cohol medi a and ane readi ly ox'id'ized by the

djssolved atmosphenic oxygen to give the oxovanadium(V) compounds of the type

vVot. oR wh.ich i n the presence of moi sture ane hydro]ysed to lvVoL¡ ro

(Chapter 4).

voz* + Lþ (VoL),, VOUf or VOL'ROHROH

Inter med'i ate

( vvol) zoVVOL. OR

Hzo

L!2

uL2
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This ai r sens'it'iv'ity makes it necessary to canry out pneparations in a

st¡i ctly oxygen-fnee 'i nert atmosphere (usuaì ìy nitrogen atmosphene). The

above intenmediates and their oxidized products can be used as precursons for

the synthesis of VL2 and VLL'complexes (Chapter 4 and Section 3.5), 0f all

the ligands, the HAe-pC1-BHÞ forms the exceptionally stable VL2 comp'lex and a

1:1 mixture of VOCI , and Lþ gave VL2 c'lose to the theoret'ical yieìd based on

LHz'

(i i ) FORI.IATION OF VLC BY TEI{PLATE REACTIOil

YLZ compìexes can also be prepaned by reaction of V0(AA)2 with BH in

refl uxi ng MeOH.

VO(AA)r+2BH vL2 + H20 (L = AA-BH) (3)

This neact'ion has been used successfuìly fon AA = acac, Bzac, HNP and Sal.

The reaction of V0(dbm), wìth BH in refluxing Et0H did not gìve the

corresponding VLZ complex but IV0(dbm)(OEt)]2 dimer. The same react'ion in

chlorofonm also d1d not yie'ld any VL2.

As the temp'late reactions are not lìkeìy to pt'oduce hì9h concentration of

fnee LHZ in solution, it'is not surprising that oxidation products are isol-

ated as i n the 1 : 1 m'i xtures 'i n the substi tuti on reacti ons. The compì ex

V(acac-BH)2, for example, was obta'ined only in about l0% yield when the reac-

tion was car¡ied out in a'in, wheneas, the yield was much higher under oxygen-

fnee cond'it'ions. The ox'idjzed pnoduct tVVO(acac-BH)lr0 can be pr^epaned

directly by reflux'ing V0(acac)2 and BH jn ethanol in aìr and on proper tneat-

mentsofthepnoductwithacetoneandwatereVenthough@
the$ VL2 complexes rema'in very air stabl e¡ otrce-$>v"azr<za '

In two neacti ons, ye'lì ow-orange products of composit'ions V0(acac-BH).BH

and V0( acac-pCl -BH) . pCl -BH wene 'i sol ated whi ch coul d be oxi dì zed to VV

complexes or converted to VL2 by neactìng w'ith excess acetylacetone.

Reactjon (3) was particulanly useful and advantageous for the pneparat'ion

of v(acac_BH)2 whene preparation by substìtution was not used as the fnee

____r
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'ligand acac-Bþ could not be prepared due to its cycfization to 3'5-dimethyl-

l-benzoyìpyr-azole (II) through an'intenmedìate product 1-benzoyl-3,5-d'imethyl-

5-hydroxy -Z-pyrazo'l'i ne ( I) Ie8.

(3)

(2) H-
(1) H0:_
HC/

3

(2) H CH

tt-*'
I

oy''\

3
c
ll
c

c
1l
N

CH
65

CH
65

(r) (II)

The .intermed.iate compound was al so prepared as a sol j d product as descr j bed

previouslylss. The compounds were characterìzed from the'ir N.M.R. data shown

in Table 3.1.2.1. The reaction pnoduct (liquìd) of acacH and BH'in ethanol,

if not dr.ied pr"operìy, g'ives the N.M.R. signals characteristìc of (I). The

infrared spectra of this compound showed broad vO-H at 3440 .r-1. Th'is

product on dryìng unden high vacuum over Pe0s for a 1on9 tjme g'ives N.M.R.

signals characteristic of (II). Thus, the convensation of the'intermediate

pr.oduct (I) to the stable pyrazo'le (II) proceeds onìy under extneme dny

cond'it'i ons.

A'lthough the 'l i gands themsel ves are Sch j f f bases whi ch ane somewhat

suscept.ibl e to hydrolysi s, the vLz compl exes are extneme'ly stabl e towards

hydr^o1ysis. Attempts to tny metathesis react'ion of the type V(acac-BH)2 +

L,H2+yL'2 in nefìux'ing methanol v,,ere unsuccessful. The stabìlity and

inertness of the VL2 complexes ane consistent w'ith the high oxidation state of

vanadium and tnidenticity of the figands. Ac'ids bneak these comp'lexes down

with difficulty. For example, high concentration of methane su'lphonic acjd'in

acetone causes slow dischange of the dark purple colour to yelìow w'ith

oxidation to Vv
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N.M.R. DATA OF I NTERMEDIATE ( I) AND PYRAZOLE ( I I) PRODUCTS
TABLE 3.1.2.1:

ô, ppm

I II
REACTION

Sol i d pnoduct

( I) pnepanedt eB

H( 1) H( 2) and H( 3) H( 2)

5.30 br 2.83 and 3.03

AB quantet

JAB = 19 cPs

acacH + BH 5.20 br*

Literatu¡sL e8 value 5.18 bn*

acacH + PN02-tt

acacH * pMe-BH 5.17*

2.76 and 3.11

AB quartet

JAB = 19 cps

2.73 and 3.14

AB quartet

JAB=21tlcps

2.78 and 3.06

AB quartet

6.08

6.07

6.10

6. 04

* Disappeared upon treatment wìth D20
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Al I compl exes g'ive cl ear sì ngl e deep/dark punp'le/green T. L. C. spot i n

chl orof orm. These are sol ubl e 'i n d'i chol oromethane, chl orof orm, acetone ,

benzene and DMSO. Salicylaldehyde-hydnazone compìexes ane the least soluble

(insolub'le) and the acetyl-acetone-hydrazone complexes are the most soluble.

Al I these compì exes are h'i gh'ly stabl e and are hi gh me'lti ng.

3.2 BIS-TRIDEilTATE VANADIUI'I(IV) COI.IPLEXES OF SALICYLOYLHYDRAZOI{E SCHIFF

BASES

3.2.L. INTRODUCTIOl{

In searching for new Sch'iff base ligands we considered compounds of the

type,

, with R = H and Rr = PhI99 çþjch would

R

I

= [ - N - C - R'

H H

be expected to fonm neutral VL2 compìexes. We could not isolate the desjred

complex from the dank ned-purple solution obtained by refluxìng thjs ì'igand

wìth VOCI Z and Et3N in MeOH. However, on repeating the preparation usìng

V0(acac)2 w'ith thjs l'igand in nefluxing methanol, we obtained a small amount

of YLZ in which the ìigand was found to be acetylacetonesaìicyìoyìhydrazone

(acac-SalH) instead of benzaldehyde-salicyloylhydrazone. A'lthough acac-s.lH&

CH -Ç=N-N=
H H i s potenti aì ly a trì bas'ic tetradentate (134)

cH -c-0H
3

I ì gand and thus shoul d be capab'l e of formi ng square pyrami da1 VOLA type

compound analogous to V0(saìen), in practice it behaved as a dibas'ic trident-

ate ligand ljke the benzoylhydrazones. Subsequent experìments using the

sa'li cyl oyì hydrazone Schì ff bases of g-d'iketones on o-hydroxy aromati c al de-

hydes or ketones gave the neutral YLZ comp'lexes in good yields. An X-ray

crystal structure detenmjnation of V(acac-SaìH)2 confinmed this and showed the

pnesence of f ree ortho-OH gnoup of the sa'licy'loylhydrazide moiety. The forma-

/

\
H
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t.ion of cat.ionjc cu(II), N.i (II) and co(II) compìg¡ss200 ef neutnal salH

further shows that the ortho-0H group does not deprotonate neadi ly and hence

does not coordinate. SalH has also been used for the gravimetnic determin-

at.ion of pal'ladi um, to f orm the i nsol ubl e bi s-compl ex di chl ori de or

su'lPhate201.

The vLz complexes of the salìcyloylhydrazone ligands have been prepared

to gaìn some more .infonmation about the modes of coor dinat'ion of such 'ligands'

the deprotonati ng and coord'inati ng ab'il ity of the three 0H gnoups pnesent as

well as the steneochemistry of their vL2 complexes as companed to that of the

cof.respondìng benzoylhydrazone chelates. We note that subsequent to the work

of DiamantisT3, Dutta and Paul 202 neported preparat'ion of v(acac-Sa1H)2.

DISCUSSION ON PRE PARATIONS AND PROPERT IES OF THE SALICYLOYLHYDRAZONE3.?.2.

VLo C01'IPLEXES

si x ì i gands of th'is type as l'isted 'in Tabl e 3.2.2.1 wene pnepared and

the'ir VL, complexes (Table 3.7.1.1) v',ene obtained by reaction w'ith V0(acac)t

or VQCI2 in methanol. The V(acac-SalH)2 was prepared by a template reactjon

ana'logous to that used for v(acac-BH)2 [sectjon 3.I.2 (ii)]' The complexes

are in all respect ident'ical to those of benzoyìhydrazone ligands. These

TABLE 3.2.?.LZ SAL I CYLOYLHYDRAZONE SCHIFF BASE LIGANDS

L I GAND COLOUR L I GAND COLOUR

Bzac-Sa'lþ

dbm-Sal Hþ

HNP-Sal Hþ

L'i ght Yel I ow

Creamish Wh'ite

Yel I ow

HAP-Sal HH^
-<.

HPP-Sal Hþ

Sal -Sa1 Hþ

Whìte

l^lhi te

Whi te

complexes are also veny stable and stnong'ìy coloured and give dark punple or

gr.een spot on T.L.C. in chloroform. The inertness of the o-0H gnoup of the
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sa'lH pant makes these ì'igands to act as an 0^¡i i dono,'similar to the benz-

oylhydrazones. Thjs o-OH forms a -0-H....N hydnogen bond with the first N of

the hydrazìne part whìch would funther suppness its hydroxy'lic characteristìcs

and stabilize the molecule.

BIS.TRIDEÌ{TATE VANADIUI.I( IV) COHPLEXES OF ORTHO-AI.IINOPHENOL (AND 3-3.3

A¡4IN0-2-NAPTHOL) SCHIFF BASES

3.3.1 II{TR0DUCTI0N

Li ke aroy'lhydrazi nes , o-am'inophenol (OAP) olits denj vati ves or 3-am'ino-

2-napthol (3-am-Z-nap) al so gi ve d'ibas'ic tri dentate Schi f f bases of the type '

N

whãn condensed with ß-diketones on o-hyd.oxya'ldehydes

c-0H OH

or car.bony'ls. As ment'ioned in Section 1.2.1(b), several dimeric oxovanad-

.ium(IV) complexes of the Schiff bases derived fnom OAP and 2-hydroxy-1-

napthaldehyde on salicylaldehyde or thein derivat'ives are known. Instead of

the > C = N - frl = C < function of the aroylhydrazones, these have the azometh-

ine funct.ion, ¡ Ç = N - C < and ane capable of forming s'imìlar 6- and S-memb-

er^ed chelate rings with the V4+ ion to gìve the neutral YLZ complexes. A

numben of such yLZ compìexes have been prepared to exam'ine the effects of

these 'ligands on VL, formations and thejr structural features'

DISCUSSION ON PREPARATIONS AI{D PROPERTIES 0F o-AÈIINOPHENOL (AND

,\
c

3.3.2

RELATED) SCHIFF BASE VL' COÍ'IPLEXES

The tr.identate Schìff bases (Table 3.3.2.1) contaìnìng 0^N^0 donons

obtaì ned by condensatj on of OAP or its der^i vati ves (or 3-am-2-nap) with

ß-di ketones or o-hydroxy canbony'ls have pl anar conf i gurat'ion and two r^epì ace-

able hydrogens and are capable of for^ming neutral bis-tridentade compìexes

with v4+. The neact'ions that have been used for the preparations of these vL2

compì exes (Tab'l e 3. 7 .L.L) wì th these 1 i gands i ncl ude the neacti on of
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(a) v0(acac)2 on vocì2 wìth the tridentate ìigand, (b) vOL.H20 wjth LHz and

(c) VO(AA) z.Hz} w'ith oAP. Only one reaction fot' each of (b) and (c) was tried

with L = HNp-0Ap to demonstrate the val'idity of such reactions w'ith these

TABLE 3.3.2.1: o-AtIIN0PHENOL (AND 3-AilIN0-z-NAPTHoL) SCH IFF BASE LIGANDS

COLOUR L I GAND COLOUR
L IGAND

Bzac-OAPþ

dbm-04þ

HNP-0APÞ

HNP-pMe-oAPlþ

Hr,,¡p-pcl -oApÞ

HAP-0APÞ

Yel I ow'i sh -Whi te

Yel I ow

Orange-Yel I ow

0range-Ye'l1ow

0ran ge

Yel I ow

Sa1 -04þ
sat -pMe-oRRg

sal -pcl -oAPÞ

HNP-3-am-Z-naPH.-

Sal -3-am-Z-naPþ

0range-Red

(Deep) Red

0range

Orange-Ye1 I ow

0range-Red

I i gands to gi ve the YLZ compl exes. The enol i c and (or ) pheno'ì 'i c hydr^oxyl

gr.oups ane readi ìy deprotonated 'in the presence of V02+ to gì ve the desi red

VL2 compìex on sc'iss'ion of the V = 0 bond. However, the compìex V(acac-OAP)2

could not be obtajned'in the pure fonm ejther by method (a) or (c)'

These VL, comp'lexes give the single dank purp'le or dark green T.L.C. spot

in chloroform. These complexes are less soluble than the aroyìhydrazone-VL2

complexes ìn chlorofonm, benzene and acetone and are high melting'

BI S-TR IDENTATE VAI{AD I UÌ'I(IV) COMPLEXES oF 2, 2' -DIHYDROXYAZOARENE DYES3.4

3.4.1 IilTRODUCTION

Azo dyes are wideìy used as coloured onganìc neagents fon specia'l purp:

oses in biology, med'icine, chemistry and all'ied fields. They ane character-

i zed by the presence of one or mone azo gnoups, -N=N- wh'ich f onm bn'idges

between organic resìdues of which one is usually an aromatìc nucleus. l'le ane

spec.if .ical ìy i nterested i n the 2,2' -di hydnoxyazoarene dyes of the type '
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q - [rl = N -9 in which the diazo -N=N- group is isostenic with the

OH OH

>C=N- azometh'ine group (Section 3.3) and which have necessary chanacteristics

to form VL2 complexes. The presence of a double bond in the -N=N- gt'oup gives

¡ise to the steneo'isomenism and it is mostly the trans structu¡9203 lþ¿t

exists in metal chelates.

The preparation of these 2,2'-dihydroxyazoarenes 'is based on the coupling

of an ortho-hydroxy diazon'ium compound with a suitable phenol on napthol.

However, the pnesence of the phenolìc gr"oups introduces complications and they

usual'ly have to be protected by methoxy'latìon. B'is-compìexes of such ligands

with Cr(III), Co(III) and Cu(II) are known203-208. Recent'ly, 'lots of works

are being done on the syntheses and properties of metal chelates of group IV

elements w'ith the azo compou¡d5209. A'lthough the VL2 complexes of 2,2'-dihyd-

roxyazoarenes wene fonmed quite easi'ly, we could not obtain any VLZXZ (X = an

anìon) type complex wìth 2-methoxy-2' -hydnoxyazoanenes.

3.4.2 DISCUSSIOTI OI{ PREPARATIOT{S AND PROPERTIES OF 2,2'-DIHYDROXYAZOARENES

AÎ{D THEIR VL c0f-tPLExEs

The ?,?' -di hydr oxyazoarene dyes that were prepared ane I i sted i n

Tabl e 3.4.2.L. Aì though, 'in pri ncì pl e, the pneparati on of azo dyes by

coupling of the diazonium salt pnovides a neady access to molecules of th'is

kìnd, in pract'ice the pnesence of substituents, especially 0H gnoups, may lead

to di f f j cul t'ies. The preparati on of these part'icul ar azo dyes ane dependent

on various neaction conditions. Coupì'ing of a djazotized aromatic amine with

a coupì i ng component (pheno'ls, naptho'ls, aryl amì nes, etc. ) i n aqueous medi a at

the appropriate pH and temperatune gives the azo dyes. Cold conditions (below

10'C) are mostly preferred to pnevent the neaction, nnnlCt- + H20 + Ar0H + N,

+ HCl. The diazonium salts are also sensit'ive to ìight. It is necessany to

use an excess of mineral ac'id to stabilize the diazon'ium salt by'inh'ibition of

decomposìtion due to other secondany reactions.
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TABLE 3.4.2.I2 2,2' -DrHYDRO XYAZOARENE LIGANDS

COLOUR L I GAND

Azocoup'li ng i s strongly dependent on pH of the reacti on m'ixtune'

Figure 3.4.2.1 jllustrates the rate of diazo-coupìing2t0 at var^ious pH values'

steep decrease in rate above pH 9-10'is due to the Convension of the diazonium

sal t to the undi ssoc'i ated di azo hydrox j de and di azotate 'i on '

Brown -Pu nP'l e

Magenta Red

Magenta Red

Yel I ow

0Re-poMe-phenolþ

OAP-pcl -phenoìþ

3-am-2-naP- 3-naPþ

COLOUR

Chocol ate-Brown

Yel I ow Bnown

Deep Purple

OAP-s-napþ

pMt-oRR-g -n apHz

pcl -oRp-s-nap$

0AP-p -cneso'lþ

n.-il = N+ Ar-N=N-oH+Ar-N=N-o-

phenol s ( pKa - 10) are converted to thei r cornespondi ng ani ons at hì gh pH

val ues and because -it .i s the ani on , and not the phenol , wh'ich coupl es the rate

would be maximum at about PH 11.

log u

3 5 I 9 ll l3

PH+

Figure 3.4.2.1: Vanìat'ion jn nates (v) of diazo coupling as a

function of PH.

phenols

åry lamines
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Electnon attracting substituents (N02, C00H, Cl, S03H) ìn the coupììng

components2rl dgq¡s¿5s the'ir ease of coupling, while electron-r'epelling

subst.ituents (cHg, 0H, NHZ) 'increase 'it. In genenal the weaker the coup'lì ng

abi ì i ty of the component, the nanrowen 'i s the pH range over wh'i ch coupl i ng

takes p'lace. To maintain the proper alkaline reaction condition the coupling

component .is dissolved in an equìvalent amount of NaOH to which an amount of

Na2C0, suffic.ient to convert all the acid in the d'iazonium salt solut'ion to

bìcanbonate is added. In alkaline med'ium, the azo group enters in an ontho or

para position with respect to the hydroxyì 9t"ouP. 6-Napthols couple exclu-

s.ively at position 1. Blocking the [-Pos'ition by a suìtab]e gnoup'is a

convenient way of d'inectìng the azo gf'oup to the ontho posìtion on'ly.

o-Aminophenols and o-aminonapthols present difficulties in diazotization

owing to theì r tendency to ox'id'ize to quìnones2L2'214. Use of trace amounts

(0.3%) of CuS04 as a cata'lyst he'lps ef fect the'i r di azoti zati on by pr"event'ing

oxi dati on. Di rect coupì i ng of dì azoni um sal t of o-ami nophenol with phenol or

pX-phenoì (X = CH3, 0CH3, Cl) produced no pnoduct after several attempts,

although 'it gave good yields with ß-napthoì. Attempts to pnepane 2,2'-dihyd-

noxyazobenzene by f us'ing 2-nitrophenol w'ith K0H2l5t2LG were unsati sf actory.

It was theref one dec'ided to pnepare such compounds f ol'lowi ng a mul ti -step

synthetic procedure involving protection of the -0H gt'oup2Iz. In doìng so' we

prepared the di azoni um sal t of 2-methoxy an'i I i ne whi ch on coupì ì ng w'ith the

phenol s gave good yì eì ds of 2-methoxy,2'-hydroxydi azophenol . The methoxy'l

gr-oup of thi s compound was then hydnolysed wì th anhydrous al um'i n j um chl ori de

i n benzene2 17 t 2LB ls obtai n the desi ned 2,2' -di hydroxyazophenol . As pheno'l

can couple through both o- and p-positions and because we wene interested in

Z,Z,-dihydroxyazo compounds suitable fon YLZ formatìons, only the pX-pheno'ls

were used as the coup'ling components.

The 2,2, -d'ihydnoxyazoarene dyes havìng two pr^otonic hydr"ogens are capable

of act'ing as di negat'ive tridentate I i gands and of f ormi ng a 6- and a 5-

membered chelate ring with V4+ to give the VLZ complexes. These complexes
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(Table 3.7.1.1) were pnepared by r^efluxing V0(acac)2 anA the appnopn'iate dye

.in the 1:2 molar ratio in methanol. The reaction of V0Cl2 with the ligand in

the presence of a base a'lso gave the VL2 product. This VL2 formation neaction

was quite fast and the deep or dark purple (or gneen) product stanted separat-

'ing from the reactjon mixture in about ten minutes of refluxing.

Partìy because of very I ow sol ubi l'ity of the VL2 compì exes of the 2,2''

dihydroxyazoarenes in common onganic solvents, no suitable crysta'l fon an X-

ray cnystnal structure detenminatìon could be obta'ined by several recrystal-

lizat'ion procedunes. Howeven, the cnysta'l'ìographic studies of the

chnomium(III) bis-complexes of o,o'-dìhydr^oxytnansazobenzol have shown the

occurrence of the coondination of the metal thnough a sìngìe nitrogen of each

azo group and two deprotonated oxygens of the two hydroxy gnoups, ìn an

appnoximately octahedr aì coordi nati on203.

3.5

3.5.1

I.IIXED-LIGAND VLL. COMPLEXES OF TRIDENTATE LIGANDS

INTRODUCTION

The mj xed-l ì gand compì exes are important i n many respects si nce they

occut du¡ing transit'ion states of metal -jon cataìysed neacti6¡52I9, are

importantinanaìyt.icalchemistry220andcanberegandedaSmodelsfor

metalloenzyme-substnate compls¡ss221. A number of mixed-ligand VLL'comp'lexes

have been prepared us'ing the di negat'ive tri dentate I i gands that g'ive the VL2

compìexes. The determ'ination of an X-ray crystal structune of V(Bzac-BH)(HNP-

BH) confìnmed formation of such mìxed-ligand chelates. The formations of

these VLL' comp'lexes have been possi bl e on'ly by react'ions of flvOLHCf or

VVOt-.OR on (VVOL)20 w'ith a su'itable second ì'igand L'HZ unden appropriate

conditions. The chemistry and pneparatìon of these startìng materials which

conta'in only one tri dentate ì i gand per vanadi um are di scussed 'in Chapter 4.

3.5.2 DISCUSSIoN 01{ PREPARATIONS AIID PROPERTIES OF VLL' COI'IPLEXES

The VLL' comp'lexes that were prepared are I i sted i n Tabl e 3.7.L.2. The
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reaction, VgLHCI + L,H2 + LiOAC ffi Vf-f-' + H20 + L'iCl + H0AC was found to

be the most rel.iable and convenient method for the pneparatìon of VLL'mixed-

'l.igand complexes. They separate as dark purple or gneen pnecipitates fnom the

reactìon solution which when filter"ed hot yìeld the product in the pure form.

They can also be p¡epaned by reaction of VVOL.0R or IVVO|-¡rO with L'H2 in

reflux.ing methanol in the pnesence of benzoyìhydrazìne which acts as a reduc-

ing agent. It is advantageous to introduce the comparat'ively weaker figand

second by us'ing as the neact'ing l-'- . If the neverse procedure i s used then

the relatively stnonger ìigand causes neanrangement to form VL2 and VL'2. For

example, neaction of V0(HNP-BH).OMe with HAP-Bþ gave all three products VL2,

VLr2 and VLL'with the major mass spectnal peak cornespond'ing to V(HAP-BH)2.

Whereas, the reactì on of V0(HAP-BHÐCl w'ith HNP-BHHZ gave only the desi red

VLL,compìex. However, this method was not a'lways successful, e.g. no pune

VLL' compound coul d be obta'i ned f rom the neact'ion of V0( HNP-BHH)Cl and HNP-

gApÞ. The same ligand on reaction wjth V0(HAP-BH).OMe in the pnesence of

benzoyl hydr^azi ne as a neductant, yi el ded the product V( HAP-BH) ( HNP-BH) i nstead

of the desired V(HAP-BH)(HNP-OAP). All VLL'compìexes gave singìe dank put'ple

or gr^een T. L. C. spot i n chl orof onm.

The exìstence of VLL' comp'lexes is not unexpected when the two ligands

are capable of for"ming stable VL2 type compìexes on thein own. In IabìIe

systems, the equì f i bri um

2 VLL';- vLz + \/Lä (1)

woul d be establ 'ished readi ly and the positi on of th'is equi I i bni um woul d be

determined by relatìve stability considerations. The fact that such

dj smutatì ons wene not observed i n thi s case, i n contrast to attempts to

pr-epare mìxed f igand V0(AA) (A'A') complexes from the alkoxo-bridged complexes

ISecti on 2.3 (i 'i ) ] , 'i s evi dence f or the 'i nertness of these compl exes and

consìstent with thein stabìlity towands ìigand exchange and acid decomposì-

ti on. It i s di ffì cult to generaì i ze on the pneferred posjti on of the

equi I i br^i um i n neact'ion (1). Entropy and ster-i c cons'iderat'ions may f orm the

mi xed ì ì gand compì ex. Stud'ies i n other m'ixed-l i gand compl exes have shown that

¡

:

!

{

I
I

I

i



-85-

I i gand repul s'ions are genenal'ly smal I er than i n the parent compì ¿¡4¿3222

enabling extna stabil'ization to the mixed-ligand complexes.

3 6 THE CRYSTAL STRUCTURES OF VL, COI.IPLEXES

ïi
{[

INTRODUCTIOI{

In the on'ly known structure of a VL2 complex, which was determ'ined previ-

ous to this work, L is a Sch'iff base of a g-diketone with benzoyìhydrazine

(see Sect'i on 1.3). X-ray crystal structures wene detenmi ned for four

diffenent VL2 complexes containing various ligand systems viz. (1) Hne-pCl-AH

havì ng the ketonì c part as the 2-hydroxyanomat'i c canbonyì i nstead of a B-

diketone, (2) acac-SalH which although potentìa'l1y quadridentate, fnom

chemi cal and spectroscopi c.evidence, appears to act as a tri dentate, (3) HNP-

BH and Bzac-BH mjxed ìigand systems and (4) HAP-OAP'in wh'ich the amine part is

not an ar^oyl hydnazì ne. Due to the I ack of su'itabl e crystaì s , we were unabl e

to determine the cnystaì stnuctures of the YLZ complexes conta'ining 2,2'-

dihydroxyazoarene dye or 0AP-Schiff base of a ß-diketone. Not surpnising'ly,

the fi ¡st three stnuctures of the hydr^azone compl exes showed tri gonal

pr^ìsmatìc coordination and wene s'imilar to each othen and confinmed the fìrst

reported structune of V(acac-BH)Z by D'iamantis et al .73. The fourth stt'uctune

of V(HAP-0AP)2 has a geometny in between a trigona'l prism (T.P.) and an

octahednon.

Depending on the ligand characten'istics, the six-coot dinate V4+ ion may

attain a trigonaì pnismatic or an octahedral configuration or a geometny some-

whene 'i n between a T. P. and an octahednon. The twi st angì e as wel I as the

bond ang'le, involving the central metal ion and pains of donor atoms that are

fanthest apart, are a measure of the extent of distortion of the comp'lex

stnucture from a perfect T.P. or octahedron. The former, defined as the ang'le

with which the trigonal faces are twisted (Figune 3.6.1) with respect to each

othen223-226 is 0o for a perfect T.P. and 60o (Figune 3.6.1) for an undist-

onted octahednon22T. The latter averages 136 È 1o in the known trìgonal
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pr.ismatic structunes60 and 180o for the pe¡fect octahednon.

These crystal stnuctures also confirmed the pnesence of s'ix-coondinate

V4+ and the absence of vanadyl oxygen 'in the VL2 comp'lexes.

3.6.I THE CRYSTAL AND I.IOLECULAR STRUCTURE OF V(HAP-PCI-¡H),

The compound V( HAP-pCl -gH) Z obtai ned as dank pu rp1 e cnysta'l s from

di chl oromethane-petr.ol eum spi rit, has the cr^ystal structure depi cted 'i n

Figune 3.6.1.1 which also shows the atomic numbering scheme emp'loyed. The

bond lengths and bond ang'les are listed in Tables 3.6.1.1 and 3.6.I.2.

The crystal structure comprìses discrete molecules of V(HAP-pCl -BH)2 as

expected. The V4+ i s surnounded by four 0 and two N donor atoms of the two

t¡identate l'igands i n a tr^j gonaì pri smati c coordi nati on. The pri sm 'is

di storted f rom an 'ideal T. P. by an average twi st angì e of 15.3o (20.7 , 20.7 ,

4.6.). The 0(2) - V(1) - 0(1) angle of 145.9 (1)" [0(2) and 0(1) ane farthest

apart] in th'is structure is anothelindication of signìficant prefenence for

the T. P. coordi nat'ion.

The two ìigands ane onìy appnoximately planar with some atoms devìat'ing

apprecìably from the mean plane, ê.9. atoms C8 and C8' (of the methyl C). The

'l i gand pì anes omitti ng C8 and C8' are at an angl e of 93. 1o wi th each other.

The 01 and 01' atoms ane 0.39Â away fnom the respective least square ligand

p'ìanes. Simìlar deviation of the 01 atom was also found in the V(acac-

BH), zs. The angle between the planes defined by 0(1),0(2), N(1) and 0(1'),

0(2' ), N( 1' ) i s 74.55o and the V atom 'is situated 0.499Â above and 'in between

these pìanes. The devìations of various atoms fnom the 0(1)' 0(2)' N(1) plane

ane given in Table 3.6.1.3.

The V - 0 bond distances for 0(1) and 0(2) in the 6- and S-membered rings

are 1.871(3) and 1.900(3)Â respectjvely and are companable with those'in the

V(acac-BH)2 (average 1.943 and 1.919Ã)73 and Ín othen YLZ and VLL' compìexes

(Sections 3.6.2, 3.6.3 and 3.6.4). The V - N bond distance of 2.088(4)¡ is

the largest bond length in the coordination sphere which is also comparable to
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that in the above complexes. The V - 0 and V - N bond lengths of 1.950(8)

and 2.05g(g)A respectively jn N,N'-ethylenebis(acetylacetoiminato)oxovanad-

ium(IV), V0(acen)50 are also comparabìe w'ith those of the present compound.

The V - N d.istance ìs also companable to that of some Salen compìexes of

Fe( III) and Cr( II I)zza and V(Sal -N-Bu)2C1, 0+'

The N(1) - N(2) bond length of 1.401(6)n indicates sì'i9ht1v gneaten than

a single bond order. The N - N and the N = N bond distances ane 1.46 and

TABLE 3.6.1.1: BOND LENGTHS (E) FOR V( HAp-pcl -BH) r

1. eoo( 3)
1.324( 6)
1.401( 6)
1. 28e ( 6)
t.4t2(7)
1. 4e8( 6)

v( 1)
0( 1)
N( 1)
N(2)
c( 5)
c(7)

0( 2)
c( 6)
N(2)
c( e)
c(6)
c( 8)

r.871( 3
2.088( 4
1.316( 5

1.323(6
L.464(7
t.47 6(7

)
)
)
)
)

)

v( 1)
v( 1)
0( 2)
N(1)
c1(5)
c(e)

0( 1)
N(1)
c( e)
c(7)
c( 7)
c(1s)

TABLE 3.6.L.?: B0ND ANGLTS (') FOR V( HAP-pcl -BH) a

(1)
(3)
(3)
(3)
(4)
(5)
(5)
(4)
(4)
(4)

0( 1)
v(1)
v(1)
v(1)
N( 2)
c(6)
0( 1)
N(1)
c(5)
0( 2)

83.8
t27.7
118.6
115. 5
115.5
121.8
L22.7
120.0
119.5
117. 1

v( 1)
0( 1)
0( 2)
N(1)
N( 1)
c( 5)
c(6)
c( 7)
c(7)
c ( e)

N( 1)
c ( 6)
c(e)
N(2)
c( 7)
c( 7)
c( 5)
c(5)
c( 8)
c( 15)

14s.e(I)
74.8( 1)
82.2(2)

114.6( 2)
128.5( 3)
108.1(4)
118.2( 5)
118. e( 5)
120.4( 5)
r2r.7 (5)

1)
2)
1)
2)
1)
1)
1)
1)
1)
2)

o(
o(
o(

v(1)
v( 1)
v( 1)
v( 1)
N( 1)
N( 2)
c( 6)
c(6)
c(7)
c( e)

0( 2)
N(1)
0( 1)
0( 2)
c(7)
c( e)
c( 1)
c( s)
c( 8)
N( 2)

o(
v(
N(
o(
c(
N(

o(

TABLE 3.6.1.3: DEVIATIONS (Ã) OF VARIOUS ATOMS FROM

THE PLANE DEFINED BY O( 1), O( à AND N(1)

N( 2)

c( 5)

c( 1o)

c( 15)

c( 1)

c( 6)

c( 11)

c( 2)

c( 7)

c( 12)

c(3)

c( 8)

c( 13)

-.226,

. 280,

-.548,

-.236.

.607,

. 308,

-.575,

.808,

. 023,

-.27 6,

.7 26,

-. 179,

.032,

c( 4)

c( e)

c( 14)

.456,

-.173,

.046,

1.25Â respecti ve1y2zs. The c(7) - N(1) and c(9) - N(2) bond lengths of

1.323(6) and L.289(6)A nespective'ly corresponding to double bond characten are
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comparabl e to the anal ogous bond di stances t1. 298( 14) and 1.292(14)þ'

nespectivelY) in V0(acen) so.

A comparat.ive di scuss'ion of the structunal f eatures of vari ous VLZ and

related comp'lexes has been made 'in Sect'ion 3'6'5'

3.6.2 THE CRYSTAL AIID I,IOLECULAR STRUCTURE 0Fv acac-Sal H

The compound V(acac-Sa'¡H)2, obta'ined as dark purple crysta'ls fnom d'ich-

loromethane-petnoleum spirit, has the bond lengths and bond angìes g'iven ìn

Tabl es 3.6.2.1 and 3.6.2.2 r'especti veìy. Fi gure 3.6.2.1 shows a perspecti ve

view of the molecule as well as the atomic numbering scheme emp'ìoyed.

As the ì.igand 'is potenti aì 1y quadri dentate, there are thnee bondi ng

possibilìtjes through format'ions of v0(acac-SalH)- with the io-nì donor

tr.ibasic quadridentate acac-SalH or V(acac-Sa'lH)2 where the ìigand is dinega-

t.ive tnìdentate usìng either f o-n o. fr^í^O donors. The stnucture of the

complex clearly indicates the last of these three possìble bonding modes w'ith

the 0H of the sal.icyloy'lhydrazìne part nema'in'ing free. The V atom'is six

coor.di nate w.ith no v - 0 d'i stance I ess than 1. 9Â thus i ndi catì ng absence of

the vanady'l oxygen.

In cont rast to somewhat di storted t r"i gonal pri smat'i c geomet ry of the

V(HAP-pCl-3H)2, thìs molecule has a structure IFigune 3.6.2.1 (A and B)] in

which the v4+ has the coor.dinatìon geometny of an almost ideal trigonal

prismat.ic nature with the average twist angìe of on'ly 3.5o (avenage of 0.95,

4.07,5.43o). The 0(5) - V - 0(4) or N(1) - V - N(3) angìe of 136'7(1)"

involving the donon pairs that are fanthest apart, funther confirms its almost

ì deal tr^i gona'l prismati c structure.

The angì e between the two 'l i gand p'l anes def i ned by 0( 1) ' c( 1) , c( 3) ,

C(4), N(1), N(2), c(6),0(2) and 0(4), C(13), c(15), C(16), N(3), N(4)' c(18)'

0( 5) i s 77.4". The angl es between the 5- and the 6-membened chel ate ri ng

planes of the same'ligand are 20.0o between planes 0(1), C(1)' C(3)' C(4)'

N(1) and 0(2), c(6), N(2), N(1) and 15.8o between planes 0(4), c(13)' c(15)'
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c(16), N(3) and 0(5), c(18), N(4), N(3). If the v js included in these

p1 anes, then the angl es 20.0o and 15.8o change to respectì vely 23. 5o and

?0.4". Thus the chelate rings are not strictly planan and the dev'iation from

the expected planar.'ity is due to the deviations of some ligand atoms from the

mean plane. The atoms 0(1) and 0(4) are 0.30Â below the 6-membered chelate

ring mean pìanes \/,0(1), c(1), c(3), c(4), N(1) and V,0(4), c(13), C(15)'

C(16), N(3). The V atom is 0.73 and 0.70Â away from but in between the two

ì'igand pl anes descri bed by nespecti ve'ly 0(1) , N(1) , 0(2) and 0(4) ' N(3) ' 0(5)

which are i ncl i ned at an angl e of 67- 1o.

The V - 0(1) and V - 0(4) and V - 0(2) and V - 0(5) bond distances'in the

6- and 5-membered chelate nings 11.922(2), 1.928(2)Â and 1.908(2) ' 1.926(2)F,

respect'ivelyl as well as the lange V - N bond ìengths of 2.045(2)A for V-N(1)

and 2.036(2)Â for" V - N(3) ane comparable with the analogous distances of the

other ULZ/ULL'comp'lexes (Sections 3.6.1,3.6.3 and 3.6.4) and of V0(acen)s0.

The N(1) - N(Z) and N(3) - N(4) bond lensths of 1.383(3) and 1.387(3)Â show

s'li ghtly gr.eater than si ng'le bond characten j n these pai ns. The C(4) - N(1) '

c(6) - N(2), C(16) - N(3) and c(18) - N(4) bond lengths of nespectively

1.337( 3) , 1.298( 4) , 1.329( 3) and 1.303( 3)A correspond to an effectì ve doubl e

bond charactelin these pa'irs of atoms.

The H(03) atom, located in the difference map, is situated at a distance

of 0.845 and 1.980Â fr"om 0(3) and N(2) nespect'ive'ly. S'im'ilarly, the H(06)

atom is located at a d'istance of 0.776 and 1.954Â from 0(6) and N(4) nespect-

ively. The above positions of these two hydnogens with nespect to 0(3), N(2)

and 0(6) , N(4) 'indi cate substanti al 'intramol ecul ar hydrogen bondi ng. Th'is 'is

furrher indicated by the 0(3) - N(2) and 0(6) - N(4) d'istances of respectively

2.649 and 2.6084 wh'ich are well within the range230 of the intramolecular

-0-H....N hydr.ogen bonds. As a result of this, rotation of the aromatic ring

is nest¡icted thus keeping'it in the plane of the l'igand. In addition, th'is

comparativeìy stnong hydrogen bonding inh'ibits the 0H group fnom being deprot-

onated and coordi nated to the metal.
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TABLE 3.6.2.I2 BOND LENGTHS ( A) FoR v( acac-Sal H) a

1.908( 2)
t.928(2)
2.036( 2)
1.312( 3)
1. 337 ( 3)
1.293( 3)
1.350( 3)
1. 387 ( 3)
1.303( 3)
1.385( 5)
1.403( 4)

V

V

V

0( 2)
N( 1)
0( 4)
0( 6)
N( 3)
N( 4)
c( 1)
c( 15)

?)
4)
3)
6)
4)
13)

4)
18)
3)
16)

24 )

o(
o(
N(

c(1)
r)
2)
5)
3)
3)
3)
13)

V

V

V

o(
N(

N(
o(
o(
N(

c(
c(

0( 1)
N( 1)
0( 5)
c ( 1)
N( 2)
c(6)
c(18)
c(12)
c(16)
c(4)
c(15)

c(
c(
c(
N(
c(
c(
c(

t.922(2)
2.045(2)
t.s26(2)
1.298( 3)
1.383( 3)
1.298( 4)
1. 307 ( 3)
1. 337 ( 4)
1.329( 3)
1.397(5)
1.377 (4)

TABLE 3.6.2.?Z BOND ANGLES (") FOR V(acac-Sa'lH) 2

83.5( 1)
82.0( 1)

131.1( 1)
131.2( 1)
136. 7 ( 1)
87. e( 1)
83. e( 1)

124.6(2)
t26.r(2)
108.1( 2)
118.2( 1)
rr7.2(t)
115.9( 2)
108. 3( 3)
119.3( 3)
11e.6( 2)
119.1( 3)
118.6( 3)
119.3( 2)
r20.2(2)
117.6( 2)

0( 1)
0( 1)
N( 1)
0( 2)
0( 4)
0( 2)
0( 4)
V

V

N(1)
V

V

N( 4)
N(3)
N(1)
c( 6)
c (8)
0( 3)
N(3)
0( 5)
0( 6)

0( 1)
0( 2)
0( 2)
0( 1)
N(1)
0( 1)
N( 1)
0( 5)
v
N( 2)
V

V

V

0( 1)
c( 1)
0( 2)
c( 6)
0( 3)
0( 4)
c( i3
0( 6)

V-
V-
V-
V-
V.
V-
V-
V-
N( 1)
N(1)
0( 4)
0( 2)
N( 3)
c(1)
c( 3)
c(6)
c( 7)
c( 12)
c( 13)
c( 15)
c(?4)

N( t)
0( 4)
0( 4)
0( 5)
0( 5)
N( 3)
N( 3)
c(1)
c( 4)
c(6)
c( 18)
N( 4)
c( 16)
c( 18)
c( 3)
c( 8)
c( 12)
c(11)
c( 15)
N( 4)
c( 23)

134.7( 1)
7 4.2(r)
83.9( 1)
8s.5( 1)
87. e( r)

132.5( 1)
136.7(1)

7 4.7 (r)
tr7.6(2)
tt6.2(2)
t23.6(2)
I 19. 6( 2)
126.6(2)
t22.4(3)
124. e( 3)
119.9( 3)
121.3( 3)
t?3.2(3)
r23.4(2)
r24.7 (2)
122.8(2)

0( 2)
N(1)
0( 4)
0( s)
0( s)
N( 3)
N(3)
N( 3)
N( 2)
c(4)
c( 13)
c( 6)
c(16)
c( 3)
c (4)
N( 2)
c( 12)
c( 7)
c(15)
c( 16)
c(1e)

3.6.3 THE CRYSTAL AT{D I,IOLECULAR STRUCTURE Bzac-BH) ( HNP-BH)0F v(

This mixed l'igand complex, also obta'ined as dark punp'le crystals from

dichloromethane-petroìeum spi rit, has the crysta'l structure shown in

F.igure 3.6.3,1. The i nterest 'in thi s structune 'is that it conf i rms the pres-

ence of two different ì'igands Bzac-BH and HNP-BH attached to six coordìnate

V4+. The bond lengths, bond angles and the calculated least square pìanes for
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selected groups of atoms are gìven'in Tables 3.6.3.1 - 3.6.3.3.

The s.ix donor atoms of the two d'ifferent l'igands surround the centnal V4+

'in a tri gonaì pri smati c coordi nat'ion (Fi gure 3.6.3.1 B) with a twi st angl e of

4. ggo (average of 6.09, 4. 16, 4.68o ). Al so the angl es 0( 4) -\/-0( 3) ' 0( 2) -v-

0( 1) and N( 4) -V-N( 2) have the val ues of 135.6( 3) , 135.3( 3) and 135.2( 3)'

nespect.ively, as required for a T.P. structure. The dihedral angle between

the ì .i gand pl anes of the atoms const'ituti ng the 5- and 6-membered ri ngs i n

each'ligand, ì.e.0(1), C(1), N(1), N(2), C(2), C(3)' C(4)' 0(2) and 0(3)'

C(19), N(3), N(4), C(20), C(22), C(23), 0(4) 'is 73'9o' The angìe between the

5-membered chelate ring pìane v, 0(l), c(1), N(1), N(2) and the 6-membened

chelate ning pìane v, N(2), C(2), C(3), C(4),0(2) of the HNP-BH ligand'is

?g.L". The same ang'le for the Bzac-BH ligand is 28.8o between the planes V,

0(3), C(19), N(3), N(4) and V, N(4), C(20), C(22), C(23)' 0(4)' If the

vanad.i um .is excl uded f rom the above p'l anes then the ang'l es 29 -l and 28. 8o

change to 13.9 and 13.3o respective'ly. In this case aìso, the oxygen atoms

of the 6-member-ed rings show appreciable devi at'ions. Thus, the 0(2) and 0(4)

atoms ane 0-27A above and 0'31Â below the ring planes v' N(2)' c(2)' c(3)'

c(4), 0(2) and v, N(4), C(20), c(22), C(23), 0(4) respectively. The 5-memb-

ened r.ings are more pìanar than the 6-membered rings. The angìes between the

pìanes defined by 0(1), N(2),0(2) and 0(3), N(4),0(4) is 65.3o and the v

atom 'is 0.71Â away f rom but in between these p'lanes'

The average V - 0 distances in the 6- and S-membened chelate rings

(1.9075 and 1.9095Â nespect'i vely) and the V - N d'istances (avenage 2.0405Â)

ane comparab'le with those in the VLZ complexes (Sections 3'6'1' 3'6'? and

3.6.4). The N(1) - N(2) and N(3) - N(4) bond lengths of 1.376(10) and

1.374(10)Â are between a sìngle and a doubls þs¡(22e. The C(1) - N(1)' C(2)

N( 2) , C( 20) - N( 4) and c( 19) - N( 3) di stances (Tab'l e 3.6.3. 1) i ndi cate

multipìe bond character. A companat'ive discussion for various structunal

features has been made in Sect'ion 3.6.5.
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TABLE 3.6.3.1: BOND LENGTHS (A) FOR V ( Bzac-B H)( HNP.BH) I

0( 1)

N( 2)

0( 4)

c(1)
N( 2)

c(2)
c (3)

c( 1e)

N( 4)

c(20)

c(23)

v(1)

v( 1)

v( 1)

0( 1)

N( 1)

N(2)

c( 2)

0( 3)

N( 3)

N( 4)

c(22)

1.907 ( 6)

2.043( 8)

1.909(6)

1.338( 1o)

1.376( 10)

1.339( 12)

1.401( 12)

1. 322( 1 1)

1.374( 10)

1.357( 13)

1.372( 14)

1.906( 6)

1. 912 ( 5)

2. 038( 8)

1. 290( I 1)

1.274( 11)

1.471(11)

1.424( 13)

1.332( 12)

1.284( 13)

) 1..389(14)

0( 2)

0( 3)

N( 4)

c(4)

c( 1)

c( 5)

c( 4)

c(23)

c( 1e)

c(2?)

v(1)

v(1)

v( 1)

0( 2)

N( 1)

c(1)

c( 3)

0( 4)

N( 3)

c(20

TABLE 3.6.3.2: BOND ANGLES (.) FOR V ( Bzac .BH) ( HNP.BH)

0( 2)

N( 2)

0( 3)

0( 4)

0( 4)

N( 4)

N( 4)

N( 4)

c (4)

N( 1)

c( 2)

c(5)
c (3)

v(1)

v(1)

v(1)

v(1)

v(1)

v(1)

v(1)

v( 1)

0( 2)

N(2)

N( 2)

c ( 1)

c( 2)

c(3)
c( 4)

c( 5)

c( 4)

c(11)

0( 4)

N( 4)

N( 4)

c(23)

- 0(1)

- 0(2)

- 0(2)

- 0(1)

- N(2)

- 0(1)

- N(2)

- 0(4)

- v(1)

- v(1)

- N(1)

- 0(1)

- N(2)

- c(2)

- 0(2)

- c(1)

- c(3)

- c(3)

- v(1)

- v(1)

- N(3)

- 0(4)

135.3( 3)

83.0( 3)

86.5( 3)

86. 2( 3)

132. 7 ( 3)

86.8( 3)

135.2( 3)

83. e( 3)

128.6( 6)

117.7( 6)

115.2( 8)

117. 3( 8)

123.5( e)

11e.6( e)

123.4( e)

119.4( 4)

118.4( 1o)

118.1( 9)

12s.4( 6)

11e.0( 6)

116.0( e)

121.5( 9)

73.8( 3)

128. e( 3)

87.8( 3)

82.3( 3)

135. 6 ( 3)

134.1( 3)

73.6(3)

118.5( 6)

r08.4( 8)

127. o( 6)

11e.6( e)

123. 1( 8)

11e.8( e)

120.4( e)

117. e( e)

120.6( 4)

117.4( 6)

106. o( 8)

124. e( 6)

121.8( e)

L22.2(9)

) 123.8( 11)

N( 2)

0( 3)

0( 3)

0( 4)

0( 1)

0( 1)

N(2)

0( 2)

0( 3)

0( 2)

0( 3)

v( 1)

N(2)

v( 1)

0( 1)

N(1)

c( 2)

c (4)

0( 2)

c(1)

v(1)

N( 4)

v( 1)

0( 3)

N( 4)

c( 2o

o(

N(

N(

c(

c(

c(

4)

4)

4)

1)

1)

2)

20)

22)

c(

c(

c(

c(

c(

c(

N(

c(

c(

11)

3)

6)

18)

16)

23)

3)

N( 1)

c(5)

c(4)

c( 11)

c( 18)

c( 1o)

c( 1e)

c(1e)

c( 20)

N(3)

c(22)
c( 23)
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TABLE 3.6.3.3: THE BEST LEAST-SQUARES PLANES AND THE DISTANCES 0F THE

ATOMS FROM THEIR RESPECTIVE PLANES(Â)

PLANE 1:

PLANE 2:

PLANE 3:

PLANE 4:

PLANE 5:

PLANE 6:

PLANE 7:

PLANE 8:

PLANE 9:

PLANE 10

PLANE 11:

PLANE 12:

0(1), c(1), N(1), N(2), C(2), C(3), C(4)

t0(1) -.09, c(1) .r2, N(1) .12-, N(2)
c(3) -.06, c(4) -.02, 0(2) .08, vd -.711

, 0(2)

-.13, C(2) -.01,

01,

0( 3) , c( 19) , N( 3) , N( 4) , C( 20) , C(22), C( 23) , 0( 4)

t0( 3) .09, c( 19) -.10, N( 3) -.16-, N( 4) .09, C( 20)
c(22) .r2, C(23) .07, 0(4) -.10, Vd .701

v, o( 1), c( 1), N( 1), N( 2)

Iv -,004, 0(1) .08, C(1) -,08, N(1) -.08, N(2) .10]

v, N( 2) , C( 2), C( 3) , C( 4), o( 2)

[v -.017, N( 2) .27 , C( 2) -. 01 , C( 3) -. 34, C( 4)
o(2) .27_41

v, o( 3), c( 19), N( 3), N( 4)

Iv -.004, 0(3) .07, c(19) -.L2, N(3) -.08, N(4) .11]

v, o(4), c(23) , c(2?), C(20), N(4)

Iv.016,0(4) -.31, C(23) .23, C(22).39, C(20)
N(4) -.301

0( 1) , c( 1), N( 1), N( 2)

t0(1).001, c(1) -.002, N(1).002, N(2) -.001, va -.311

N( 2) , C( 2) , C( 3), C( 4), o( 2)

tN(2) -.04, C(?).08, C(3) -.02, C(4) -.06,0(2)
vd -.711

0( 3), c( 1e), N( 3), N( 4)

[0(3) -.004, c(19) .02, N(3) -.01, N(4) .005, Va .33]

0( 4), c( 23) , C(22), C( 20), N( 4)

t0(4) -.03, c(23) , .07, c(22) .03, C(20) -.11, N(4)
ya .791

o( 1) , N( 2) , o( 2) [Va -.7 1]

0(3), N(4), 0(4) [Va +.71]

ANGLES BETIIEEN THE PLAT{ES

Angl e( ")
73.9
29.L
28.8

Pl anes Angle(")
13.9
13.3
65.3

-8
-10
-t2

1 8

.01 ,

t

.02,

05

PI

1

3
5

anes

-2
-4
-6

7

9

11

â ¡ Atom not defining the plane.
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3.6.4 THE CRYSTAL AND I.IOLE CULAR STRUCTURE 0F V( HAP-OAP),

Thjs is the only str.ucture in which the five-membered ring is not due to

an aroyl hydrazi ne but an o-ami nophenol . As companed to the tri gona'l prismat'ic

crystaì structures of the othen VLz/VLL'complexes' this molecule has a coord-

.ination geometry ìying between T.P. and an octahedron (Figure 3.6.4.18)' The

perspective draw'ing of its crystal structure is shown in Figure 3.6.4'14' The

bond lengths and the bond angìes are gìven in Tables 3'6'4'1 and 3'6'4'2

respectively. As expected, the crystal structuf'e shows absence of the vanadyl

oxygen and confinms formation of the vL2 type comp'ìexes with sch'iff bases of

o-am'i nopheno'l s.

The six donon atoms surnound the V4+ 'in a coord'ination about intenmediate

between a tr.igonaì pr.'ism and a skew trapezoì dal bi pyrami de (see sect'ion 3.6.5)

w.ith a twist angle of 32.3o (average of 55.73, 2!.68, 19.43o) [Figure

3"6.4.181. However, as will be discussed in detail later on, the distorted

T. p. coond j nati on .in thi s case pl aces the s'ix-membened ri ng on the tri gonal

prismatic edge and the five-membered ring on the trianguìar face. The neverse

orden is followed'in the other vL, structures. Also the 0(4)-\/-N(1) or N(2)-

\/-0(1) angle of 164.6(2)o, ìnvolving the donon pairs that are farthest apart'

further indìcates a geometry in between a T.P. and an octahedron.

The structure shows considerable differ"ences from the pnevious stnuctunes

.i n the a rrangement of the two I i gands . The d'i hedral angì e between the p] anes

of the atoms .in the s- and 6-membered r^i ngs (except v) i n each f igand, 0(1) ,

C(1), c(6), N(1), c(7), c(9), c(14),0(2) and 0(3), c(15), c(20)' c(21)' N(2)'

c(23), C(28), 0(4) is on]y 29.8" as against > 73o jn the other vLzlvLL'

systems. The angìe between the S-membered and the 6-membened chelate ring

planes0(1),C(1),C(6),N(1),Vand0(2),C(14),C(9),C(7)'N(1)'Vìs52""

The same angl e f or the other ì'igand 'is 45.2" between the p'lanes 0(4) ' c(28) ,

C(23), N(3), V and 0(3), C(15), C(20), C(21), N(2), V' If the vanadium is

excl uded from the above p1 anes then the angl es 52o and 45.2" change to 16.5

and 11.7o respectively, The ligands are not pìanar as expected due to dev'ia-
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Flgure 3.6.4.1: A. The molecular stnucture of V(HAP-OAP) 2 molecuìe;

B. Coordì nati on sPhene.
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tions of some atoms from the mean planes. The 0(2) and 0(3) atoms are '41 and

.47Ã below the 6-membened chelate ring mean pìanes v' o(2)' c(14)' c(9)' c(7)'

N(1)andV,0(3),c(15),c(20),c(21),N(2)respectiveìy.The5-membered

ri ngs ar.e more nearry pì anar. The ang're between the pl anes def i ned by 0(1)'

N(1), 0(2) and 0(3), N(2),0(4) ìs 26" and the v atom'is 1.05" awav from but

'in between these Pìanes.

The average v - 0 d'istances in the 6- and S-membened chelate rings

(1.8695 and 1.880Â respect'ively) are very sìightly smaller but the v - N

d.i stances (2.17 6 and 2. 141Â ) are a bi t ì onger than those 'i n the other vLz

structures. These V - N d.istances ar.e comparable with the analogous distances

.in (ivO(saì -0AP) lz0) z.di oxane (2.174) e2 and octahedral Ti (acac-BH)2

(2.134¡¡ss.Thec(21)-|t(2)andc(7)-N(1)distancesofl.281(10)and

1.326(10)Â respectiveìy conrespond to an effective double bond chanacter22s 1n

these pai rs of atoms.

TABLE 3.6.4.1: BOND LENGTHS ( Ä) FOR V(HAP -OAP) 2

1.862( 5)
2.141( 6)
1.878( 5)
2.176(7)
1. 348( e)
1.3e7(e)
1. 337 ( e)
1.281( 10)
1.470( 12)
1.393( 11)

1.861( 5)
1.8e8( s)
1.344( 8)
1.326( 10
1.421( 11

1. 434( 10
1. 392( I 1

1.318( 1o
1.442( 10
1.411( 12

V

0( 2)
N(1)
c( 1)
c( 7)
c(e)
0( 4)
N( 2)
c( 23)

0( 2)
0( 4)
c( 14)
c(7)
c( 6)
c(e)
c( 14)
c(28)
c( 23)
c(28)

V

(1)
(1)
(3)
(2)
( 20)
( 15)

V

V

V

V

0
N

0
N

C

c

0( 1)
N(1)
0( 3)
N( 2)
c(1)
c(6)
c (15)
c( 21)
c(21)
c( 20)

)
)
)
)

)
)

)

TABLE 3.6.4.22 BOND ANGLES ( " ) FOR v( HAP-0AP),

109.6
80.9

164.6
111. 5

79.5(2)
r47.3(2)
9t.2(2)

164.6( 2)
114.0( 2)
81.7(3)

120.3( 4)
124.6( 5)
118.5( 6)
111.0( 6)
117.8( 7)
120. 1( 4)
126.4( 6)
r21.2(7)
120. e( 6)

1)
2)
2)
1)
1)
3)

(

(

(

(
(

(1)
(1)
(1)

3

4

o(1)
3)
4)
2)
2)
2)
14)

N(

N

c

0
0
0
N

0
V

V

0
N

V-
V-
V-
V-
V-
V-
0( 2)
N( 1)
c( 1)
c(6)
c( 7)
0( 3)
N( 2)
c( 15)
c( 28)

0
0
N

2)
2)
?)
2)
3)
4)
4)
6)
7)
7)
4)
5)
7)
8)
7)

0( 1)
0( 2)
N( 1)
0( 3)
0( 4)
V

V

c(6)
c( 7)
0( 2)
V

V

c( 15)
N( 2)
N( 2)

(1)
(1)
(1)
(e)
( 14)
(4)
(?)
( 20)
( 21)
( 23)

V

v
V

V

V

0
N

N

c
c
0
N

c
c
c

0( 2)
N( 1)
0( 4)
0( 4)
N( 2)
c(1)
c (6)
c(7)
c(14)
c( e)
c(28)
c( 23)
c(21)
c( 20)
c(28)

c( 7)
c(6)
c( 1)
c( e)
c( 15)
c(21)
c( 20)
c( 23)

3
4
8
5
8
2
2

(

(
(

(
(

(

(
(

77.
I 15.
107.
r27.
tzl.
r22.
115.
108.
r?3.
115.
108.

N

V

V
3
4
8
3

)
)

o(
o(
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GENERAL DISCUSSION OF THE STRUCTURES 0F VLo COi'IPLEXES3.6.5

(a) COORDINATION GEOI.IETRY

In the VL2 comp'lexes, as thei r stnuctures show, the coondi nat'ion sphere

is occupied by six donon atoms fnom two tnidentate ligands. The geometry

anound the V4+ centre vanies from an almost trigonal prism to a sevenely

dìstorted trigonal prism. Trigona'l prìsmatic geometny is uncommon and in this

case the ligand must be an important determining factor because in the few

non-vanadyl complexes known, the coord'inat'ion is octahednal in VCl4(CNH) Z7 as

it .is in V(cat)l- ,t uno V(Saì-NBu)zC1z 6r, whereas, the tris-dith'iolene

compl exess 7 are tri gonaì pni smati c. Neg'lectì ng the donor atom repul s'ions, the

application of crystal field theory and calculat'ions of the crystal field

stabi I i zatì on enengi es asmci ated wi th the octahedral and tri gona'l pri smati c

coordi nat'ion geometrìes show no pneference for e'ither trÍgonaì prismat'ic ot'

octahedral coordinatjon for d", d1 and low spin d2 metal je¡5231. A s-bondìng

moleculan onb'ital calculation by Jelli¡sk232, which also considered the

bondi ng orb'ita'ls, shows a consi derabl e pneference f on tni gonal prì smati c

coordi nat'ion with these d conf i gurat'ions and has been used to account f or the

trìgonaì pr^ismatic metal-sulphide structures of the ear''ly transitìon metals.

R. Hoffmann et u.l.233 on the basis of molecu'lan onbìtal analysis drew a

correl at'i on di agram for octahedral and tri gonal prì smati c confj gurati ons

internelated thr.ough a trigonaì twist and showed a possìble preference for the

trigonaì pr''ismatic systems with few d electrons (d' - aZ). However, they

noted that the geometry of a particular complex is influenced by both the d

orbita] patterns as wel I as the'i r energy and other vari ous structuraì param-

eters of the coor"dinat'ion sphere, ê.9. the s'ize of the metal ion, the b'ite

sizes of the ligands and their mutual steric 'intenferences. Lower d onbital

eneng'ies f avour T. P. conf i gurati on. The I ower''ing of the energy of the T. P. 'is

also enhanced in cases where symmetry favours n'bonding. In the case of tris-

dithiolene comp'lexes,'intraligand bond'ing, resu'lting'in short lìgand b'ites,

was suggested by Eisenbeng et al.60t234 as the neason for the stabil'ization of
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the T.P. coondinat'ion-

From our stnuctural obsenvations and taking note of some unpublished wonk

on T.i(IV) complexes Isect.ion (d) below] it seems neasonable to conclude that

both the nature of the metal 'ion as wel'l as the rel ati ve bite si zes of the

five- and six+nembered rings influence stabìlizat'ion of T.P. coordination-

Kepert in a series of papers2z3'22s,23s'237 and a monograph22\ has

considened the stereochemì str-y of chel ate compounds, ì ncl ud'in9 the occul^l'ence

of T.p. coord.ination, by energy minìmization calculatìons. The coordìnatìon

arrangement.is determined to a cons'idenable extent by the bite s'izes of the

chelate r.ings. To per-mit comparison between d'ifferent metaìs, each case is

considened in terms of the 'normalized bite', b which 'is defined as the

distance between the donor atoms of the chelate divided by the meta]-donor

distance. The pred.icted and found stereochemjstries are veny dependent on

these normal i zed b'ites.

Fon the tris-b'identate compìexes, ìt has been found that the smajler the

bite of the ligand the greater is the d'istortion towards the T.P" arrangement

as the latter reduces the distance between the coordinatìon sites. Kepert

examined a Iarge number of compìexes w'ith bites rangìng fnom 1"6 to !-2223.

At the lower end of the nange the twìst an91es (defined'in Figure 3.6.1) are

of the onder of 30-40o, i.e. half-way between an octahedron and a T.P.

However, Kepent obsenved gross exceptions224a to this prediction, especiaìly

.in IMo(OrcroH8)3] and K[Cd(MeC0CHCoMe)3J.HtO which had normalized bites of

I-27 and 1.28 respectively aS against e values of only 0 and 0'4"

respectiveìy. The tris-d'ithiolato compìexes also seem to be except'ional in

t,he same way22+b. Stiefel and g¡eç¡227 ¿l5e examined a number of tn'is-

b.identate complexes and found the normalized bite to be 1.41 for an octahedron

and 1.31 for a T.P.

In the trigonal prismatic stnuctune of V(acac-BH)2 as described by

Djamantis et a.l.73, the mean normalÍzed bites are calculated to be L.22 and

1.34 fon 5- and 6-membered rings nespectively wh'ich ane in agreement with the
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theor.y presented above and thus the acac-BH r'igand type stab j l'izes the

trigona'l prìsmat'ic steneochemìstry with the short b'ite spanning the edge of

the rectangulan face. Th'is a'lso appì'ies to the other three YLz structures

with aroy'lhydrazone I ì gands whi ch al so have smal I b'ites associ ated with the

S-membered r"'ing (Tabìe 3.6.5.1). The small bite which is also reflected from

a very sharp bite angle of 75o (average) ìn the 5-membered chelate rìng (the

same angle for the 6-membered chelate ring is - 83o) lTable 3.6.5.1] results

fnom a small c - N - N angle compared to the 0 - c - N ang'le in the ring

(Tab'le 3.6.5.3). The same bite ang'les are characteristic of the ligand and

ar.e observed ìn the squa¡e pyramida'l VVg(Azac-BH).gEt and tVVg(Bzac-BH)120

(chapter 4) as well as in two titanium compìexes (Table 3.6.5.4).

TABLE 3.6.5.1: THE V-DONOR ATOM DISTANCES AND THE

NORMAL I ZED BITES FOR THE VL2 COMPLEXES

AVERAGE

MOLECULAR V( acac-BH) 2

DIMENSIONS

v( HAP-Pcl -BH) 2 v( acac-sa1 H) 2 V(Bzac-BH) V(HAP-OAP)2

( HNP-BH)

BITE AI{GLES

N-V-06
N-V-05

v-06(A)
v - 05 (Â)

\/-N(Â)
N - 06 (Ã)

N - 05 (Â)

1. 943

1. 919

2.052

2.686

?.423

83.3

75.1

1.871

1.9 00

2.088

2.649

2.427

82.2

7 4.8

L.22

1.34

r.925
1. 917

2.04r
2.648

2.396

83.7

7 4.5

r.2l

1. 34

1.908

1.910

2.041

?.630

2.373

83.5

73.7

t.20

1. 33

1.870

1.880

2.r58
2.632

2.562

(")
(')

81.3

78.4

Í{0RI,|ALIZED BITE, b

('i ) S-membered 1.22

n'i ng

('ii ) 6-membered 1.34

ri ng

r.28

1.31

06 and 05 ane the oxygens in the 6- and S-membered chelate nings respectively.
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Favas and Kepert236 using the same appnoach also exam'ined the possible

stereochemistrìes in the bìs-tridentate complexes. Such complexes depend'ing

on the ligand bìtes may P ossess meri d'ional symmetri cal -faci al and unsYmmet-

ni cal -faci al geomet n'i es as shown i n F'i gu re 3. 6. 5. 1 (a ,b ,c ) where , ABC and DEF

are the two t¡identate ì i gands. One po'int of i ntenest i s the steneochem'istt"y

of the unsymmet¡ical-facial isomen which w'ith unsymmetrical tridentate ligands

can attai n th ree poss'ibl e stabl e structu nes as shown 'i n F'i gu re 3.6.5.2

(d,e,f). The first structune 3.6.5.2(d) has a trigonal prismatic geometry

w.ith the rings AB and DE hav'ing the shorter bites occupying two of the three

nectanguìar edges. The othen two structures (e) and (f) in Figune 3.6.5.2

have the shor.t b'ites on BC and EF and can be descrì bed as a di stonted T. P. and

a skew trapezoidaì bipyrau^'id r"espect'iveìy. According to Kepert, this type of

distorti on makes ABDE i nto a nectang'le, wh'ich more accurately 'is a f I attened

tetnahedron tendi ng to a rectangl e i n the l'imit.

0f the four structu¡es determ'ined for the bis-VL2 type complexes, the

first three have the unsymmetrical tridentate ì'igands with an aroylhydrazine

5-membered ¡ing with normal'ized bites of 1.20 - 1.22 and a 6-membened ring

with bjte in the range 1.33 - 1.34 (Tabìe 3.6.5.1). All these exh'ibit the

pnedi cted T. P. structure (d) i n F'igure 3.6.5.2 w'ith the 5-membened ri ngs on

the rectangular edges. The last structure, for V(HAP-OAP)Z' has a 6-membered

b'ite of 1.31 and a 5-member"ed bite of 1.28 (Tabl e 3.6.5. 1). It j s remarkabl e

that the apparentìy irnegu'lar coond'inat'ion, shown in Figure 3.6.4.1(B)'

nesemble cl osely that predi cted by Kepert f or the 'intermed'iate geometry

(F'igure 3.6.5.2e). The coord'ination geometry re-or"ìented (Fìgune 3.6.5.3) to

the presentation of isomer (e) in Fìgure 3.6.5.2 shows the s'imilar''ity. This

has the 6-membered rings occyping the rectangular edges. N(2)' N(1), 0(2),

0( 3) I i e on an appnox'imate pì ane wi th devi ati ons f nom the I east squar^e pl ane

of N(2) = .397(6), N(1) = .407(6), 0(2) = -.207(5) and 0(3) = -.287(5)Â

suggesting a flattened tetrahedral arrangement as nequined by the djstortion.

Atoms 0(1) and 0(4) lìe respectively -2.103(5) and -2.076(5)Â above thìs pìane



I

i
B

A

D A

a b

Fìgure 3.6.5.1: Isomens for M(tridentate)2:

a. mer; b. sym-fac and c. unsYm-fac.

D

F

F

A
A

cB
Eçt

o

c

DD

F
E

d r
A

e

Figure 3.6.5'2: Unsym-fac-M(tridentate)2: d' tri gonal prìsm;
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in agreement with the proposed stereochemistry'

Thetw.istang.le,0inthetris-djth.io]atecomplexesgeneralìy.increases

w'ith the 'i ncrease of the number of d el ectrons due to reasons not cì earìy

undenstood223 ¿¡d the e for dl should be m'inimum and hence V4+ should show a

strong pneference for T.P. geometry. Table 3.6'5'2 l'ists the twist and the

donor-V.donoranglesofvar.iousVL2andrelatedstructures.Anexamina-

tion of these varues creanry shows that the v4+ in these comprexes possesses

genenally trigonal prismatic coordination [except v(HAP-OAP)2]' The distor-

TABLE 3.6.5 2: THE TWIST AND THE MAXIMUM DONOR-V-DONOR ANGLES

FOR THE VL COMPLEXES

I

¡,'

{

I

.

I

I

I

AVERAGE
MOLECULAR

D IMENSI ONS

Ave rage Tw'i st
angl e (')

Max. donor-V-
donor angìe (')

V( acac-BH) 2 V( HAP-pCl -sH) z V(acac-Sal H) 
2

8.9 15.3 3.5

140.8 i45.9 136.7

V(Bzac-BH) V( HAP-0AP) 2
( HNP-BH)

5.0

135.6 164. 6*

wh'ich are

cont a'i ni ng

5-membe ned

*

* A twjst ang'l e of 32.3o exists between the pìanes 04, 02, N2 and 03, 01, Nl;

164.6"'is the angle 04-V-N1' See Fìgune 3'6'4'1'

ti on fnom T. P. i ncreases ì n the order v(acac-Sa1 H) 2 ( 3'5, 136' 7) < V(Bzac-

BH)(HNP-BH) (5.0,135.6) < v(acac-eH)z tt (8'9' 141'6) < v(HAP-pcl-gH)2 (1s'3'

145.9). The figures shown ìn panentheses are respect'iveìy the average twist

and the maximum donor - V- donor angles'

It 'is the shortest bites of the 5-membened chel ate r"'ings

responsi b.le f or the T. p. coord.inati on i n the aroyl hydrazone

vL2lvLL, comp'lexes. The comparati vely I anger b'ite s'ize of the

rings ìn V(HAP-oAP)2 is thought to be responsible fo|its adopting a different

geometny i ntermed'iate between a T. P. and a skew tnapezoi da] bi pyrami d'
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THE LIGAND GEOI.IETRY

The 'l'igands af'e general'ly onìy approx'imateìy p'lanar and the devi ati on

f rom the mean planarity occut-s in most cases due to a few l'igand atoms only'

Except in \/(HAP-oAP)2, the two'ligands in vLz complexes are'inclined at near

g0o (Table 3.6.5.3) to each other. The v atom lies s'ignificant'ly out of' and

COMPLEXES

I

È*
(b)

TABLE 3.6.5.3: THE LIGAND G EOMETRY I N THE VL

'I IrJ

L

li

I
I

i

IMOLECULAR V(acac-BH) 2

D IMENSIONS

v(HAP-pCl -sH) z v(acac-Sa'lH) 2
V(Bzac-BH) V(HAP-OAP)z

( HNP-BH)

Mean I i gand

pl ane d'ihedral

angle (')

At C(

At N2

Angle (') between

pl anes defi ned

by ligand donor

atoms onlY

S-Membered ri ng An9ì es

93.3

120. 6

107.5

9 3.0

7 4.6

I21.7

108.1

77.4

67.1

120. 0

108.2

73.9

65.3

r20.7

L07.2

29.8

26.0

119. 7

108.0

1

0

')
(")

06 and 05 ane the oxygens in the 6- and

in between the p'lanes determ'ined by

the donor atoms onlY [e'g' o( 1) '
Figune 3.6.1.1] are in the range 65.3-74.6o Which iS jntermediate between the

5-nembered chel ate rì ngs respecti ve'ly'

o¡.¡[o-r bet,,¡:rcot¡

the l'igands al one. Thef Ol anes compri si ng

N(1),0(2) and 0(1'), N(1'),0(2') in

the planarity of the ligand (Figure 3'6'5'4) and the 60"

T.P. coordinat'ion. This apprroach to T'P' coordinat'ion is
90o requ'ired bY

requi red bY the

ach.ieved by significant distortions of the terminal 0 of the 6-membered ning

above the Plane of the ligand.

The di stont'ions nange f rom 0.3-0.5Â and are present ì n the I l'gands

derived fnom ß-diketones where only a notation anound a C-C bond is nequ'ired
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to achì eve thi s as wel I as 'in the l'igands derived f rom o-hydnoxyaì dehydes or

ketones whene bending out of the plane of the anomatic ring is requ'ined. In

the V(HAp-OAp)2 complex, the ligands ane approx'imateìy planar but w'ith apprec-

i abl e dev.i atì on of some atoms. The di hedral angl e between the 'l 'i.gand pl anes

.is 29.go which is only a litt]e bigger than the angle of the ligand donor atom

planes of 26o. Th.is js in qua'lìtative agreement with stnuctune 3.6.5.2(e)

proposed by Kepert which is intermedìate between a T.P. (angìe = 60o) and a

skew trapezoidal bipyram'id (angle = 0o).

{

l¡''

t

(c) THE V - DOI{OR ATOM DISTANCES

The V - 0 and V - N bond dìstances ìn the 6- and S-membered chelate rings

in the vL2 structures (Tab1è 3.6.5.1) ane generaìly shorten than those obser-

ved in the vanadyl complexes' e.g. V0(acac)221, V0(Bzac)2", Na4[VO-dl-tar-

tratel2 23s, IV0(acac)(OMe)]Z (Section 2.4) and V0(acen)s0. The average V - N

distances (- 2.05A) except for V(HAP-OAP)2 ar^e also shorter than the avenage

of Z.llA found for the three of the V - N bonds ìn an oxovanad'ium(IV) ponphy-

njn complex23s. The V - 0 distance in the non-vanadyl V(Sa'l-NBu)ZC1Z 6r+'is

1.g07(3)Â. It appears that the nemoval of the vanadyì oxygen induces signìf-

ìcant shortenìng ofthe V- 0bondìengths. Theshorter V - 0and V- Nbonds

i n the yLZ compl exes i nd'i cate substantì al vanad'ium-l i gand r bond'i ng i ntera-

ctìons through n-electnon donatjon from, pant'icular ìy the four strongly basic

phenolic and/on enolic oxygens s'ituated in a flattened tetrahedral arrangement

in these comp'lexes. The molecular orbitals of the'ligand which ane perpendic-

ular to the pn'incipa1 p'lane of the ligand and delocal'ized over the atoms comp-

r.ising the chelating part can overlap wjth the metal dr-orb'itals of cornes-

ponding symmetny to form stronger and thus shorter V - donor bonds.

The shorter V - 0 d'istances i nvo'lv'ing charge bui I d-up on the central V

atom into the V - 0 bonds from the strong o- as well as r-donations of the

tridentate l.igands cause extra electron density nean vanad'ium which'in turn

help easy expuìsion of the vanadyl oxygen thnough protonat'ion. These
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The pnesent YLZ structures are in agr"eement

predì ct'i ons on t r^i gona'l pri smati c as wel I as

comparatively shonter v - donor d'istances may also 'impose constraints on and

shorten the inten-donor atom bjte d'istances whìch mìght also be a geometric

effect of the twisting of an octahedron toward a T.P.

(d) EFFECT OF I.IETAL I0Ì{ ON COORDII{ATION GEOÍ.IETRY

with Kepert's theory and

'i ntermedi ateon dì storted

geometry [Figure 3.6.5.2(e)] thus supportìng his theory based on donor atom

repul s.ions. The b.ite s.izes and angl es i n the various aroyl hydnazone I i gands

.in the a1-vt, (Tab'le 3.6.5.1) and ìn the square pyram'ida'l d'-vv0(Bzac-BH).0Et

and tVV0(Bzac-BH)120 complexes (Tab'le 3.6.5.4) have s'imilar values' This

i ndì cates that the par.ti cul ar 'li gand geometn'ies are the detenmi ni ng f actors

f or^ the tri gonaì prìsmat'ic geometry of the VLZ compìexes' However' twg

structures of d._Ti IVL, wìth the same ar-oyl hydrazone ì i gandss9 pnoduced

d.iffenent results ra.ising doubts as to whether ì'igand considerations are the

only deter.mi n.i ng f actor-s f or the observed steneochem'i stri es. In cont rast to

the T. p. coor.di nat'ion geometry f or the anoyìhydnazone contai ni ng a1-Vt,

complexes, the do-Ti (acac-BH) 2 POSSesses a meri d'i onal stnuctune as shown i n

F'igur^e 3.6.5.1(a). Because it is yet unpublished, we descr^ìbe th'is structure

.in some deta.il f or compar.ison: The average Tì -donor atom d'istances are f iven

jn Table 3.6.5.4 and the coordination sphene'in Figure 3.6.5.5. The figand

pl anes i ncl udi ng the Ti but excl ud'i ng the benzene rings ane almost pl anar^ w'ith

the Ti atom deviating from these two planes by onìy 0.087 and 0.0544' The

angle between these planes is 86.3o. If the benzene rings are included'in the

p'l anes then th i s ang'l e becomes 84. 5'. The ang'l e between the 6- and the 5-

membered chelate r.ings is 5.9o indicat'ing effectìve planarity of the ìigand'

The N(4), Ti, 0(3) and 0(4), Ti,0(3) are at an angle of 110.5o. The maxìmum

donon(N4)-Ti-donor(N2) angle is 165.1o. Another stnuctune detenmìnedse for

Ti (Bzac-BH)e is essentia'lly s'im'ilalin characten'
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TABLE 3.6.5.4: MOLECULAR DIMENSIONS OF SOME COMPLEXES RELATED TO VL,

AVERAGE

MOLECULAR

DIMENSIONS

Ti (acac-BH) e(u) ri (azac-aH) 2(a) vvot-.oEt(b) lvvou) ro(u)

m- 06 (Ã)

m - 05 (Â)

r't - N (Ã)

N - 06 (Â)

N - 05 (Â)

BITE AI{GLES

N - ¡.,\ - 06 (")

N - Ì1 - 0s (.)

NORI{ALIZED BITE, b

(i ) 5-rnember"ed

ri ng

(i i ) 6-rnembered

rì ng

1. 886

1.925

2.r34

2.636

2.456

81. 7

7 4.3

!.2L

L.32

1. 888

1.9 13

2.136

2.668

2.403

i.19

1.33

1.848

1.907

2.070

2.63t

2.4t4

84.2

7 4.6

r.22

1.35

1.832

1.889

2.078

2.619

2.371

83.9

73.2

1.20

1. 35

â' Refenence - 99 b' ChaPten 4; L Bzac-BH

Thus, in detenm'ining the complex geometry, the metal ìon must be an

important factor. Howeven, it ìs not clear as to how the metal determìnes the

stereochemistry. Simpìe crystaì field model23t gives no advantage to T.P.

over octahedron for do and d1. However, the method of calculat'ion,

specifical1y what po'lar angle'is used for the T.P. and the value of the

parameter p, has ¿¡ gffsqf2ao. So jt is not inconceivable that the crystal

field stab'il'ization enengy in dl system may favour T.P. wheneas thene cannot

be such Preference in a do sYstem.
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Another possibìlity is the effect of n-donat'ion from the ìigand to the

metal. Because of its pos'itìon in the finst transition series such effects

would be stronger.'in the V4+ complex and may tip the balance in favoun of the

T.p. coond.inatìon. In fact, there are significant differences in the M-donor

di stances i n the two compl exes al though 'it 'is not obvì ous how these can be

ì'ntenpreted. However, both these exp'lanations assume that the octahedron is

the pr^eferred stereochem'istry wh'ich of course contradicts the Kepert's

theories. Hoffman's moleculan onb'ital ana1ysi5233 sf such systems suggested

that fon fewer d electr^ons T.P. may be the preferred stereochemistry. However,

he g.ives no i ndi cat'ion that there shoul d be a di f f erence between do ancl dl.

3.7 SPECTROSCOPIC STUD IES OF THE col.tPLEXES

GENERAL INTRODUCTION

The study of the spectraì pnoperties of the comp'lexes ane extremeìy

i mportant i n understandi ng thei r formati ons, fonmul atì ons and el ectr-oni c

str.uctures which, in turn, can definjtiveìy ident'ify the coond'ination geometry

of the compl exes. Di f fenent spectnoscopi c measurements are used as ana'lyt'ica'l

tools fon chanacte¡ization of the specific type of compìexes. In the pnesent

study, a correl ati on of several spectnaì f eatunes w'ith the si x-coot"di nate

trìgona1 pnìsmatic coondìnat'ion geometry of the VLZ compìexes has been

attempted. The types of spectral measunements that have been made with the

yLZ complexes are (1) mass spectra, (2) infrared spectra, (3) electron'ic

spectra and (a) electnon spin resonance spectra.

3.7.L MASS SPECTRA

As ìn the tV0(AA)(OR)J2 compìexes (Chapter 2.5), the mass spectroscopy is

al so extremeìy useful f or qu'ick i denti f i cati on of the f ormat'ion of VLZ

compìexes. The mass spectra of all the YLZ complexes have been exam'ined.

They all exhìbit the intense spectral peaks at m/e conrespond'ing to the molec-
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ula¡.ion aìong wìth peaks due to the f r-agmented products of which VQL and VL

are worth-noting. For complexes with odd molecular weights' the observation

of the peaks due to n//e ts further evidence for the molecular ion'

The character.istic mass spectra] data for the var''ious vL2 type complexes

ar.e given in Tables 3.7.1.1 - 3.7.I.2. The fragmentation peak due to the

TABLE 3.7.1.1: CHARACTERISTIC MASS SPE CTRAL PEAKS FOR THE VL2 COMPLEXES

CHARACTERISTIC PEAKS FOR

COMPLEX

(1)

MOL. t,lT

(2)

YLz

(3)

VOL

(4)

VL

(5)

V( acac-BH) 2

V( Bzac-BH) 2

v(azac-pOcHg-gH) 2

v(Bzac-pc1 -3H) z

V( Bzac-pNor-BH) z

V( dbm-BH) 2

\/( HNP-BH) 2

v(HNP-pcl -sH) z

v( HAP-BH) 2

v( HAP-pcl -3H) z

\/( HPP-BH) 2

\/( DHBP-BH) 2

V(Sal -sl'l) 2

V ( acac-Sal H) 2

V( Bzac-Saì H) 2

V(dbm-Sa1H) 2

V( HNP-Sal H) 2

483.48

607. 56

667.62

67 6.45

697.61

731.71

627.56

696.44

555.49

624.38

583.54

711. 6 3

527.43

5r5.42

639.56

7 63.7 L

659.55

483

607

667

676, 680

697

73r

627

696, 700

555

624, 628

583

7LL

527

515

639

763

659

283

345

375

379, 381

390

407

355

389, 391

319

353, 355

333

397

305

299

361

423

371

363,365

391

339

303

337, 339

317

381

?89

283

354

407

3s5
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COMPLEX

(1)

MOL. t^lT.

(?)

VLvLz

(3)

VOL

(4) (5)

V(HAP-SalH) 2

V( HPP-sa'l H) 2

V(Sal -Sal H) 2

V( Bzac-OAP) 2

V ( dbm-OAP) 2

v( HNP-OAP) 2

v(HNP-pcH3-oAP) z

v( HNP-pcl -oAP) 2

v( HAP-OAP) 2

V ( Sal -OAP) z

v(sal -pcH, -oAP) 2

v( Sal -pcl -oRnl ,
V( HNP-3-an-Z-naP),

V(Sal -3-am-2-naP) 2

V(OAP-s-nap) 2

v(pcHs-oAP-g-nap) 2

v(pcl -oAP-p-nap) 2

V(OAP-p-cnesol )2

V(oAP-pocH3-phenol )2

V(OAP-pCl -phenoì )2

V( 3-am-2-nap-3-naP) 2

V(Erio t)z

587.49

615.54

559.43

553.51

677.65

573.50

601.56

642.39

501.44

47 3. 38

501.44

542.27

673.6?

573.50

575.48

603. 5 3

644.37

503. 4 1

535.41

544.25

675.60

969.68

587

615

559

553

677

573

601

642, 646

501

473

501

542, 546

673

573

575

603

643, 647

503

535

544, 548

675

970

335

349

32r

318

380

328

342

362, 364

292

278

292

3L2, 314

378

328

329

343

363, 365

293

309

313, 315

379

319

333

305

302

364

3t2

326

276

262

276

296, 298

362

3t2

313

327

347, 349

277

293

297, 299

363
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TABLE 3.7 .I.2: CHARACTERIC MASS S PECTR AL PEAKS FOR THE VLL.

MIXED LIGAND COMPLEXES

COMPLEX

CHARACTERISTIC PEAKS FOR

M0L. t,lT. VLL' VLZ VL'2 VOL VOL'

V( HNP-BH) ( Bzac-BH)

V(HAP-BH) (Bzac-BH)

v( HAP-BH) ( HNP-BH)

V( HAP-BH) (Bzac-Sa1 H)

V( HNP-BH) ( OAP-s-naP)

6 17. 56

581.53

59r.52

597.53

601. 52

617

58i

591

597

601

627

555

555

555

627

607

607

627

575

355

319

319

319

355

345

345

355

361

329

neutral V0( IV) comp'lex, VOL is generaì'ly 'intense and 'is in agreement w'ith the

r.upture of the lìgand C - 0 g¡oup to leave an oxo group which with the V4+

forms the stable V0 entity. The variab]e, generalìy weak, intens'ity of the VL

fragment must r^esult from a differ^ent fragmentat'ion pattern. Such VOL and VL

peaks are also observed for the VIVot-Hcl, VVSL.0R and (vvot-)20 complexes'

Fon the mixed ìigand VLL' complexes, the peaks due to YLZ and VL'2 ane

al so obsenved al ong w'ith the major VLL' peak. These observat'ions ane

cons.istent wjth a reanrangement due to the pynolys'is of the comp'lex occurni ng

i n the mass spectnometer, as the X-nay crysta'l I ograph'i c analysi s and othen

spectnoscopic and electrochem'ical techniques revealed only one species. Both

V0L and V0L, f ragments wer.e observed i n al I the m'i xed VLL' compl exes. In

complexes of the chlo¡ine conta'ining ligands, the obsenvat'ion of the s'ignals

due to Cl .i sotopes 'is concl us j ve ev'i dence f or VOL and VL f ragmentat'i ons.
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3.7.2

(a)

INFRARED SPECTRA

CHARACTER ISTIC BAI{D ASSIGIü{EI{TS: GENERAL

The infraned spectra of the VL2 complexes have provìded'informat'ion about

the.i r f ormat'i ons and st ructu nes mai nly 'i n nespect of ('i ) absence of the

vanady'l oxo funct'ion, ('ii) conversion of keton'ic c = 0 to enol'ic c - 0 on

complexation, where approprìate, (ii'i) absence of N - H and/or 0H functions

and (.iv) on the whole, the pnesence and coondinat'ion of the l'igand'in the form

of L2'ìn the compìexes. The absence of peaks cornesponding to V = 0 and N -

H groups (vN-H for hydrazones only) ane the most important observat'ions.

Comparison of the YLZ spectra w'ith those obtained for the ìigands themselves

was most usef ul i n rati ona.lj zi ng the i nf raned nesul ts. Al I VL2 compì exes were

examined between 4000 and 2OO.*-1 and were found to show absence of the

vanadyl oxo ligand, thus jndicating them to be the non-oxo vanadium(IV) comp-

lexes. Also the VL, spectra ane comparable to those of the coordinated panent

ì i gands. Thì s i nf ormat'ion pr^oved the f ormati on of the non-vanadyl comp'lexes

i ncorporatì ng the correspondì ng f igands. The tentati ve ass'ignments I j sted 'in

Tables 3.7.2,1 to 3.7.2.5 of the chanacteristic infraned peaks of the VIZ

comp'lexes have been made emp'iri cal ly by compani son of the spectra of the

corr.esponding'ligand, the V0(AA)2 complexes and by nefenence to the literature

on the spectra of nelated comp'ìexes24r'270.

The I i gands f ormed f rom ß-d'iketones and am'ines may be i n one of the

tautomeric fonms I, II and III.

N R NH R N R

CH

0 OH

0

( I) Keto-'imi ne form (I I) Keto-am'ine fonm (I I I) Enol -i mi ne fonm

Chnomwell et a1.242 and Holtzclaw et al.2a3 f¿vsu¡gd keto-am'ine form (II) on

the 'inf rared stud'ies of g-am'ino-substituted-c,6-unsatunated ketones and a,B-

/'
CH

\,
/c

c

),
CH

\
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unsaturated-ß-keto-am'ines respectively. Martell et al '2t+4-246 discussed the

infnaned spectra of schiff bases derived fnom dìamines on the basis of an

equilìbrium between (lI) and (III). Dudek and Hol¡¡246â on the basis of N'M'R'

study of bis-(acetylacetone)ethylenediamìne and of schiff bases obtained fnom

monoamines and acetylacetone or 1-hydnoxy-2-napthone showed the keto-am'ine

form to be mone .important in the equ'iì'ibrium between (II) and (III). However,

the bases der.ived frorn 2-hydr-oxy-1-napthaldehyde (or napthone) and sal'icyl-

a'l dehyde have the obvi ous phenoì -imi ne form as expected from resonance

cons i derati ons.

ThevOH, vN-H,vC=0, vc= N,vC - 0, vc=c, vc - N' vv -0anduV - N

stretchi ng modes wh.ich are f ound 'in the ì i gands and thei r compì exes i n th'is

wonk have been identìf ied by many authors2 47t248. t^l'ith few exceptis¡5249,

ì t i s a genenaì observat'i on that the behav'i our of the f ree 'l 'i gand spectrum

changes by chelatie¡243-2a5 þLt! the interpnetation of the band-shifts depends

on the attr.ibution of the observed frequencies to the various bonds Ç = c'

C = 0, Ç = N. The C = N vibration fnequency ìs the most important in Sch'iff

bases wi th the azomethi ne gnouP and 'i s genenal 'ly I owered by chel ati on by an

amount depending on the nature of the metal, especiaììy its electron-

attracti ng ProPerti es.

All the sch.iff base 'ligands conta'in the vc = N modes. The peaks between

15g0 and 1670 .r-1 have been assigned by Bacon and Lìndsay2s0 ôS vC = N.

Strattan and Busch25i also have described the location of C = N band ìn the

same reg'ion in Several ligands contaìning Ç = N groups' IsN and 180 isotope

substitution have been used by Percy et 41.241t252r253 !e ident'ify the N and 0

sensitjve v.ibrations in N-alkyl and N-anylsal'icyla'ldimine and salicyledenegly-

ci nate compì exes. 0n the basi s of these stud'ies , the bands 'in the regì ons

1575-1634, 1540-1609, 1300-1342 and 1370-1410 cm-1 are assigned as due to

vc = N, aromatic vC = C, vc - 0 and vc - N respect'ively. They also assigned

the yC = [rl - C band at 780-895 cr-l. Also the bands observed 'in the region

1390-1460 cm-1 have been assi gned, to vani ously coupì ed v'ibnati ons 'invo'ìvi ng
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oc-H w.ith vc - N, vC - N, vc = 0 and vc - 0. The band whjch appears 'in the

region 1550-lO15 cm-1 fon the metal complexes is assigned to vC = 0' The

canbonyl str.etchi ng vì brat'ion somet'imes masks the phenyì vi brati on normal ly

found near 1600 cm-1. Generally, the C = 0 frequency ì'ies 'in the same range

aS for Ç = N. Earlier assignments of vC = 0 and vC = C in ß-diketonates by

normar coord.inate stud.ies5rr52 ¡¿u. been reve.sed by a furthen analysi5l2l ¿¡d

by rag-labellìngI2o of the carbonyl oxygen atom (cf. chapter 2.6)' The higher

frequency peak is sensìt'ive to isotop'ic substitut'ion of the oxygen atom and is

thenefone assigned to vc = 0. Also Pickard and Polly254 s¡ the basis of the

infrar^ed spectna of a number of ketimines assigned the higher frequency band

(L660-llzo cm-l) to vC = Q and the lower frequency band (1590-1680 cm-l1 to

vc = N. Teyssie and charette255 from the jnfrared Spectra of a number of

saìicyìidene-alkyìamine chelates w'ith va¡ious metals (co, Ni, cu, 7n, Mn, Pd)

reported that the aromatic c = f, vibrat'ion at 1585 cm-1 for the ligand goes

down at 1540 cm-l on chelation and nemaìns about'independent of the natune of

the metal. Dudek and Dudek256 have assigned a band nean 1400 cm-l to vC - N

for coppen( I I) -Schi ff base compl exes ' wheneas Bi gotto -tt al '2 
s7 have assi gned

a band at 1441 .r-1 to th'is v'ibration for a tetradentate n'ickel(II)-sch'iff

base complex.

The nonmal position of a free 0H band'is at 3520-3730 cm-l zsa and the

broadening and shifting of this band from th'is normal posit'ion indicates

i nvol vement of the 0H gnoup 'in hydrogen bond'ing. The broaden bands i n the

region 31S0-3300 .r-1 254 ¿¡s ass'igned as due to the N-H stretchìng mode

p.esent in the free ìigands. The broad band centned around 3200 cm-1 could

also be due to ovenlapping of vN - H and v0 - H modes. The absence of these

bands .in the metal comp'lexes i nd'icates coord'inat'ion of the phenoì'ic and enol'ic

oxygens on deProtonation.

The above vc = N, vC = C, vC - N, etc. aSSignments have been considered

in makìng assignments of various'infrared bands in the pnesent complexes and

ane discussed below for the three ìigand systems examined'in this work'
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TABLE 3.7.2.I2 SOME CHARACTERISTIC INFR ARED FREQUENCIES ( cM-1) FOR

THE VL' COMPLEXES OF BENZOYLHYDRAZONES

VL
2

COMPLEXES
0FL=

T E I{TAT I V E ASS I G NI.IE NTS

vC=N vC=C vC-0vC-Na ôC-Hb vV-0 vV-N

acac-BH

Bzac -BH

Bzac -poMe-BH

Bzac-pcl -BH

NO
B zac-p z-BH

d bm-BH

H NP.BH

clHNP-p .BH

HAP.BH

HRe-pcl -tt

H PP.B H

DHBP-BH

Sal -BH

1540 s 1336 m 1365 s

1545 s 1333 s 1354 m

1543 s 1320 s 1355 s

1590 w

1590 w

1612 s
1590 m

1603 w

1587 m

1600 w

1586 sh

1606 w

1590 w

16 16
1 598
1 573

1619 msh
1604 s

1590 m

1574 m

1600 s
1590 msh
1565 s

1602 s
1585 s

1568 s

1600 s

1588 rnsh
1562 s

1605 s

1590 sh
1570 w

1542 s

1540 s

1325 m

1332 m

1370 s

1365 m

1447 s

1436 msh

1435
r420

438 m

457 w

495 ms

492 w

560 m

470 w 520 w)
557 m)

503 m

480 w 507 m)
540 m)

439 ms 492 ms

)

)

m

1542 s 1328 ms 1370 s 1407 ms 470 w

1545 s 1325 ms 1345 s 1410 w 467 w 570 m

1543 s 1335 ms 1370 s 1450 s
1433 msh

452 w 548 m

wsh) 1544 s 1325 s 1357 m 1445 s 452 w 503 ms

)

)

s
s

)

)
)
)

1403 s
1426 m

)
)

1445 s
1418 ms

1542 s 1320 s 1365 s 1420 ms 438 s 522 n

) 1536 s 1320 s 1360 s 1422 s 439 m 518 m

) 1538 ms 1320 w 1365 ms 1447
1418

460 w SLZ w

1545 s 1305 m 1340 s 1.445 s 455 m 570 m

s)
sh)

1605
1 590
1580

)
)
)

s

Due to resonance b. Coupìed w'ith vC = N, vC - 0, vC - N.a
a
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(b) vL, cotlPLExES OF BET{ZOYL HYDRAZOI{E LIGAI{DS

The broad bands obtained'in the range 3150-3365.r-1 fo. the benzoylhyd-

razone Schiff bases ane attrÍbuted to vN - H. In dbm-BHþ the bands at 3075

and 3464.*-1 wer-e medium sharp. Pickard and Polly25a neported the N. - H

fnequencies near 3200 c*-1 for a number of ketimines. Assoc'iat'ion of the

N - H group with keton'ic aroups gives absonptions in the range 3240-3320 cm-l

and with an adjacent N atom w.ith.in the nange 3150-3300 cm-1zsg. The g-dike-

tone-hydrazone l i gands seem to ex'ist 'in the keto-f orm and do not show enol i c

0H bands. In o-hydroxycarbony'l-hydrazones there is no band above 3275 cm-1

due to the fnee 0H gr-oup thus showìng it to be hydrogen bonded wìth the azo-

meth.ine nitrogen258. The broad band around 3200.t-1 in both cases might be a

mixtune of vN - H and H-bonded enolic/phenoljc 0H stretches'

Generally, two bands ane obtained between 1600 and 1694.*-1 fo. the free

'ligands which are due to vC = 0 (higher frequency band) and vC = N of the azo-

meth.ine gnoup (ìower fr.equency band). The vc = N mode is often mixed with

vC = C'in the nange 1600-1630 cm-l and js seen as a strong band' The spectna

of the vLz complexes show no characteristic bands of vN - H and vc = Q in

agr.eement wìth the ì'igands be'ing coordinated in the enol'ic form- Thìs mode of

coordination'is further supported in each case by the appearance of the vc = N

band at about 15g0 cm-l. The yc = N pnesent'in the free ligand shows a down-

ward shift of 10-40.r-1 indicat'ing the involvement of the nitrogen of the

azomethine gr.oup 'in the coordi¡¿!is¡260. The band appearing around 1600 cm-1

seems to orig'inate from the stretching mode of the conjugate )C=N-N=C< gnoup-

inga6 suggesting the participation of the enolìc oxygen jn coordination'

Al so, the di sappearance of al I bands above 3000 .t-1 conf i rms the part'ic'i-

patì on of the enol i c/phenol'i c oxygen 'in coondi nati on on deprotonati on.

(c) VLø C0IiPLEXES 0F SALI CYLOYLHYDRAZONE LIGAIIDS

In the fnee salicyloylhydrazone ìigands, genera]ly two bands are observed

i n the reg'ion 3030-3300 cm-1. Li ke i n dbm-BHþ, bands 'in dbm-Sal H2 at 3060
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and 3g47 cm-I are also med'ium sharp. One of the two bands above 3000 cm-l

m.ight be due to the hydrogen bonded (as stated before) 0H group, the othen

being due to vN - H, fnee or H-bonded. The highen and the lower frequency

bands appeari ng between 1600 and 1665 .t-1 a ne due to vC = Q and vC = ['l

respectively.The.infnaredspectraoftheSa]Hsch.iffbasesaredominatedby

the f, = 0 and N - H absorpt'ions which are absent in the'ir vL2 complexes' As

'in benzoylhydrazone-complexes' the d'isappearance of vN - H' vQH' vC = Q and

the shift of vC = N to lower fnequency (- 1596.t-1) on complexat'ion indicate

that the attached r.igands act as dinegative tridentate ones'in the eno'ìic form

.i nvol v.ing coordi nat.ion through two enol i c/pheno'ri c oxygens (on depnotonati on)

and the azomethine n'itrogen. In the vL2 compìexes' the bands due to the non-

coondinated 2_0H group of tre salH ning ar-e not obse.ved which suggests strong

H_bonding of th.is 0H w.ith the non-coondinated N of the r'igand as found'in the

X-ray anaìysis. The vC = N, vC = C, vC - 0' vC - N' vV - 0' vV - N' etc' band

ass.ignments in these complexes (Tab'le 3.7.2.2) have been made similarly as for

the benzoylhydrazone-complexes and these bands ane exh'ib'ited at about the same

positions for both these compìex types'

(d) vL, c0l,lPLExES 0F o-AI{IÌ{0PHEN0L AND RELATED SCH IFF BASE COÎ.IPLEXES

o-Am.inophenol schiff bases of benzoylacetone and dibenzoylmethane have

s'ingìe broad absorpt'ions at 3060 and 3160 cm-l respect'ively' HAP-OAP& has a

broad absorption at 3350 .t-1 and a weak bnoad absorption at 3055 t'-1'

Other.s show generally weak and bnoad absorptìons at about 3050 t'-l' This

seems to be due to a strongry hydrogen bonded N - H stretch'ing mode wh'ich

originates from the H-bond'ing between the azomethine N and the 0H gf'oups' In

most cases , there are al so weak broad absorpt'ions at 2630-2735 t*'1' Th1s

conf.irms that the 0H is H-bonded to the N atom of the azometh'ine group' The

absence of the above bands.in the complexes indicates deprotonation of both

the neplaceable H atoms and the dibasìc character of the sch'iff bases'leading

to the involvement of both the enol'ic and/on phenol'ic oxygen atoms'in the
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SOME CHARACTERISTI C INFRARED FRE QUENCES ( cM-1) FoR THE
TABLE 3.7.?.2i

VL COMPLEXES OF SAL ICYLOYLHYDRAZONES

TE I{ TAT I V E AS S I G NT'I E 1{TS

vC=N vÇ=Ç vC-0 vC-N ôC-H vV-0 uV-N
VL

2

COMPEXES

0F L=

acac-Sal H

Bzac-Sal H

dbm-Sal H

HNP-Sal H

HAP-Sal H

HPP-Sal H

Sal -Sal H

1625 s )
1590 s )

1626 m )
1592 m )

1625 ms)
1603 ms)
1566 ms )

s

ì'

1540 s 1330) 
" 

1370 s

1320)

1538 s 1333 s 1400 w

1545 s 1340 s 1368 s

1540 s 1330 s 1360 msh 1420 sh

486 s 560

425 w)
477 n)

1435 msh 448 w

476 m

420 sh
486 w

1420 msh 430 w)
465 m)

1435) c
i420)

1420 msh

1425 msh 426 w

465 m

502w204 m

w

492 n)
560 m)

508 w)

552 m)

504 w)
562 m)

520 w

553 w

)
)

1625 ms

1600 sh
1590 ms

1623 ms

1597 s
1570 ms

1625 m

1596 m

1570 m

t625
1600
1 587

)
)

)
)
)

)

)
)

)
)
)

)
)

1532 s 1310 s 1365 s

1535 s 1308 ms 1358 msh

1542 s 1312 m 1347 s 1435 m 445 ms 567 m

)
)

488 m

510 w
)
)
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coord'inati on.

The strong bands at 1600-1635 .*-f i n the 'l'igands are assi gned as vC = N

and aromatic vc = Ç modes which shift downwards to about L597 and anound

1540 cm-1 respect'ive]y on compl exati on. The bands at 1616 cm-1 f ot the HNP-

px-oAp-comprexes, 1620 cm-1 fon the complexes of sch'iff bases of 3-amino-Z'

napthoì w.ith 2-hydroxy- l-n apthal dehyde and sal i cyl aì dehyde as wel I as absot^p-

tions ar.ound 1570 cm-l observed for all these vLz complexes are also assigned

as due to the yc = N and'its coupl'ing or possible conjugation with the ne'igh-

bouring Ç = c and c - N modes. The downand shift of the vc = frl indìcates

normal coordination of the azomethine nitnogen to the metal atom. The

N + V o-bond as wel'l as any possible V + N ¡-êlectron interact'ion in the metal

chelate ¡ings lower the vìbrational frequency of the C = N group. The gener-

ally strong bands appearing in the region 780-872.t-1 ure ass'igned to vC = N

- Cz'+t;2s2t253. The bands due to ôC - H, vV - 0 and vV - N have been determ-

ined empirjcally by reference to the literatures mentioned 'in Section (a) and

are listed in Table 3.7.2.3.

(e) vLâ c0l,lPLEXES 0F 2, 2' -D IHYDROXYAZOARENES

In azodyes and their metal complexes, the vN = N lies in the range 1440-

1659 q,¡-1 zst. Appearance of several bands in th'is region rendens the assì9n-

ment of an N = N stnetching vibrat'ion difficult. The azomethane complex of Pd

shows absor.ptì on at 1598 cm-1 ass'igned âs vN = f1262. Usi ng i sotopi c 'label l i ng

with IsN and 2H of some aryldiazo ligands, Hyamore et 41.263 slucidated the

or.i g.i n of the mul ti p'le 'i nf nared bands of the'i r metal compl exes i n the 1400-

1630 .r-1 regi on whi ch ane assoc'iated w'ith the frl = N stnetch'ing modes. For

some complexes, they observed and assigned two bands for vN = N in the reg'ion

1506-1624.r-1, the'in exact position being dependent on the resonance inter-

act.ion of thi s vN = N w'ith other vi brati onal modes, especi al ly of the phenyl

groups.
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TABLE 3.7.2.3: SOME CHARACTERISTIC INFRARED FREQ UENCrrs (cu-t, FOR THE

VL" COMPLEXES 0F o-AMINOPHENOL ( AND 3.AMINO-z-NAPTHOL) SCHIFF BASES

VL
2

COMPLEXES
0F L=

TE ilTAT I VE ASS I G T{I.IE T{TS

yC=N vC=C vC-0 vC-N 6C-H ôC=N-C vV-O vV-N

Bzac-0AP

dbm-OAP

HNP-p cl

HAP-OAP

Sal -OAP

sal -pMe-oAP

sal -pcl -oRl

H NP- 3-am-
2-nap

Sal - 3-am-
2-n ap

1600 m

1577 m

1605 ssh
1598 s

1585 ssh

1602 s

1584 ssh
1565 ms

1440 s

1436 m

448 w

470 w

430 ms
467 ms

435 sh
480 w

440 w)
472 w)

m

565 w

506 ms

571 s

512 m

582 m

505 m

565 s

510w )
554m )

509 w

552 s

542 s
570 m

)

)

)
)
)

1552 s 1343 s 1370 m 1416 ms 825 s) 458 w

780 s) 474 m

1560 s 1325 m 1405 sh 1436 msh 847 w) 455 w

810 w)

4
78

56
5

)

)

HNP-OAP

HNP-pMe-oAP 1533 s 1337 s 1405 w 1450 s

16 16
1598
1570

1616 m

1597 s
1570 m

-OAP 1616 m

1598 s

1570 m

1597 s
L577 n

m

s

MS

1540 ) 1340 m 140s )

1534 )s 1423 )w
)

)
)

)1
)

)

820 ms) 420 msh) 500 m )

842n )465w )570w)

)

)

)

805 s)
830 s)

429 n
470 w

)

)
)
)

533 s 1336 s

1540 m 1330 sh 1405 sh 1438 msh

1450 s 805 m)

)
)

825 s

842 n

818 m

858 m

840 s

872 w

805 s
843 s

)
)

)
)

)
)

) 1535 s 1325 s) 1410 sh
1300 s)

)

)

532 m

552 s
)
)

1600 s

1585 ssh
1565 ms )

1597s )1
1585 ssh)
1565 ms )

)
)

1534 s 1305 s 1400 sh 1433 ms

1 535

)
)

)

)

528 s 1300 s 1410 msh 1425 ms 805 ms) 450 w

838s)470w

s 1300 m 1405 w 1425 w 820 ms ) 454 w

853 s) 470 w
)
)

1620 m

1598 ms

1574 m )

1620 ms ) 1536 s 1300 m 1390 msh 1430 m

1604 s )
1583 s )

813m ) 464w
852 ms )

500w)
563m )
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SOME CHARACTERISTIC I NFRARED FREQU ENCTES ( cM-1) FoR
TABLE 3.7.2.4|

THE VL" COMPLEXES OF 2. 2' -DIHYDROXYAZOARENES

TE NTAT I V E ASS I G TII'IE 1{TS

VL
2

COMPLEXES
0FL=

vN=N vC=C vC 0 vC-N vV-0 vV-N

OAP-g -n ap

pMe-OAP-p -n ap

ORl-pCl -phenoì

3-am-2-nap-ß-naP

Erio T

1605
1592 MS

1620 ms

1597 ms

1620 m )
1597 m )
1570 w/m)

1550 m 1325 s

1550 m/w 1320 w

1287 s

1550 m/w 1311 w

L?74 s

1325 m

1288 s

1552 m I 334
1340

1617 sh
1597 msh
1584 m

1616 sh
1596 m/w

1615 w

1597 m

1578 w

1405 sh
1355 s

1420 w

1353 s

L420 w

1352 s

1420 w

1355 sh

1425 wsh

440 w

465 w

435 w

460 w

507 m

545 w

505 ms

570 ms
)
)

/wmr577

436 wsh)
463w)pcl -oRP-g-nup

508 ms)
563 ms )

0AP-p-cnesoI 1604 w/m) 1535 m

1592 m

1580 sh

oAe-poMe-p henol 1540 m 1326 nlw 1360 msh 446 w

1540 m/w 1325 w 1360 sh 465 w

1550 m 1323 sh 1358 s

435 w

455 w

45
47

414 msh
455 w

518 sh
534 m

502 w

552 m

500 w

550 w

513 sh
540 m

550 w

580 w

16 16
1603
1 590

)

)

)

m

5w
0w

)
)

)
)

)
)

)
)

s
)

)

For both pMe-ORp-g-napthol and Erio T dyes, a veny bnoad as well as a

veny weak bnoad band appean at 3450 and 2730 cm-1 respectively. For other azo

dyes, weak or medium bnoad bands are obsenved at 3060-3100.*-1 aìong with

very weak broad absorptìons at 2700-2733 cm-1. These bands are assigned

respectively to the strong H-bonded N - H and 0 - H resultìng from -O-H""N

hydrogen bonding. Infrared spectral data for the YLZ complexes of 2,2'-
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di hydr oxyazoanenes ane g'iven 'in Tabl e 2.7 .2.4 together with tentati ve band

assignments for the observed fundamental vibrations assoc'iated with fl = N,

C=C, C - 0, C - N, V- 0and V- Nbonds. As expected, the doublydeprot-

onated'l'igand complexes do not exhibit any vOH or vN - H vibrat'ions ìnd'icating

coordination of the phenoìic and/or enol'ic oxygens to the metal.

Generally, two bands appearing in the range 1600-1630.t-f in the free

ligand are ass'igned to the vN = N which sh'ift to the lowen energy negion 1597-

1620.r-1 on compìexation which indicates coordinat'ion of one of the diazo

nitr.ogen to vanad'ium. As i n the previ ous VLZ compì exes ' the bands i n the

region 1540-1552.r-1 ure ass'igned to C = C stretching vibnation of the phenyì

groups. The vC - N bands have been located at 1352-1420 cm-l.

(f) THE IiIIXED-LIGAI{D VLL, COI.IPLEXES

As for the VL2 comp'lexes, the band ass'ignments as listed in Tabl e 3.7.2.5

for the m'ixed-ligand VLL' complexes have also been made maìnìy by reference to

TABLE 3.7.2.5: S0ME CHARACTERISTIC INFRARED FREQU ENCIES (CM-1) FOR

t

ü
,f,

THE MIXED LIGAND VLL. COMPLIXES

COMPLEX

TE NTAT I VE ASS I GIII.IE NTS
vC=N vC=C vC-0 vC-N ôC-H vV-0 vV-N

V(HNP-BH) (Bzac-BH) 1616 wsh 3s
1 598
1 590
157 5

V(HAP-BH)(Bzac-BH) 1602
1 590

1360 ssh 1420 wsh 456 w

490 w

500
528

54

56
m

W

)1
)
)
)

1325)
1333i ms

1353 msh 1420
74?5

452 wsh
480 w

)

)
wsh )

)

w

W

)
)
)2n

w/m

V(HAP-BH)(HNP-BH) 1600 ms

ï;;3 H^
(HAP-BH) )Bzac-SaìH) 1625 m

1603) -
15go) "'
1578 msh

(HNP-BH) (oAP-e-nap) 
i3åå i"
1590 msh
1574 m

1544 s 1320 w)
1332 m)

m

)

)

425 w)
480 w)
501 w)

427 w)
454 w)
475 w)
499 w)

460 w

480 w

515 w

532 w

555 w

530 w

540 w

563 w

518 w

556 w

506 m)
570 m)

)
)

)
)

)

)
)

)

)

)

)
)
)

)
)
)
)

)
)
)
)

545s 1324 s 1358 ms 1420 wsh1

1535).1305)
1542) - 1320) w

1335 m

1360 ms 1420 wsh

1 545 s 1322 ms 1352 ms 1410 sh
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the l.iteratune [Sect'ion (a) above] of the related systems. A comparison of

the various stretchìng vibrat'ions of these VLL'compìexes w'ith those of the

VLe and VL'2 complexes shows that the VLL'complexes exhibit most of the

characteristic modes at about the same fnequencies as observed in both the

individual VL2 anx VL'2 complexes. Th'is indicates pnesence of the component L

and L'ìigands in these compìexes in the deprotonated form as well as the

coord'inations of the two phenolic and/on enolic oxygens and one azomethjne or

diazo n'itrogen to the vanadium atom.

(g) V - DONOR ATOI.I VIBRATIOÎIS

Veny lìttle work has been published on the metal-oxygen and metal-

n'itrogen stretchì ng vìbnatjons f or Schi ff base compl exes 'in the f ar i nf raned

region2ss. Some tautomenic assignments have been made on an empi r.ical

þ¿sj526a fon quadr"identate Schiff base complexes. Percy et al.24I¡252t253

have made some assìgnments of vM - 0 and vM - N modes in some Sch'iff base

complexes us'ing I80 and/or tsN isotope data. Nakamoto265 ¡5gd metal isotope

substitution to identify the metal-'ligand modes. Bigotto et al.2s7 using

normal coordinate ana'lysis have assigned vM - 0 and vM - N modes for N,N'-

ethyleneb'is(acetylacetoneimine)metal ( II) (M = Co, Ni ). From these works the

regions of vM - N and vM - 0 modes may be approx'imated at 415-580 and 300-

530 cm-l respectively. From the infrared stud'ies on varìous 0, N donor Schjff

base complexes of oxovanadium(IV)10r40r46¡266-270, the bnoad regions that may

be assumed fon the vV - 0 and vV - N modes are 420-470 and 470-580 .t-1

respect'iveìy which seem neasonable on the bas'is of the above M - 0 and M - N

band regions w'ith other metal complexes of related systems.

The present vV - 0 and vV - N assignments (Tables 3.7.2.1-3.7.2.5) ane

less definitive and tentat'ive. The pnesence of very few bands ìn th'is regÍon

was an advantage for attempts of the pnesent ass'ignments. Aìthough the high

frequency band'is usualìy taken to be due to M - N and low frequency band due

to M - 0 contribut'ions, the quite 'langer M - N distances than the M - 0

distances in the VL2 complexes suggest the nevense onder.

¡
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3.7.3. ELECTRONIC SPECTRA

(a) IT{TRODUCTIOI{

The d1-vanadìum(IV) complexes, depend'ing on the ììgand type as well as

the.i r mode of coordi nati on, ffiôY show el ectroni c spectra ari si ng from

(i) .intraligand tnans.itions and (ii) d-d and/on char^ge transfer tnans'it'ion.

The charge tnansfer bands'in the visible and nean uv negion ane chanactenized

by the.intense colour of the compìexes due to the observed high ìntensity and

position of such bands2TL-273. For the vo2+-complexes, the d-d tnansit'ions

are associ ated w.ith the I ow 'i ntensi ty bands i n the 500-800 nm reg'ion showi ng

molar absorptivity in the range 10-100 mol dm-3 cm-l +. Because of the'in low

.intensity, the d-d bands in complexes showìng intense charge tnansfen spectra

are not .ident.if .iabl e si nce they are masked by the much stnongen absor^pti on

bands (uM = 103 - 104)'

Spectna of LMCT (ligand to metal charge transfen) type ane majnly found

in complexes in whjch the metal has a high oxjdat'ion state, often w'ith few d

electrons and the ligands canry a negative charge' Generally the metal is in

an oxi dì z'i ng state.

(b) Lt{cT Ill RELATED COI.IPLEXES

Further suppor.ting evidence for the assignment of LMCT bands in the

v.isi bl e and near UV neg'i on may be obta'i ned by compan j son wi th the el ectroni c

absorpt.ions of some d"-systems i n th'is reg'ion. The anal ogous Ti ( IV) compl exes

with the identical ì.igands, e.g. Ti (acac-BH)2 (this is octahedral se 'in

contrast to general ly t r.i gona'l prismat'ic VL2) show 'i ntense absonpt'ions i n the

v'isible region although at a shorter trmax because of the lowen electron

acceptance of ri4+. Arso for. van.ious T'ixo Diars, crark et ar.54¡274 reported

absorption peaks in the r-egion 510-457 nm with the extinction coefficients

(- 3000-4100) cor.responding to the c.T. trans'itions. Kyken and $çf¡¡¿¡¡275

neported an empirical correlation between the lowest energy C'T' band and the

coordination numben (c.N.) of the metal. According to them the posit'ion of

the c.T. band shifts progressive'ly to lowen energy as the c'N' of the metal js

I
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'f
I
t
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.incneased. To illustrate this, they c'ited some Ti(III) and Ti(IV) compìexes

containing Cl and N ììgands where the first C.T. band appears u1 I aS kK for

C. N. 4, - 25-34 kK f or C. N. 5 and - 19-24 kK f or C. N. 6. Th'is empi ri ca]

correlation, however, does not hold good fon many vanadium(IV), espec'ia'lìy

oxovanad'ium( IV) , compl exes4 r54 r56 t276.

In V02+-complexes the d-d bands ane c]ear'ìy visible and mainìy respons-

jble fon the colour of these comp'lexes. These also show C.T. absonptions,

however, these ane ìn the ultna vjolet reg'ion or the edge of the visible and

often mask band II14 (see Chapt,er 2.7). The highen energJ of these LMCT bands

is due to r-donatjon from the oxo lìgand reduc'ing the acceptot'ab'ility of the

vanadium centre. This is also c]earìy shown in the spectra of

Tl 2tV0(CH3.C6H30Z)Z)ro. The non-vanadyl vanadium(IV) complexes whìch wene

ment'ioned in Chapter. l.3 are all strongly coloured, obvjously due to LMCT.

However, the majo¡ity of these compìexes contain donon atoms from the thjrd

period, ê.g. VCI 4.2}ians54, V(SZCNELZ)+'76 and VL4CI 2 64. As the coordin-

ating atoms of the third perìod are better donons, the spectra of these

compìexes are not directly companab'le to those of the VL, comp'lexes contaÍning

.0 and N donors. The varjous V(cat)!- lcat?- = RC6H302 whene ft = H, 3-Me,

4-Me,3-Me0l comp]exes show C.T. transitìons extending thnough the v'is'ible

regi on ( 11. 2-19. 0 kK) 7 0 ¡7r wh'i ch are worth compari ng w'ith the pnesent YLZ

spectra. Like the YLZ complexes, these catecholato complexes have sim'ilar

i ntense col ou rs 'i n the sol 'i d and i n sol ut i on.

Mo'lybdenum, havi ng a d'i agonal nel at'i onsh'i p wi th vanadi um, f orms many

'intensely colour^ed comp'lexes in its +6 oxidation state (d") which show veny

i ntense LMCT trans'itions in the visible negion with a* of the order of tO3-tO4

277r2?8. However, because of the diffenence jn ox'idat'ion states of Mo and the

presence of oxo'ligand on the molybdenum as well as the type of donor 'ligands

(mostly S-donors), it'is difficult to draw conclusions from comparison of such

spectra w'ith the VLZ spectra.
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(c) SPECTRA OF THE VL C0I.IPLEXES

The intensely coloured Cl-Vt, complexes wjth the vanadìum'in the h'igh +4

ox.i dat.i on state and conta'i ni ng di negati ve tri dentate I 'i gands capabl e of o-

and n-donat'ions present the night requinements which g'ive rise to LMCT bands'

These comp'lexes exh.ibit thr-ee or four intense bands 'in thei r electnonic

spectra, the first of which appearing as a bnoad band in the v'isible negion,

and .i n some cases assoc'i ated w'ith a I ower enengy shouì der^ (Tabì e 3. 7. 3. 1) , i s

designated as the first charge transfen band C.T. (1). This band shows molar

absorpt.ivit.ies between 3500 and 15000 mol dm-3 cm-1 which are too high to be

due to d-d tnans.iti ons of the metal i on. The d'if ferent LMCT and the i ntra-

'lìgand transit.ions'in these complexes have been assigned (see Tabìe 3.7.3.1)

by a qua'litative comparison with the absorption peaks observed for the free

l.igand .in CHC]3. In these spectra the I ì gands are i n the protonated fonm and

would generaìly have trmax at'longer wavelengths compared to the depr^otonated

fonm, especi a'lìy i n ß-di ketone-Sch'if f bases because of the del ocal i zati on i n

the diketonato.ion. The colour of the azo dyes appears to be associated with

an n + r* transition ìnvolving the lone paìr on the nitnogen atom. Although

such transit.ions are usual'ly weak, the pnesence of the chromophone in a

conjugated system greatly enhances the'intensity of the absorpt'ion by mixing

such transjt.ion w.ith the allowed Í * n* transjtìon thnough vibrational bonnow-

ingzz er 280. In many of the compl e.xes ther"e i s anothen band appearì ng above

350 nm wh.ich has been desìgnated as the second charge transfer C.T. (2),

al though ì n many cases , espec'i al ly wi th I ì gands whi ch themsel ves show absot'p-

t.ions at'longer wavelengths, this may be totally an'intraligand band or a C.T.

m.ixed with a rT + r* .intnal i gand transitì on. Such mi xed bands have been

suggested fon other complexes62. The bands below 400 nm often resemble the

I i gand bands and ar.e descn'i bed as the i ntral i gand transi t'ions I. L. T. (1) 
'

I.L.T. (Z) and I.L.T. (3). One cannot exclude the possib'ility that the

lowen energy I.L.T. (1) may have some C.T. contnibut'ion mixed w'ith it. The

I.L.T. (2) and occas'ionally the I.L.T. (3), depending on the ìigands and being

.in the negion - 325-260 nm, are pure'ly due to n + n*'intraìigand transjtions.
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some of the vL2 spectra ane shown 'in Figures 3.7.3.1 and 3.7.3.L.

The g-diketone-Schiff base complexes, except that derived fnom acetyl-

acetone, show two LMCT bands above 380 nm. Bands below 380 nm ane assigned to

.intral.igand trans.it.ions. As mentioned in Sect'ion 3.1.2('ii ), the f ree ligand

acac-Bþ could not be 'isolated and the band at 325 nm in its vL2 comp'lex is

assi gned to an i ntral i gand trans'it'ion by comparison to the other di ketonato

schìff bases. In V(dbm-0AP)2 the band at 382 nm is pnobably an intnaligand

transit'ion corresponding to the fnee ligand absorption at 376 nm and not due

to charge transf en. In the spectra of the compl exes w'ith HNP-conta'in'ing

schiff bases only c.T. (1) can be assigned as pure charge tnansfer w'ith any

conf.idence. The second band often placed unden C.T. (?)'in Table 3.7.3.1 may

be intraligand ìn character as the ìigand 'itself has absot'ptions at wave-

.lengths as hi gh as 451 rìm. The HAP-Sch'if f base compl exes show on]y one LMCT

band although v(HPP-SalH), shows both c.T. (1) and c.T. (2). The sal-sch'iff

base complexes also show on'ly one LMCT band. The V(Sal-SalH)2, however' shows

a broad shoulder at - 380 nm ass'ignab'le as C.T. (2)'

For the px-gAp-ß-nap dye complexes the first band appearing in the 622'

632 nm reg.ion.is assigned to a pure LMCT. The second band in the region 466-

473 nm is comparabìe to the free ì'igand Àmax. Thjs band, although shown as

C. T. (2) 'i n the Tabl e, cou'l d be ori gi natì ng mostly f nom the I i gand ' In a

numben of cases,'it appears to have shifted to lowen wavelengths. This is not

.inconsistent with the avajlabil'ity of the electron pa'ir on the nitnogen fon an

n + n* trans'ition being lessened by coordìnation to the metal. For the OAP-

px-phenol dye compìexes, on'ly a shouldelis seen at - 590 nm and the second

C.T. band mostly originates from the 'intralìgand transition.

The spectra of the mi xed 'l'igand VLL' compì exes are di st'ingui shabl e f rom

the spectra of vL2 and vL'2 and generaìly show on'ly one LMCT band' The bands

below 350 nm are assigned as due to intnaligand transit'ions.

The variety of ligands used in the VL2 PreParations permit the comparison

of the ef f ect of the el ectron w'ithdrawi ng capabi I i ti es of the 'l 'i gands on the

LMCT. Thus, the Àmax values for the vL2 compìexes with various ligand systems
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and the'ir px-substituents are observed to fall in the orders:

Fo r the liqands:

(.i)HAP.BH<Sa]-BH<Bzac.BH-HNP-BH<acac-BH<dbm-BH

(ii) HAP-SalH - Sal-SalH < Bzac-SalH - HNP-SalH < dbm-salH < acac-salH

(ii'i) HAP-OAP < Sal-0AP - dbm-0AP - HNP-0AP < Bzac-0AP

Fon p X-substi tuents :

NOZ<Cl-OMe-HFor Bzac-px-BH:

For HNP-px-eH

For HNP-pX-0AP

For OAP-px-Phenol

ct -H
Cl<H<Me

Cl -OMe-Me

However, the comparisons are d'ifficult because the peak max'ima are veny flat'

i.e. an appreciable ¡ange of À'is above log aM = 3' This flat peak may

s.ignify the pf.esence of more than one band, which on occas'ions af'e visible as

shoulders (e.g. spectnum h ìn Figure 3.7.3.2). The sequences given above are

qualitative and subjective obta'ined by supenimipos'ing the spectra and estìmat-

ing the relative position of the bulk of the absorption band. Even w'ith this

subjectì ve assessment the nesults are di sappoi nti ng i n neveal i ng poor

cornelation between the expected electnon wìthdrawing nature of the ligand and

the position of the max'imum. However, certain generaì'izations can be made as

fol I ows:

(1) That the tridentate ligands contaìning o-hydroxy anomatic carbonyl

compounds, especially Z-hydnoxyacetophenone produce Àmax at a shorter

wavel ength.

(Z) That the p-subst'ituents in the ìigands have a sma'll effect in the

expectedd.irection.Themof.êrr-ôttractìn99noups

makethetransferofelectronfromthel-symmetny

(e.g. N02) shoul d

of the ì'igand to

enable LMCT mone difficult.

( 3) That the effect of BH and OAP compared on the same carbonyl

compound is about the same.



TABLE 3.7.3.1 : ELTCTR0NIC SPECTRAL DATA FoR THE VL2

COMPLTXES SOLVENT = CH

Peak Positions (nm) with Log a¡q 'in Parenthesesô' b
COMPLEX

c.T. ( 1)

6-Diketone Schiff Base ComPlexes:

V( acac-BH) 2

V(acac-Sa'l H)2

V(Bzac-BH) 2

v( Bzac-poMe-sH) z
v(Bzac-pcl -gH) z

v(Bzac-pNo z-BH) z

V(Bzac-Sal H) 2

V(Bzac-OAP)2

V( dbm-BH) 2

V(dbm-Sal H) 2

V( dbm-OAP) 2

v(HNP-BH) 2
v( HNP-pC] -aH) z

5s5 ( 3.5e)

568 (3.63)

53s (3.7s)

s37 ( 3.7e)

s36 ( 3.80)

- s17 (3.8e)

s52 (3.78)

- 580 fl. sh. (3.54)

560 (3.83)

560 ( 3. 82)

- 500 sh

540 (3.e4)
541 (4.08)

3e0 ( 4.40)

3Be (4.50)

380 fl. sh. (4.4e)

414 ( 4.65)

38e ( 4. s2)

382 (4.46)

4oo (4.41)

383 (4.47)

r.L.T.(1)

325 ( 4.37)

334 ( 4. 46)

352 (4.42) 1325)
3s7 ( 4. 4e)

3s4 (4.4e) i325.1

356 (4.s1) t320l
305 (4.30) i!461

36e (4.44) t?e6.1

37s (4.47) [3ql]
382 (4.45) igql

- 360 5¡. [361]
- 374 fl. sh. (4.47)

r. L.T. ( 2)

262 (4.55)

272 (4.60)

258 (4.68)

261 (4.66)

262 (4.54) l_257J

325 (4.51) 13241

321 (4.69)

r.L.T.(3)c.r. ( 2)

I

t\)
Oì

I

o-Hydroxy Carbonyl Schiff Base Complexes:

267 (4.76)



COfvIPLEX

V( HNP-sal H) 2

v( HNP-OAP) 2

v ( HNP-pMe-oAP) 2

v( HNP-pcl -oAP) 2

V ( HNP-3-am -Z-nap) 2

\/( HAP-BH) 2

v ( HAP-p cl -sH) z

V( HAP-Sal H) 2

ì/ ( HAP-oAP) 2

V( HPP-Saì H) 2

V( sal -BH) 2

V( Sal -Saì H) 2

V( Saì -0AP) 2

v( sar -pMe-oAP) t
v( sat -pcl -oAP) 2

V( 5al -3-am -z-nap)l

c.T.(2)

- 662 sh; 550 (3.9e) 380 (4.4s)

- 554 bn. sh. (3.89) 395 (4.4s)

334 (4. se)

328 " 260l
- 360 fl. sh. (4.44)

3BB ,323 )

- 355 sh.

- 355 sh.

33e (4.38) tr3g.l

- 3s0 sh. [333]

- 347 sh. [320]

- 322 sh. t3$l
370 (4.41) t352-l

376 (4.42)

374 (4.30)

332 ( 4. sB)

c.T. ( 1) r. L.T. ( 1) r. L.T. (2)

268 (4.6e)

262 (4. s0)

262 (4.57)

262 (4.51) t2571

- 320 sh. [289]

2e7 (4.6e\
282 (4.61) tz8el
lzetl

2eo (4.35)

27r (4.8r)

r.L.r. ( 3)

[ 365

[ 445
- s90 br. sh. (3.67)

- 627 sh; - 536 sh.

( 3. Be)

s73 (4.1r)

4oe (4.43)

410 (4.44)

415 (4.64)

473 ( 3. 86)

- 380 sh.

- 561

477

- 565

477

- 550

478

482

- 562

br. sh.

(3. BB)

br. sh.

(3.e1)

br. sh.

(3.e0)

( 3.87)

(3.73)

- 353 sh. - 267 sh.

[45!, ]91,32q1

- 342 sh. 13271 2e3 (4.66) t3q!l

- 347 sh. TeB (4.75)

- 342 sh. [332] zïs (4.67) t23Tl

I

l\)\¡
I

278 (4.61)

4e7 (3.83)

- 480 fl. sh. (3.71)

- 4eB (3.80)

- 506 fl. sh.

- 517 fl. sh.

- 568 fl. sh.

(3.7 4

(3.63
(3.e4 3e5 (4.s7)



c.T. ( 2)

466 (4.45) i4731

413 (4.42)

473 (4.46) tg6l
4oo (4.42) t4ßl
- 440 fì. sh. (4.37)

400 (4.41)

435 f|. sh. (4.18)

tl3Zl
402 fl. sh. (4.26)

t4BZl

484 (4.68) t!!11

r.L.T. ( 1) r.L.T. ( 2)

37i (4.66) t!99_l

371 ( 4.36)

374 (4.41) t3o8.l

332 (4.44) t3æ)
32e ( 4.44)

i

_ 380 sh. t3z5.l

l:28sl

332 (4.67) tz8ll 263 (4-67)

r. L.r. ( 3)

COMPLTX c. r.T. ( 1)

2,2' -Dihydroxyazoarene Dye Cornpl exes :

V(0AP-s-naP)2 622 (4'r3)

vlpMe-onR-ß-nap) z 630 fì' sh' (4'01)

v(pcì -oRP-ß-naP) z 632 (4' 10)

V(0AP-p-cresoì)Z - 585br' sh'

V(OAPj0Me-phenol )2 - 580 br. sh.

V (OAP-pCl -pheno'l )2 - 595 br. sh.

V(3-am-2-naP-3-naP) 2 504 (4.46)

v(Erio T)! - 66s fl. sh. (4.01)

l.li xed Li gand VLL' ComPl exes :

V(HNP-BH) (Bzac-BH) s3B (3'ee)

V(HAP-BH)(Bzac-BH) - 520 fì ' sh' (3'85)

v( HAP-BH) ( HNP-BH) s30 ( 3. ee)

V( HAP-BH) (Bzac-Saì H) - s20 fì ' ( 3' B3)

v(HNP-BH)(OAP-g-nap) - 580 fì' (4'12)

334 ( 4. 27)

I

1\)
@
I

- 377 sh. (4.36)

- 420 f1. (4.30)

- 326 fì. sh. (4.57)

- 343 br. (4.46)

- 32e (4.s8)

- 342 br. sh. (4.45)

- 340 fl. br. (4.48)

262 (4.72)

264 (4.68)

268 (4.72)

265 (4.65)

- 330 (4.s4) 262 sh. (4.71)

c.T.
I. L.
à.
b.

T.

Ër
In

= Charge transfer
= Intrãl isand transi tì on

ì n mol dm-Jcm-r
gu;"i-unãðrl i ned i n thi rd brackets i nd'i cate Àr.*

DMSO.

for pnotonated ligands in CHCì3

C¡
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(4) The gr"oss similarity of the electronjc spectra of the YLZ

complexes ind'icates that the electronic structures are quite the same

in all these complexes.

(d) THE I.IOLECULAR ORBITAL CONSIDERATIOI{S

The electronic spectna of the VL2 complexes can be explained in terms of

the molecular onbital;s aris'ing from the component orbitals of the V4+ and the

two d.inegat'ive tr.i dentate ì i gands. 0n the basi s of the crystal structures

determ1ned so far and because of the stnong similarity exhjb'ited by all these

complexes, a trigonaì pnismatic stereochemistry is assumed in the quaì'itat'ive

di scussi on of the mol ecul ar energy I evel s. The spectra of the wel I

studigd5gr 233¡240¡281'2ss trigonal prismatic tnis-d'ith'iolato complexes se¡ve

as a useful model for this discussion inspite of the higher energy of the

ì'igand orbitals and the djfferent numben and arnangement of the chelate rings.

In d'iscussi ng the el ectroni c spectra of the second- and th'i t'd-row

tri gonal pni smati c M( SZC?Pïù 3 compl exes, H. B. Gray et al .2 8I 5Ltggs5¡g¿ a

molecular orb'ital model in which the ondering of the enengy ìeve'ls of interest

for the ass'ignment of gnound and low excited states is 4e' . ZuZ' , 3u1' <

5e'< 4e" where, the symmetny nepresentat'ions in the D:n point gr"oup for

A'¡ = d7Z, et = dx2-y2, dx, and e" = d*r, dyz. TheSe metal orbitals ane

considered to form molecular orb'ita1s by overlappìng with suitable symmetry

adapted combinations of ligand orbitals. The metal e" onbitals interact most

strongly with the s'ix o-onbjtals (sp2 hybrids on S) adapted to e" symmetny

giv'ing rise to a stnong'ly bonding level 2e" localized pnedominantìy on the

l'igand orbitals and a stnongìy antibonding Ievel 4e'' Iocalized primarììy on

the metal (d*2, drr) set. The metal a'¡(d7z) orbital 'interacts moderately

strongìy with the s'ix n¡ onbitals (sp2 hybrids on S) which are at 120o to

the g-orbitals adapted to a¡1 symmetry g'iving nise to a bonding 2^!'onbital

mainly localized on the nn ligand onbital and an antibonding 3.1' orbital

wh'ich is ìargeìy metal dzz in character. These overlaps have both o- and

n-character. 0f the twelve nu orbitals arising from four Iigand n orb'itals
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situated perpendicular to the p'lane of each of the three chelate rings, the

3nu is of comparable energy to the d onbitals. The metal e'onbÍtals interact

strongly with e' symmetry orbitals of the 3nu Set and the 4e' and 5e'orbitals

derived from this interaction ane thoroughìy delocalized oven d*r, d¡z-rz and

3nu. The other l'imiting fonmulation assigns 5e' as a (dxy, dp-yz) level and

considens 4e'as being derìved fnom 3nu. The remaining 3nu orbital transfonm-

ing into 2a2'is non-bonding and located at the same energy as the initial 3nu

orbital level. Similar schemes but with different orden in the energy levels

were also suggested by othens59¡282. In these schemes a significant facton

which accounts for the variable oxidation state and often complex spectra2s2

of these compounds is the_stnong interaction between the d orb'itals and the

3ru l'igand onbital s resutl i ng 'in the deni ved onb'ital s to be thoroughìy

delocalized over d*r, dx2-y2 ôñd 3nu.

In modifyìng this scheme for the VL2 complexes a number of factors must

be taken 'into account.

(i) The ligand onbitals are of lower enengy and hence the extent of

delocalization is much less in the V(0^N^0)2 complexes.

(ii) There are no r¡ orbitals on two of the donor N atoms and

(i'ii ) The chelate nings ane on on'ly two edges of the trigonaì prism.

TakÍng these into account Desideni et ¿1.283 suggested a modìfied molecular

orbital diagram as depicted in F'igure 3.7.3.3 in which the relevant enengy

levels are shown.

In V(O^n-ì) ZWpe complexes, the ligand a1 orbitaì which is effect'ively

un ,p2 hybrid interacts with the metal drz and 4s orbitals to give a 3a1' M.0.

whi ch i s ma'inly metal -l'ike. They suggested that because of the smal'ler si ze

of the ligand orbitals, th'is bond in contrast to the tris-d'ith'iolato complexes

'is mainìy o and has almost no n-characten. The e" orbitals exhibit much the

same behavi our with 0^N^0 as w'ith S^S si nce they are ef f ecti vely spz

hybr^i ds poi nti ng towards the rnetal and formi ng strong o-bonds with the rnetal

d¡2 and dyz onbìtaìs (2e" not shown in diagram 3.7.3.3). The remaining ZaZ'

'l i gand onb'ital i s non-bondi ng.
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From above discussions, it 'is clear that the 2e", 2a1', 4e' as well as

the ìow-ìying !a2), lal" , 2a2" 2a1" 281 levels have mostly the ìigand

chanacter, whereaS the levels 4e"r 3ul'and 5e'are mainly on the meta'l d

orbitals. Aìthough ass'ignment of the observed electnonic trans'ition by means

of thi s di agram 'is specul at'ive it can be used to ì ndi cate quaì itati vely the

possibiì.ity of charge tnansfer bands'in the spectna of these complexes. There

are a number of filled levels which are essent'iaììy ìigand onbitals such as

4e, , 3e, and 3e' , f rom whi ch transitions can take p'lace to the essent'ial ly

metal levels 5e'and 4e". The trans'ition to 5e'can be ident'ified with

the n-symmetry or.bital (4e') on the ligand which aìthough not delocalized on

to the metal as in the casqof the tris dithiolates, could be of sufficiently

high energy to give the ìow energy charge transfen band observed. The transi-

tìon 4€,-4€" may also have some possibile contribut'ion to this C.T. band.

The shape of the C.T. (1) band suggests that mone than one transition may be

involved and, in fact, in centain cases shouldens are discer"nible.

3.7.4. ELECTRON SPIl{ RESOI{ANCE SPECTRA

(a) INTRODUCTIOil

The electron spin nesonance method can be useful in studying many metal

compl exes conta'ini ng unpai red el ectrons. Thi s j s parti cuì ar'ly useful f ot^

Cu(II) and V(IV) compounds because they contain onìy one unpaired electnon and

the absence of inter-electnon 'intenaction effects. As a resuìt, the E.S.R.

signa'ls fon them are obtained conven'iently at room or liquid n'itt'ogen tempera-

ture without need to go down to liquìd helium temperature. The V4+ having a

nuclear spin of 7/2 gives rise to an easily resolvable charactenistic eight-

line spectrum. The electron spin resonance properties of the oxovanadium(lV)

compounds have been studied qujte extensiveìys¡9c25¡284' The most interest-

ìng, in relation to this work, is the E.S.R. behaviour of the non-vanadyl

vanad'ium( I V) compl exes wh'i ch g'i ves i nf ormat'i on as to the stereochem'i stry of

such complexes and the onbital residence of the unpained electron.

gne class of non-vanadyl vanadium(IV) compounds having V in a tetrahednal
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env'i ronment are the compl exes wi th chl s¡ j dg5285 , al kox'ides 56 ¡286 t287 ¿¡i ami no

der.ivati ves s6 ¡287 t288 as the l'igands, v,,here i n each case the unpai red el ectron

I.ies essent.ia'lly i n the 3L^z-yz orbì tal of the v4+ i on. At room tempenature

V(gOut)O showed g = 1.964 and A = 64 G286. Complexes with two cyclopenta-

d.ienyl and two alkoxo or chlono ligands can also be considened as having a

pseudo-tetrahedral structure. Stewart and Parte289 calculated some spin

Hamilton'ian parametens for some (n-C5H5)2 V X2 complexes (X = Cl, SCN' 0CN,

CN) wh.ich as well as the A values of 56-71 G showed the unpaired electnon to

occupy a moleculan onbital which is primariìy metal ion d2z in character wìth

some contribution fnom the metal ion d*z-yz orbital. Also a necent E.S.R.

study of bis(chloroalkoxyl)bis(n-cJlcopentad'ienyl) vanad'ium(IV) in CH2C12

showed it to have g and A uulu.t of nespect'ively 1.990 and 74 G2s0.

Dimeri c Y2(0Et)g, wher.e V 'is five coordinated, gave broad signals with

parti aì resol uti ons of the ei ght-'l i ne hypenfi ne i nteracti on i n benzene,

methyìcycìohexane or canbon disulph'ide solut'ion and showed the g and A values

in the reg.ions 1.951-1.953 and 78.0 - 79.1 G287 respectively. The benzene

solution of the eight coordinated V(S2CNEI2)a at room temperatune gave a

resolved eight-l'ine spect¡¿¡287 w'ith g = 1.975 and A = 72.5 G.

0f mone nel evance are the si x-coond'inate V4+ comp'lexes 'investi gated by

Jezierski and Raynon66. They determined the E.S.R. spectna of a range of

twenty compounds of the type VX2(14) [X = Cl on Br, L4 = quadridentate on two

b'identate ligandsl prepaned fnom neactions of SOCì2 on S0Br2 with V0(La) 64

and obtained g and A values in the nanges 1.950-1.963 and 71-80 G nespect-

ively. The V0(L4) compounds showed larger A values. For a few complexes w'ith

the poss'ibì e tri gona] pr.i smati c aeometry, they I ocated the unpai ned el ectnon

in the drz orbitaì.

Because of thei r coond'i nati on geometny, the tri gonal pri smati c tri s-

di thi ol ato comp'lexes are al so of parti cul ali nterest f or the pnesent study.

Davison et al.2sl determ'ined the g and A values of some [V(S6C6R6)]z comPlexes

(R = CzHb, CN, etc.), the magn'itude of whjch were respectively 'in the ranges

1.9g0-1.990 and 61.5-65.5 G. Schrauzen and Mayweg282 for some V(1'2-dithio-
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'lato)3 complexes reported the g value of the onder of 1'99 and A values ìy'ing

i n the range 61.5-67.8 G. AthentOn and wi nscom2 92 as wel I as Kwi k and

Steifel2e3 sfud.is( the single crystaì E.s.R. spectrum of V(mnt)t- una identi-

f i ed the orbital beari ng the unpa'i red el ectron. Al so the s'ix-coordi nate V4+

complexes with 0 and N donors are ìmportant in relation to this work' An

.isotropic eight-rine E.s.R. s.ignaì with A = 75G ulas obta'ined for (Et3NH)z

[v(cat)3J.CH3Ctl 7l in acetonitrile. A]so E.S.R. studies of some other'

trì ethy.l ammonì um-t ri s-catechol ato (-2) vanadi um(I V) i n th'is 'l aboratonyT2 gave

A values'in the range 82-83G' The same study but on (Et3NH)2[v(BHA)3J and

(Et3NH)2[V(4.n02-BHA)3](gHA=benzohydroxamato(-2))inCH2C.|2gaveAvalues

of respectivelY 75.6 and 77.0G'

A]though the YLz comp.lexes af'e new and mostly reported 'in thi s work '

D.i amanti s et al . 283 t2e4 reponted the deta'i I ed ana'lyses of the E' s' R' spectra

of V(acac-BH) 2.

(b)

(i )

RESUL TS AND DISCUSSION

E.S.R. SPECTRA

In the present work, the room temperature'isotropic E'S'R' spectra for

the vL2 compìexes, in d'ichloromethane or 1:1 dichlonomethane-toluene' consist

of the usual eight hyperfine Iìnes (Figures g'7'4'1-3'7'4'2) result'ing fnom

the coupling of the unpained electron w'ith the 7/2 spin of the 51V nucleus'

The spectna u,er.e analysed to the second order correcti s¡28a ¡e gi ve the

isotropìc g and A values listed jn Table 3.7.4'1' The hyperfine couplìng

constant (A) values of the vL2 comp'lexes of d'ifferent ligand types ane'in the

range 65-72G. These val ueS are COmpar"abl e to those obser"ved 'in vari ous non-

vanadyl vanadium(IV) complexes as mentioned'in Sect'ion (a) above' The vanadyl

comp'lexes are found to have br^oader^ spectra and thus lal'ger hyperfine coupìin9

constants25.

As expected, the I va'lues f or the pnesent compì exes af'e I owen than the

fneeelectronvaluegs(2'0023?¡zss'This'loweringofgvaluesisgeneraììy

obsenved w.ith ar r v4+ compr exes. The spread 'in the obsenved g va]ues (1.960-

A

R00r't TEi{PERITURE
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1.975).is relat'ively small companed to the variat'ion in the'isotropic hyper-

fine constant values.

The most strik'ing characteristjc of the E.S.R' spectra of VLz complexes

ìs the low value of the isotropic hyperfine coupling. Davison et al'2e6

expr a.i ned the hyperf i ne i nter.act.i on i n terms of (a) d'i rect adm'i xture of the

(n + l)s wave function jnto the ndm configunat'ion and (b) the admixture of the

excited states. According to their calculatìons, the observed Airo value of

63.3G tor IV(S6C6(CN)6]2- thould be cons'istent with a max'imum of 3% admixture

of 4s into the ground state. It is s'ignificant that'in the pnesent generally

t ri gonal pri smat'i c VL2 compl exes the Ai ,o va1 ues genera'l 'ly comparabl e to those

f or the tr.i gona'l pr.ismati c tr.'is-d'ith'iol ato compl exes are observed. By

contrast, for comp'lexê3 with octahednal or pseudo-octahedral

envinonme¡¡64r66¡7tt72 ¡¡¿ A.iso valueS, althOugh less than for the vanadyl

compìexes, are appneciably higher than those for the pnesent VL2 complexes'

TABLE 3.7.4.1: ISOTROP UIS OF SOME VLA COMPLEXESICqANDAVAL

( SOLVE NT - CHzC la)

COMPLEX 9- VALUEa A-VALUE (G)b

V( acac-BH) 2

V( Bzac-BH) 2

V(dbm-BH) 2

v( HNP-BH) 2

v(HAP-BH) 2

v( HAP-pcl -sH) z

V(acac-SalH) 2

V( HAP-Sal H) 2

v ( HAP-OAP) 2

V(0AP-6-nap)2

V(OAP-p-cresoì )2

V( Bzac-BH) ( HNP-BH)

1.973

L.973

L.975

1. 973

L.972

L.972

1.973

1. 971

1.966

1. 970

1.960

T.977

70.7 4

70.40

70.85

67.49

65.89

65.38

70.55

68.09

71.08

65.5?

65.43

71.54

b' toô' t o.ol 1
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Room temPerature X-band E'S'R'

BH)2; b. V(HNP-BH)2; c' V(HAP-P

SalX)2 and e. V(HAP-Sa'lH)2'in d

( r DPPH).

spectra of A. V(Bzac-

Cl -gH) ,; d. V( acac-

ì chl oromethane/tol uene

Figure 3.7.4.1:
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j Fi gure 3.7 .4.?:

Room temperature X-band E.S.R. spectra of F. V(HAP-

OAP) 2; g. V( HNP-0AP) 2; h. V( OAP-s-naP) 2; ì. V( OAP-p-

cnesol ) 2 and j. V(Bzac-BH) ( HNP-BH) i n di chl oromethane/

tol uene. ( r DPPH) .
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Fi grure 3.7.4.3:

X-band E.S.R. spectra of frozen solutions (at -160"C)

of a. V(Bzac-BH)2; b' V(dbm-BH)Z; c- V(HAP-BH)2;

d. v(HAP-pcl-gH)z and e. v(HAP-0AP)2 in 1:1 d'ichloro-

methane/to'luene. (r DPPH).
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Figure 3.7.4.4:

X-band E.S.R. spectra of fnozen so'lutions (at -160"C)

of f. V(HNP-0AP)2;9. V(acac-SalH)2; h' V(HAP-SalH)2

and'i. V(OAP-B-nap)2 in 1:1 dichloromethane/toluene'

( r DPPH) -
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A comparison of the E.S.R. spectra of oxovanadìum(IV) and non-vanadyì YLZ

type complexes shows that the E.S.R. method can be used as a ver"y convenjent

and quick tool to identify the formation of and d'istinguìsh the trigona'l pris-

matic on octahednal non-vanadyì vanadium(IV) complexes from the square-pyra-

midal vanadyl compìexes.

(i i ) THE FROZEil SOLUTIOil SPECTRA

Diamantis et a1.283¡2s4 determined and anaìysed the low temperature

E.S.R. spectrum of V(acac-BH)2 and found the simulated spectnum to compane

welI with the observed spectrum. The averaged and'isotnopic A and A values

(averaged from 91, g2, g3 and 41, AZ, A3 nespectively) fon the system wene in

good agneement.

We examined the E.S.R. spectra noutinely for all the main types of YLZ

complexes measured'in frozen solution. The spectra in most cases show a

remarkable s'imiìarity to that for the V(acac-BH)rzatt2e4. For this neason no

deta'iled ana'lysis of the spectra was undertaken as no significant conrelation

were anticipated. Howeven, the room as well as the ìow temperature E.S.R.

spectra for V(HNP-0AP) 2lfigunes 3.7.4 (g) and 3.7.4.4 (f )l ar"e d'iffenent from

the other spectra'l type which could be due to some stereochemical difference

in this case. We could not obtain any good crystaì of this compound suitable

f or X-ray ana'lys'i s .

(i i i ) THE LOCATION OF THE dI-ELECTROI{

The most sìgnificant E.S.R. examination of trigonaì prismatic compìexes

wene that of V(mnt ) !- Aop.O i n s'ingl e crystal s of tAs (C6H5)4J2[llo (mnt ) 3]

2e3 or' (PPha)2Mo(mnt)3 zsz which showed the unpaired electron to occupy an

orbital wh'ich 'is ìange'l! dz2 in nature but w'ith significant admixture of other'

3d-orbitaìs. Jezierski and Raynon60 showed th'is electron to be in a d7z

orbi tal f or a f ew VX2L4 type compì exes wh'i ch were thought to have t ni gona'l

prismatic structures. Diamantìs, Raynon and R'ieger294 on the bas'is of the
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magnitude of the E.S.R. hyperfine tensor components as well as of the g

tensors calculated from the V(acac-BH)2 spectrum suggested that the unpained

electron occupies an orbital which is lange'ly vanadium 3d in character (78%

d7z, L0% d*z-y?,2% 4s) and the 'large drz nature of this orb'ital is consistent

with the expected orderi ng of the d-orbital s i n a tni gona'l pri smati c

con fi gu rat i on .

I

I

I
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CHAPTER 4

OXOVANADIUM( IV) AND -(V) COI.IPLEXES I{ITH TRIDENTATE LIGANDS

4.1 IÌ{TRODUCTIOil

In th'is chapter, a numben of V02+ and V03+ complexes with

benzoyìhydnazone tnidentate l'igands are described. The V02+ complexes wene

cons.idered as the possìble ìntenmediates in the formation of YLz complexes'

Such intermediates would have the fonmula VOL aS a nesult of stepw'ise

fonmat.ion of the b.is compìexes, t^lith tridentate'ligands thene are two likely

structures (i) v0LX whene._x is usua'l1y a monodentate l'igand in a monomeric

compìg¡2e7 e¡ (iì ) dimer.ic (v0L)2 as d'iscussed 'in detaìl in Sect'ion 1.2(b).

Attempts to ìsolate such intermediates have shown them to be extremely air-

sens.it.i ve and no crystal ì i ne deri vat j ve coul d be i sol ated. The onìy stabl e

product that could be isolated was the monomenic V0LHCI type cornplexes in

wh'i ch onìy one protonì c hydrogen was nemoved f nom the neacti ng Þ' These

ìntermed.iate compìexes wer.e found to be readily converted to the VL2 complexes

and easily ox'idized to give the vanadium(V) compìexes of the type VOL'0R and

( vOL) 20.

The aì r-sens.itive nature of the reaction m'ixture used for the prepara-

tion of VLZ eìther fnom V02+ + 2L2'or fnom V0(g-diketonato), + 2 benzoyl-

hydrazìne have been notedT3 (Chapter 3) and vanad'ium(v) comp'lexes of the type

mentioned above can be ìsolated from such systems unless oxygen ìs excluded'

The formation and exjstence of the v0L.0R and (vOL)20 type complexes wene

conf.irmed by N.M.R. studies (section 4.8) and by determ'inìng the x-nay cnysta'l

structunes of v0(Bzac-BH).OEt and Iv0(Bzac-BHI]2 0 (Sect'ion 4.3).

Although we could not isolate the IVIVOt-12 or VIVOL.ROH type complexes

usi ng the tri dentate benzoyl hydraz'i ne schi ff bases, the exi stence and

extnemeìy unstable natu¡"e of such complexes weÌ^e discernible from the'ir

sol ut'i on spectnoscop'i c stud'i es.
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DISCUSSI0N 01{ PREPARAT IOI{S AND PROPERTIES4.2

(a) FORI{ATION OF (VOL)ø 0R VOL.ROH IN SOLUTIOI{

Attempts to prepare vOL complexes by the addit'ion of vocl2 to an

al cohol i c sol uti on contai nì ng an equìmol ar amount of LÞ' i n the presence of

l.ith.ium acetate, pnoduced dank green solut'ions from which' even under the most

r.igorous exclusion of atmospheric oxygen, no vanadyl(IV) complexes could be

.isolated. It seems that w'ith such dinegative tnidentate l'igands, vanadyl (lv)

complexes ane stable on'ly if they can be obtained in an insoluble form' For

example, with L = o-aminophenoì schiff bases of sal'icylaldehyde and 2-hydroxy-

1-napthaldehyde, the insoluble (vOL), and \/oL.H20 complexes' nespectively'

were isolated. Similar behav'iour has been noted by other workers36t37t92'

The green sol ut'i ons react w'ith a second mol ar equi val ent of ulz to gi ve the

vL2 complex. Also, in contact with air they ane easily oxidized to yield the

vanadium(V) comp'lexes. Thus, the green coloun of the solution' the Iack of

any prec'ipitat'ion from it and the quantìtative formation of YLZ and V0L'0R

ind'icate that the latter are fonmed via a (VOL)2 or^ VOL'ROH intenmedjate'

The electnonic spectra of the green solution prepared by mixing Bzac-

BHHz, LiOAC and vocl2 in the molar ratio of 1:221.2 in methanol were examined

under strjct oxygen-free conditions using vacuum-l'ine techn'iques' The initjal

spectnum (A in F.igure 4.2.1) showed a distinct and intense peak at 411 nm

(a¡4 - 1 x 104 mol dm-3cm-l¡. 0n allowing the solutìon to ox'idize, this peak

decreased and a new peak at 363 nm appeared. Finally, the spectrum of the

resultant bnown solution became ìdent'ical to that of v0(Bzac-BH)'oMe (spect-

rum B in Figune 4.2.!) w'ith u À,nu* ut 363 nm [cf. Table 4.6.2 fon v0(Bzac-

BH).OEtl. The high ext'inction of the absonption at 411 nm suggests that it is

due to a LMCT tnans.it.ion. It seems that the tridentate lìgand is responsib'le

f or thi s .intense c.T. band at the edge of the vi si bl e reg'ion wh'ich together^

with the d-d trans.ition (not observed'in our case due to dilut'ion) gives rise

to the green coloun of such compìexes. It'is'intenest'ing to note that (vOL)2
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A

Figure 4.2.1¿

Spectra of A" The gneen

so'lut'ion of (VOL) Z o?

VOL.MeOH; B. The brown solu-

tion on ox'idat'ion of A.

r¡[ tl Ër$l , t

with L, Sal-OAPs2'is also gneen-bnown and KZIV0(cat)r].Et0H.H20 and (Et3NH)z

tVO(3,5-di-tert-butylcat)2J.ZCHTOH are greenTl, likewise, IV0(CH0. C6\0ù3-

has a strong C.T. at 385 nm70. It appeans that ìigands wh'ich favour the

formati on of si x-coondi nated non-vanady'l vanad'ium(l V) comp'lexes al so g'ive ri se

to C.T. bands at the edge of the visible negÍon on a V02+ centre. These shift

to - 540 nm on the substìtut'ion of the oxo ì'igand to give the VL2 complexes.

(b) l,lONOl.lERIC VOLHCT COMPLEXES

By using concentrated solutions at room temperature and in the absence

of base it was poss'ibì e to i sol ate a monomeri c i ntermedÍ ate contai n'ing the

tridentate ligand. Thus, with a slight molan excess of VOCI2, in the min'imum

volume of methanol (on ethanol ), and a saturated solutjon of LH-2 in acetone, a

iiE Ë

B

tiÐIJ!iI I jr,ttr ¡ 'li;ti l'|"'l'li',,i 
I irir t ú'ñlrr I
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green prec.ipitate of voLHcl was obtained. under these conditions, fonmation

of yLZ was pnevented and the rapi d preci pitat'ion of the sol i d pt"otected 'it

fnom ox.idatìon. In the absence of base, and'in acetone as the solvent, the

hydrazone part of the tri dentate ì'igand coondi nates 'in the keto-f onm

(see Section 4.5 for infnared ev'idence) and thus the l'igand'in these complexes

.is present as s'ingly deprotonated LH-. The cl- appeans to be 'in the coordin-

at.ion spher.e as ther^e'is no'immediate AgCl precipitation on add'ing acidified

AgN03 solution to the compound in diluted HN03. The complexes that were

prepared by the above method ane l'isted in Tabl e 4.2.1.

Aì though the gr.een V0LHCI compl exes have I ow soì ubi'l ì ty i n al cohol ,

add.ition of an alcohol in the presence of a'ir to the solid causes the latten

to dìssolve napidly produc'ing brown to chocolate bnown solution fnom which the

ox.idation pr.oduct VoL.0R can be isolated. The VoLHCI complexes can be used as

intermed'iates'in the prepanation of VL2,'i.e. their reaction wìth Ulz in the

p resence of L.i OAc 'i n methanol (or ethanol ) under oxygen-f ree condi ti ons yi el ds

a quant.itati ve amount of VL2. It i s possi bl e to uti I i ze th'is neact'i on f or the

convenient preparation of the mixed ìigand vLL'complexes by addìng a different

I i gand L'j!2.

REPARED VOLHC] COMPLEXESTABLE 4.2.I: THE P

COMPLEX COLOUR COMPLEX COLOUR

vo( Bzac-pcl -sTH)cl

v0( HNP-BHÐ Cr

Green

Green

( Yel I ow'i sh )

v0( HAP-BHH)Cl

V0(Sal -BHÐcl

Green

Green

(e) vo3+ cor,tpLExEs

The ease of oxidat'ion of the intermediate described'in Sections (a) and

(b) above serves as an easy method for the preparation of a nange of oxovanad-
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ium(V) compìexes. This expìa'ins the need to avoid any oxygen in the pnepara-

tion of VL2 complexes. A convenient method of preparat'ion of the V03+ comp-

I exes .is by bubbl i ng of a'i r through a stoi chi ometri c mi xture of vOcl2 present

in a small excess to suppress formation of vL2, lith'ium acetate and LHz in an

alcohol (RQH), and thus enabìing rapid oxidat'ion of VIV to VV' The refluxing

of this solution, and then coo'ling'it, result ìn prec'ipìtatìon of the v0L'0R

type complexes ìn good yie]d. In some cases, the reaction proceeds nead'ily at

room temperature and reflux'ing ìs unnecessary'

Alkoxogroupsaneeasilyhydr.oìysable.Inthesecompounds,ev.idencewas

found of the hydrolys'is reactìon w'ith a tnace of water in nujoì' and cDCì3'

used to determ'ine the i nf rared and N.M.R. spectra. BeCauSe al cohol s stab'il ì ze

the ar koxo groups , a preparat.i ve procedure f o. the ¡r-oxo d'imers of the type

(v0L)20 was deve'loped using a two-phase system cons'isting of water' and the

chlor.oform sorution of the alkoxo compound. Th'is method was used to hydnolyse

the al koxo compounds .in CHCI , to obtai n the oxo-br^i dged (VOL)20 compounds 'in

good yie]d. Such VQL.0R and (VQL)20 complexes that were prepared ane listed

in Table 4.2.?.

FnomjnfraredandN.M.R.studiesitwasfoundthattheadditionof

alcohol to the cHcl3 solution of (vOL)20 complexes converts them to the alkoxo

compounds. The neversal of the hydroìytic reaction, which'is anaìogous to the

esterìfication of an acid anhydride, was ut'ilized to convert the oxo-bnidged

d.imens to the al koxo monomer.s. Thus, ref I ux'ing of (VOL)20 (L = Bzac-BH' dbrn-

BH, HNP-BH, HAp-BH and sal-BH) in methanol gave the vOL.OMe comp'lexes in good

yìe'ld whjch were ìdentifjed by their chanacteristic infrared spectra'

The above reactions clearly show the \/OL.0R and (vOL)20 type compìexes

to be compì etely i ntenconvert'ibl e as, * trg
2 VoL.0R

+2ROH
A recent k.inetic and equi'l'ibrium study on the esterificat'ion of Iv0(AA)2]20

(AA = 8-qui noì i nato) by butyl alcohol sa confi rms the above equi I ibrium'
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The VgL.0R when ref I uxed i n R'0H gi ves the metathes'is react'ion pnoduct

VOL.0R, and thìs can be used as a preparative scheme analogous to that

descnibed 'in ChaPten 2.

The mol ecul an weì ght determ'i nat'ion of the VOL.0R compl exes (Tabl e 4.2.3)

.ind j cates that some k'ind of assoc'iat'ion takes p'lace 'in sol uti on. The assoc'ia-

t i on can be expl aì ned i n tenms of di meri zat i on to 9'i ve di al koxo-b ri dged cornp-

lexes of the type described in Chapter 2. Anothen possibility is the

react i on ,

which, in princiPle,

2 V0L.0R + HZO + (V0L)20 + 2 ROH

should not affect the osmometny as the number of part-

'icles does not change.

At fir^st, these compìexes were thought to be the sought V4+ 'i ntenmedi ate

(VgL) Z type dimers, because on neact'ion with UIZ under oxygen-free condit'ion

they gave VL2 compl exes , al though i n 'low y'ieì ds ¡- 30%) . The same neacti on ,

when repeated 'i n the pr.esence of a smal I amount of benzoyl hydrazi ne, gave a

quantitat.ive y1eld of the VL2 complex. Thus, addition of the second'l'igand to

gi ve the VLZ nequi res benzoy'l hydraz'i ne, oli n i ts absence , !12 i tseì f ' to

reduce VV to VIV. By this neact'ion, VL2 or mixed l'igand VLL'complexes can

also be obtained from both VOL.0R and (V0L)20 compounds.

TABLE 4.2.2: THE PREPARED VVOL. 0R AND (VVOU)r0 COÍ'IPLEXES

COMPLEX COLOUR COMPLEX COLOUR

V0( Bzac-BH) . OEt

vo( Bzac-pcl -BH¡ . oM.

V0( dbm-BH) . OMe

V0( HNP-BH) .OMe

vo( HNP-pcl -sH) . oN.

V0( HAP-BH) .OMe

V0(Sa'l -BH) . OMe

(Dar^k) Brown

(Dark) Bnown

(Dark) Bnown

(Dark) Brown

Red-Brown

(Dark) Bnown

(Dar-k) Brown

IV0( Bzac-BH) ]20

I Vo( Bzac-pcl -aH¡ l ro
Iv0( dbm-BH) ]20

Iv0( HNP-BH) ]20

Ivo( HNP-pc] -aH¡ 1ro

Iv0( HAP-BH) ]20

Iv0( sal -BH) ]20

Brown-Red

(Magenta) Red

Brown-Red

Yel I ow-Brown

Magenta-Brown

Chocol ate Brown

Bnown



vNoct,
LHc 2-

I L2- (vrvo¡,|z
(unst.able)

L. tfv"t,

(air) L, H,
(+e)

LEz
(+e)

(air)

Fi gure 4.2.2: Formations and reactions scheme of the VOLHCì, VOL.0R

and ( VOL) 20 compì exes .

1+e) reducer, usually benzoylhydrazine (a) also from vo(acac)2 and rJt2

HcO
(vtror,) 2ov/or, (on) lc-

ROH
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TABLE 4.2.3: M0 LECULAR l,lEIGHT OF VOL.OR COÌ'IPLTXES AS DETERMINED

BY V.P.O. METHOD

COMPLEX F l,lT MOL. WTS. FOUND

V0( Bzac-BH) .OEt

V0( dbm-BH) . OMe

V0( HNP-BH).OMe

V0( HAP-BH) .OMe

V0( Sal -BH) .OMe

390

438

386

350

336

659, 670. 692,715

607, 621, 691, 706

581, 604, 637, 714

475, 517, 558, 617

565, 573, 604, 650

V.p.0. = Vapour Pressune Osmometry; Values underlined - mone pnobable.

(d) THE FORI'IATION AND REACTION SCHEIIE

The interrelation of varìous V0LHCl, V0L.0R and (V0L)20 complexes as

descri bed above are shown schemati cal'ly i n Fi gure 4.2.2 wh'ich i I I ustnates

(i ) the for"mat'ion of VOLHCI and its r^eady neactìon to fonmation of VL2, VLL',

VgL.0R and (V0L)20 complexes, (i'i ) the need fon an oxygen-f ree cond'ition 'in

pneparing yLZ complexes to avoid oxidatjon of the jntermediate product to

vanadium(V) compounds and (i'ij ) intenconversion of VOL.0R and (VOL)20 and

their abììity to form VLZ and VLL' compìexes in the presence of a reducer,

usual 1y benzoyl hydraz'ine.

4.3 THE CRYSTAL AND I,IOLECULAR STRUCTURES OF VO( Bzac-BH).OCHzCHe AND

(Y0( Bzac-BH) ',0

The two vanadium(V) comp'lexes V0(Bzac-BH).0CHZCH3 (l) and IV0(Bzac-

BH)lZ0 (II), recrystallized from d'ichloromethane-petroleum spirit and chloro-

f onm-petroleum spi r.it, nespect'ively, have the crystal structures shown i n

Figures 4.3.1 and 4.3.2. In both structures the coondination env'ironment of
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the vanadium atom approximates a squane pyram'id with the oxo ìigand occupying

c( 18) 0( 4)
)

o(?
o(

v'

I

the apical posit'ion and the donon atoms of the tridentate ìigand occupying

three of the positi ons i n the basal p'lane. The f our^th positi on, 0(2) , as

shown in the Fìgures above, in compound (I)'is linked to the ethyl gt^oup and

'in compound (lI) fonms the br^idge to an ident'ical unit which is related to the

first by a centne of invension at the site of 0(2).

The'important bond distances and the bond angìes for the two coondina-

tion environments ar-e given in Tables 4.3.1 and 4.3.2. Fnom Table 4.3.1 it is

obv'i ous that the two coord'i nati on env'i nonments are al most i denti cal . The

termi nal oxo gr"oups i n (I ) and (I I) show the shont bond d'istances character-

istic of a V = 0 double bond and ane 'in agneement w'ith the vanadyl group in

other vanadium(V) compìexes86re0-s2 as well as vanadium(IV) complexes2l. The

shortest V - 0 distance'is to the ethoxo oxygen atom in agreement with the V -

0 d'istance to the term'inal -0cH3 g roup i n [v0(0cH3)g]Z 8s. The v - 0

(bri dg j ng ) di stances ane al so si mi I ar to those f ound i n other^ oxo-bt'ì dged

vanadium(V) comp'lexes86re0re2. The V - N dìstances ane appreciab'ly longer

than the V - 0 d'istances, a fact which seems to be charactenistic of several

che'lating Iigands containing 0 and N donors7e¡86r90-e2. Th'is suggests that

some Í-donat'ion, lead'ing to a pantia'l mu'ltiple bond, is a featune of oxygen

coond'ination in vanadium(V) complexes. Least squane calculations show the

vanad'ium atom to be 0.492 and 0.468Â above the basal planes of structures (I)

and (li), respectively. The squane pyramid is sìgnificantly d'istonted so as

to naise the N atom above the pìane formed by the three donor atoms of the

t ¡identate ì'igand. Th'is i s al so ev'ident f nom the api ca'l oxygen-vanad j um-

nitnogen angì es whi ch are si gni f i cant'ly I ess than the api ca'l angl es ì nvo'lvi ng
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the oxygen atoms i n the basal pì ane. Th'is ef fect has al so been observed 'in

the Iv0(sal-OAp)J20 sz unit and attrìbuted to a greater nepuìsion between the

non_bond.ing electrons on the oxygen donons. 0ne major difference, howeven'

between structure (II) and Iv0(sa]-0AP)120 lies'in the disposition of the two

trjdentate units wjth respect to the bnidging oxgyen. In stnucture (II)' the

V - 0 - V bond.is lìnean with the two vanadyl group trans to each other and in

the same p]ane. The pl anes of the 1i gands ane almost para]ì e] . In Iv0(sal -

OAp)120, the planes of the two tridentate Iigands ar"e almost at right an9ìes

to each other and the bridging oxygen atom forms an ang'le of 156o with the two

vanadium atoms. comparison of the angles jn four p-oxo complexes shows them

to range fnom 154 to 1g0o 96¡90r92. SUCh a Variat'ion in Stnuctunes of metal

comp'ìexes i n the same ox j dat'ion state and simj I ar coondi nati on envi nonments

suggests that packi ng consì denati ons and non-bondi ng i nteract'i ons ane m0re

ì mpontant .in detenmi nì ng thi s angl e than the bond'ing between the oxygen and

the two vanad.ium centres. The ang'le subtended by the oxygen of the coordin-

ated ethoxo gt^oup i s appreci ably h'igher than the tetrahedral ang'le, a f act

which is cons.istent with the relat'ively short v - 0 bond imply'in9 some

n-donation and pantia'l multiple bond character'

The angles at N(Z) and C(5) in the S-membered chelate ring as well as

the bite angles N(1) - V(l) - 0(4) and the b'ite s'izes in both the stnuctures

are comparable to those for the vL2 structunes (chapter'3.6). In the same way

the similar parameters for. the 6-membered chelate ring are also comparable.

The ang'les at N(1) in the 6-membered rìng af'e, as expected, langer than in the

S-membered n'ing. The c(3) - N(1) and c(5) - N(2) bond lengths (1.251

1.309Â) ane characten'istic of double bonds whereas N(1) - N(2) seems to be

essentìaì ty a s'ingle bond in nature. The c(1) - 0(3) and c(5) - 0(4)

distances (1.320 - 1.327Ã) compane weìl with part'ia1 double bond character.
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TABLE 4.3.1: BOND DISTANCES (Â ) FOR STRUCTURES ( I) AND (II)

STRUCTURE . I STRUCTURE . I I

v(1)
v( 1)

v(1)
v(1)

v(1)
c( 3)

c( 5)

N(1)

c(1)

c ( 5)

0( 1)

0( 2)

1.595( 3)

1.750( 3)

1.848( 2)

1. e07( 2)

2.070( 3)

1. 309( 4)

1.296( 4)

1.401( 4)

t.327 (4)

1. 320( 4)

1.573( 6)

1.776( 1)

1.832( 6)

1.889(6)

2. 078 ( 8)

1.251(11)

1.276( 11)

1. 448( 1o)

1.327 ( 10)

1. 320( 1o)

0(3

0(4

N(1

N(1

)

)

)

)

)

)

)

)

N(2

N(2

0(3

0(4

TABLE 4.3.2: B0ND ANGLES (") FOR STRUCTURES ( I) AND (II)

STRUCTURE - I STRUCTURE . I I

0( 1)

0( 1)

0( 1)

0( 1)

0( 3)

N( 1)

0( 4)

N(1)

N( 1)

v( 1)

v(1)

v( 1)

v(1)

c(5)

N(2)

- v(1)

- v(1)

- v(1)

- v(1)

- v(i)
- v(1)

- v(1)

- l/(1)

- 0(2)

- 0(3)

- 0(4)

- N(1)

- 0(2)

- 0(3)

- 0(3)

- 0(2)

- 0(4)

- v(2)

- c( 18)

- c(3)

- N(2)

- N(1)

- 0(4)

107.1(2)

105.4( 1)

106.8(1)

97 .7 (L)

99.1( 1)

84.2( 1)

143.3(1)

153.0( 1)

74.6(1)

139.8

r27.6

116.0

107. I
121.1

109.2

104.0

105.2

98.3

95.4

83.9

145.0

151. 7

73.2

180.0

(2)

(3)

(3)

(3)

(2)

(3)

(3)

(2)

(3)- v(1)

- 0(2)

N(2)

c( 5)

0(z (3)

(2)

(3)

(3)

(3)

N(1)

N( 1)

131. 8( 8)

116.8( 6)

105.7( 8)

121.4( 9)
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4.4 I.IASS SPECTRA

As fon the other comp'lexes (Chapters 2 and 3), the mass spectra of the

\/0LHcl, voL.0R and (v0L)20 comp'lexes were used as a quick means to ìdentìfy

thejr formatìon. The mass spectra of all the compìexes prepaned wene examined

and the'i r chanacteri sti c peaks ane gi ven 'in Tabl es 4.4.1 ' 4.4.3. In al l

cases, the intense moleculan ion peaks at m/e were obsenved. The most inten-

est.ing feature of the spectna was the pnesence of tne vIVOl as well as dìmeric

IVIVOt-¡r, forrned on f ragmentation of both the vanad'ium(IV) and vanadium(V)

compìexes. The dimeric (VOL)2 peaks observed fnom fnagmentation of VOLHCI

wer.e especially very'intense. It is not dìfficult to understand the loss of

HCI from V0LHC],0R from VOL.0R and 0V0L fnom (V0L)20 necessary to produce the

apparently stable VoL unit. It is a characteristic feature of the VOL unit

that unden the conditìons of determining the mass spectna these un'its d'imeflize

to form (V¡L)2. They cannot be taken as evidence fon the existence of such a

structunal un'it in a dimeric parent complex, because they are observed'in

complexes which are known to be monomeric (e.g. the cnystal structures of

V0( Bzac-BH) .gEr and IV0( Bzac-BH) ]20) . Anal ogous d'i meri c speci es IV0( AA) ]2

wher.e AA is a bidentate ligand, were also observed in the alkoxo-bridged

oxovanadium(IV) compìexes (Chapter^ 2.5) wh'ich are known not to contain such a

structunal unit. Peaks of a VL fragment of vani ab]e, genenaì ly weak,

intens.ity were also observed. In the chlorine containing complexes' the

s.i gna'l s due to Cì -'i sotopes were observed i n the mol ecul an i on as wel 1 as i n

the VOL, (VOL)2 and VL fragmentations.

TABLE 4.4.I: CHARACTERISTIC MASS S PECTRAL PEAKS FOR THE VOLHC] COMPLIXES

COMPLEX MOL. t,lT. CHARACTERISTIC PEAKS FOR

VOLHCI VOL ( \/oL) 
2

vo( Bzac-pcl -sHH)cl

v0( HNP-BHH) Cl

v0( HAP-BHÐ Cl

V0( Sal -BHÐ cl

416.16

391. 7 I
355.68

341.65

416, 420

391, 393

355,357
341, 343

379, 381

355

319

305

758,762
7L0

638

610
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TABLE 4.4.2: CHARACTERISTIC MASS SPECTR AL PEAKS FOR THE VVOL.OR COMPLEXES

COMPLEX MOL. hlT. CHARACTERISTIC PEAKS FOR

VOL. OR VOL ( vol) 2 ( vOL) 20

V0( Bzac-BH) . OEt

vo( Bzac-pcl -BH) . oM.

V0( dbm-BH) .OMe

V0( HNP-BH) .OMe

vo( HNP-pcl -aH¡. oN.

V0( HAP-BH) .OMe

V0( Sal -BH) . OMe

390. 3 I

410.73

438.36

386.28

420.7 3

350.25

336.2?

390

410, 4r2

438

386

420, 422

350

336

345

379, 381

407

355

389,391

319

305

690 706

638

610

654

626

TABLE 4.4.3: CHARACTERISTIC MASS SPE CTRAL PEAKS FOR THE (VVOI-),0 COMPLEXES

COMPLEX MOL. t^lT. CHARACTERISTIC PEAKS FOR

( v0L) 20 voL ( vOL) 2

IV0(Bzac-BH) ]20

Ivo(Bzac-pc] -an¡120

I v0( dbm-BH) ]20

Iv0( HNP-BH) ]20

Ivo(HNP-pc] -aH¡ 1ro

Iv0( HAP-BH) ]20

Iv0(sal -BH) ]20

706.50

775.39

830. 6 5

7 26.50

795.39

654.43

626.38

706

775, 779

830

726

795,799

654

626

345

379, 381

407

355

389, 391

319

305

690

758,762

814

710

778, 782

638

610
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4.5

(a)

INFRARED SPECTRA

GEI{ERAL ASS I GNT.IEI{TS

As for the VL2 complexes, the infnared spectra of the VOLHC], VQL'0R and

(VgL)20 complexes gave ind'ications about their stnucture in respect of (i) the

pr-esence of the vanadyl oxo funct'ion, ('ii) the absence of any 0 - H mode and

thus the coordìnatìon of enol'ic and/or pheno'lic oxygens and (iiì ) retent'ion of

the N - H bond in the singìy charged l-H- in VQLHCI type complexes.

Knowledge about the positions of vc - N' vc = Ç (aromat'ic)' vc - 0'

vC - 0 (eno'lic/phenolic) in the spectra for the nelated systems

IChapter 3.7.2(a)] as well as for the pnepared benzoy'lhydrazone VL2 complexes

IChapter 3.7. 2(b ) ] and a q{¡al 'itati ve compari son w'ith the cornespond'i ng f ree

.ligand band posit.ions wer^e the basis fon the pnesent empirical ass'ignments.

The tentat.ive assi gnments of some pri nci pa'l i nf raned absorpt'ions f or the

VOLHCL, VOL.0R and (VQL)20 complexes are given in Tables 4'5'1 - 4'5'3' As

di scussed previ ousìy (chapten 3.7 .2), the band i n the negi ons 1570-1630'

1535-1555, 1300-134g and 1355-1395.r-1 u.. ass'igned as due to vc = N, arom-

at.icvc= c, vc - 0andvc - N r"espectìvely. General'ly, the Ç = 0stretch-

'ing f r^equency I i es 'in the same regi on as f ot vC = N. The decrease 'in the

frequency of vC = N upon coord'ination indicates the coordinat'ion of the imine

nìtnogen .in the V - N bond form¿f,ie¡2a7. Also the absence of v0 - H ind'icates

coondination of the deprotonated C - 0 (enol'ic/phenolic) funct'ion of the

I i gand through oxygen. The vV = 0, as usuaì , 'is chanacterist'ic of al I the

oxovanad'ium complexes.

(b) voLHcl col,lPlExEs

Fon the prepar.ed VOLHCI complexes the bands ìn the r^egion 975-1000 cm-1

(Tab'le 4.5.1) are strong and shanp and are well w'ithin the range expected for

the [ = 0 str.etch.ing f r-equencì es5. The 'inf rared spectra of each of the

VSLHCI compìexes also show broad bands at - 3200 .t-1 characten'istic

of t N - H stnetching254. AccondinglJ, the hydrazone ligand in these
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compl exes acts as a s.ingly negati ve t.identate one and i s coond'inated to the

metal ion via the azomethine nitrogen, canbonyl oxygen of the hydraz'ine part

of the sch.iff base and the enolic/phenolic oxygen of the ketone part. The vc

= N and vC = 0 for these compìexes are exh'ib'ited in the reg'ion 1570-1626.r-1.

TABLE 4.5.1 : SOME CHARACTERISTIC INFR ARED FREQUENCES ( cM- 1)

COMPLEX vN-H

vo( Bzac-pcl -eïH ) cl 3220 mbr

v0( HNP-BHH)Cl 3190 mbr

\/0( HAP-BHH)Cl 3220 mbn

V0( Sal -BHH) cl 3190 mbn

FOR THE VOLHCI COMPLEXES

TENTAT I VE ASS I GNI'IENTS
vC=N& vC=C vC-0 vC-Na vV=0 vV-Cl
yC=0

1600 s

1590 s

1626 s

1610 s

1588 s

1576 s

1605 s

1575 w

1610 s

1600 sh

1570 ms

1535 s 1325 m 1363 s 998 s 410 ms

1545 s 1301 ms 1345 m 1000 s 420 s

1548 s 1315 s 1350 ms 975 s 395 m

1546 s 1325 m 1390 s

1347 w

1000 s 413 ms

ô' Due to nesonance

(c) VOL.OR AI{D (V0L) r0 c0ilPLEXES

All the pnepaned complexes (Tables 4.5.2 and 4.5.3) exhibit strong bands

characteristìc of vV = 0 in the region 972-1005 cm-l typìcal of vanadyl comp-

ls¡gs2e8. With respect to the vC = N, vC = C, vC - 0 and vC - N band regìons'

the spectra of these complexes are veny similan to that of the vL2 compìexes

[chapter 3,7.2. (b) ] conta'i ni ng the same ì i gands. As expected , the vc = ftl
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pr.esent 'in the f ree 'li gand i s decreased 'in each case by about 10-40 .t-1 on

coordinatjon through N of the azomethine gnoup. Also the absence of any band

above 3000 cm-l characteristic of u0 - H and vN - H confinms the l'igands beìng

coord'inated in the depr^otonated L2- form thr"ough involvement of the enolic and

phenol'i c oxygens.

In the V0L.0R comp'ìexes, the vC- 0 of the coord'inated alkoxo group have

been assigned (Table 4.5.2) by taking into cons'ideration the C - 0 stretching

band typica]]y found near 1050.*-1 in the free pr^imary aìcohols2a8 ¿5 v¡sll as

I iterature val ues for vani ous metal al koxi (s5 I 26 tr27 ¿¡l the assi gnment of

vc - 0 (alkoxo) in the pr.epared t\/0(AA)(0R)12 complexes (Chapter 2.6).

Butcher et al.I27 ¿5signed the vibrational frequenc'ies for the symmetric C - 0

stretches of the Me2Sn(0R)Z complexes at 1036 cm-l for R = Me and 1045 cm-l

fon R = Et. The assìgnment of the vC - 0 (alkoxo) in the range 1015-1047 cm-l

is in agreement with the above values. In the (VOL)r0 comPlexes the apperance

of .intense bands i n the regi on 725-790 cn-I (whi ch are absent "in the VOLHCI

and V0L.0R compìexes) may be assocjated with the gnoup 0V - 0 - V0 in agnee-

ment w'ith the similar observatìons'in the IV0(Sal-OAP)fZ0 t'. Pant'ia'l1y hyd-

rolysed VQL.0R compl exes due to the moi sture 'in the nuiol al so exh'ibìt weak

bands in thìs region due to the formation of small amounts of the ¡r-oxo-

compl exes .

(d) V-DOÎ{OR VIBRATIONS

Follow1ng the vV - 0 and vV - N assignments for the same cool^dinated L2-

.i n the VLZ comp'l exes and the I i tenatu ne val ues of some rel ated systems

IChapter 3.7.2(g)], the r"eìat'ive1y stnong absorptions'in the regions 420-470

and 470-580 cm-1 for the V0LHCI, VOL.0R and (VOL)20 comp'lexes may tentativeìy

be attributed to the vV - 0 and vV - N, respectiveìy. This, however, on the

basis of the larger V - N d'istances than the V - 0 distances found in the

crysta'l structures of V0(Bzac-BH).OEt and IV0(Bzac-BH)]20 (Section 4.3) might

be 'in the reverse orden.
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TABLE 4.5.3: SOME CHARACTERISTIC INFRARE D FREQ UENCIES (CM-1)

FoR THE (VOt-) c0 COMPLEXES

TElITATIVE
vC=N vC=C vC-0

ASSIGNI{ENTS
vC-Na vV=0 vV-0-V( vOL) 20

COMPLEX 0F L =

Bzac-BH

Bzac-PCì -g¡

dbm-BH

HNP-BH

HtP-pcl -eH

1604 msh 1557 s 1337 m 1376 s 989 s

1594 ms

1579 w

1599 s

1588 ssh

1580 msh

1604 ms

1594 s

1570 s

1604 s

1594 s

1570 s

1610 s

1598 ssh

790 s

1620 m

1608 s

1598 s

1552 s 1334 ms 1390 s 999s 740 s

L622 ns 1553 s 1330 s 1390 m 1002 vs 760 s

1608 s

1597 ssh

1553 s 1338 ms 1370 ms 990 s 726 s

1550 s 1343 ms 1377 s 1000 s 725 s

1555 s 1340 m 1365 s 1005 vs 755 s

1555 s 1345 s 1370 sh 999s 770 n

HAP.BH

Sal -BH

à' Due to resonance
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The bands.in the region 610-633.*-1 fo. the V0L.0R complexes have been

assìgned tentative'ly as due to the vv - 0(R) stnetch'ing modes in comparison to

such modes in the v0c'12.0R2s8 and other related compounds29er300.

For the V0LHCI compìexes, the fa'irly stnong and sharp band appearing in

the r.eg.ion 395-420 cm-l, which are absent'in the VOL.0R and (V0L)20 compìexes,

may be assigned to the V - Cl stnetchìng modes. Th'is is in agneement with

the vV - Cl observed by other wonkens80t300r30l, in several vanadium comp-

lexes, such as VCl4, VCla(L)2 (L = $ donor ì'igands) and VOCI3.B (B = a

b.identate 'li gand). In the related Ti cl4, the vTi -cl u,as reported to be at

3g6-495 s¡¡-1 302. In these compounds, containing mone than one coordinated

chl ono gr.oups , two V - Cl_ stnetch'i ng modes are reported, but 'i n the pnesent

VSLHCI compìexes containing a single coondinated chlono group, only one mode

i s obtai ned. The pr.esence of thì s vV - Cl conf i nms that the Cl - 'is

coor-d.inated to the vanad'ium and not present in the sìng1y deprotonated lìgand

LH- i n the fo¡"m of a hydrochloride (-t¡l- HCt 1.

4.6 ELECTROI{IC SPECTRA

The electnonic spectra of a1-V0tHCl and do VOL.0R and (VOL)20 compìexes'

as expected, are quite different and attributed to d'iffer ent types of

electronic trans'it'ions in them.

(a) volHcl col.lPLExEs

Because of the 'insol ubi l'ity, the el ectron'ic spectra of the V0LHCì comp-

lexes were examined'in nujol mulls. The spectra show a broad shoulder which

poss'ib'ly conta'ins two bands extend'ing f rom - 750-550 nm. Besi des th'is broad

shoulden, the spectna also show a shanp band in the region 487-416 nm. The

foun complexes of th'is type have similar spectra with two bands, I and II'

appear.ing as very bnoad shouldens. The general appearance of the spectra are

similar to those observed by many othens5t37t4lr43rla0 f9¡ several nelated

vanadyì complexes. The spectra can be interpneted in terms of the energy
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revel scheme given by Baìlhausen and Gnay (chapter 2.7) and accord'ingly band I

in the region - 736-7L0, band II in the region - 600-585 and band III in the

regìon 487-416 nm may be assigned to the d*y * dyr, d*r, d*y * d*'-y' and

dxy * drz trans'itions respectively. The fourth band below 360 nm appears to

parallel quite close'ly the intral'igand r* o r transition found in the spectra

of the free ì'igands and of the same ligands in the vLz compìexes' The

el ectron'i c spectral data and band assi gnments f or the v0LHcl comp'lexes ane

given in Table 4.6.1. However, such ass'ignments ane based on the unresolved

d-d bands in the region 750-550 nm 'in the sol'id state, and aìthough

reasonable, can onìy be considered as tentat'ive'

TABLE 4.6. 1 : ELECTRONIC SPECTRAL DATA FOR VOLHCI COMPL EXES ( NUJOL MULL)

COMPLEX BAND i
2r(r) * 2Bz

en* * bz

xz, yz + xy

BAND I I
28, u 2ø,

b1* + b2

*z-yz u *y

BAND III
2A, * 2Y,
la{ * b2

z? +xy

BAND IV A

Intra- b

ligand c

transi - d

t'ion

vo(Bzac-pc] -sl'!H)cl

v0( HNP-BHH) Cl

v0( HAP-BHH ) Cl

V0( Sal -BHÐ c]

- 710 bn

- 740 br

- 732 br

- 736 bn

- 585 bn

- 600 br

- 585 br

- 593 bt

416

487

427

446

266

354

336

350

ô' Band number

b' Ballhausen-Gray (B-G) M.0. assignments

c' Tnans i t i on 'i n C4u sYmmet nY

d' Transit'ion in d-orbitals.

(b) YOL.OR AND (V0L)ø0 COIiPLEXES

Be.ing a do system the vanadium(V) complexes show no d-d transition'in
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the visible region and ane coloured only through theìr'intense charge transfer

absorptì ons taì'l'ing j n f rom the ultravi ol et. The spectra of VOL.0R and

(VgL)20 complexes in dìchloromethane ane veny similar in shape which'ind'icates

that the electronic structures are the same in all these complexes. From th'is

gr"oss spectral similanity, it can be suggested that these compìexes 'in

sol uti on al so have the same square pyrami da'l structunes observed i n the

cnystal structunes of V0( Bzac-BH) .0Et and IV0( Bzac-BH) ]20 (Secti on 4.3). Both

types of compl exes genera'lìy exh'ib'it three i ntense bands 'in thei r el ectron'ic

s pect ra.

As expected for. the charge transfer bands, the molan absorptivity, aM

was found to be ver.y high T each of the V0L.0R and (V0L)20 complexes being of

the or^der of 104 mol dm-3cm-1. Like ìn the VLz complexes (Chapter 3.7.3), the

f .i nst band observed i n the pnesent oxìdi zi ng vanadi um(V) compì exes of the same

negat'ive1y changed I ì gands 'is assi gned to the LMCT. The other two bands

desìgnated as I.L.T.(1) and I.L.T.(2) have been assigned to n - n*"intraligand

tr.ansitions by a qualitative comparison with the free ìigand absot'ptions. It

is possib'le for the low-energy I.L.T.(1) to possess some contrjbutìon from the

change transfen transìt'ion. The electnon'ic spectral data of these complexes'

'includ'ing the band assignments, ane given in Tabl e 4.6.2. The spectra of some

of these compìexes are shown in Figure 4.6.1. It can be noted that several

vanadium(V) compìexes, such as VOCIZ.L, VOCI.LZ (L = a monobasic Schiff base),

V0( 0H) (oxì nate), and VOCl 3. f,82 r303-4 are neported to have shown absorpt'i on

maxjma at as longen wavelength as 550 nm pnesumably anjsing from the LMCT.

Compared to that for the nelated VLZ comp'lexes (see Table 4.6.2), the

higher enengy of the LMCT bands in the present vanadium(V) comp'lexes is due to

a n-donation fnom the oxo ligand, thus reducing the acceptor ability of the

vanadium centre. Thus, surprisingly, although in the formal +5 oxidat'ion

state, the r-donatìon fnom the oxo function makes it less accepting than V4+.
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TABLE 4.6.2: EL ECTRONIC SPECTRAL DATA FOR THE VOL.OR AND

( VOL) 20 C0MPLEXES SOLVENT = CH"CI o)

L IGAND

(L)

COMPLEX BAND POSITIONS (nm) WITH LOG a¡ IN PARENTHESESa

c. T. I.L.T.(1) I.L.T.(2)

Bzac-BH VOL. OEt

( voL) 20

vLz'

Bzac-pcl -BH voL.oMe

( voL) 20

VOL.OMe

( v0L) 20
Ylz'

- 43ob (- 3.92)

- 430b

538,390

- 44ob (- 3.96)

- 440b

- 410 fl. (4.11)

- 415b ? 4.25)

560, 400

- 413 sh (- 4.00)

- 415 sh (- 4.2I)
540

- 420 sh (- 4.04)

42r (4.38)

- 38ob (- 3.97)

- 386b

- 561b

- 385 sh (- 3.93)

- 390b

363 (4.08)

360 ( 4.42)

352

364 ( 4.r7)
363 (4.48)

- 330b

- 370b

369

343 ( 4.27)

349 ( 4.55)

- 360 sh

347 (4.35)

339 ( 4.61)

- 320 sh (- 4.26)

- 322b

- 342 sh

265 (4.30)

292 (4.65)

283 ( 4. 39)

289 (4.71)

270 (4.46)

284 (4.72)

282 (4.42)

288 ( 4.67)

325

288 (4.48)

277 (4.78)

275 (4.37)

283 (4.71)

293

I
ì

dbm-B H

HNP-BH

HAP-BH

Sal -BH

VOL.OMe

( voL) 20
vL2'

V0L.OMe

( \/0L) 20

Hne-pcl -tt voL.oMe

( voL) 20

V0L.OMe

( v0L) 20
vL2'

- 320 sh (- 4.25)

327 sh (- 4.62)

27t (4.37)

285 (4.74)

a. a¡4 in mol . dm-3cm- 1

b. Bnoad shoulden
c' For companj son

C.T. Charge transfer
I.L.T, Intraligand trans'ition
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4.7 ELECTRON SPIN RESONAÌ{CE AND T.IAGT{ETIC STUDIES

Aìthoughthemassspectraandtheinso]ubilityoftheVOLHC]compìexes

in common organic solvents, except when assisted by oxidat'ion, raises the

poss.ibi'lity of po'lymer.i zati on, the room and I ow temperature E' S'R' spectna

(Figur.es 4.7.I and 4.7.2) of the undiluted powders are characterist'ic of

monomeric ent.it.ies. unl'ike very bnoad E.S.R. s'ignals for the dimeric

tv0(AA)(0n)lz comp'lexes (chapter 2.8), these v0LHcl spectra are sharp and

companab'le to the spectra for the monomenic complexes, ê.!1. v0(acac)2 unden

the same cond.itions. The coordination of cl- to the vanad'ium centne satisfies

the normal coond'inat'ion nequ'irements f on vanad'ium to attaj n a genera'l1y

occurring square pyram'ida'l conf ì gurat'ion'

These compìexes were also subiected to the magnet'ic measur"ements usìng a

Gouy balance. Aìthough the magnet'ic moment values (Table 4.7.1) appear to be

ber ow the normar var ue, they are wi th'i n ou r experi mentar erron of the sp'in-

only moment of 1. 73 B. M. f or V4+. Th'i s al so i nd1 cates that there i s no

dipolar interactìon, at least at room tempenature, and thus a monomenic

structure wìth f i ve coo.d'inate anrangement around V4+ is most I ike'ly' The

crystaì structure of an anaìogous compound v0(N-sal'icyf idene-L-alanìnato)(Hz0)

showed the molecule to be monomeriç297'

MAGNETIC M0MENT AND 'q' VALUES FOR THE CI COMPLEXES

I

i>,

I

t
¡!,
)i

t
i

I

I

TABLE 4.7.!:

MAGNETIC DATA

COMPLEX

vo(Bzac-pcl -sTH,)cl

v0(HNP-BHÐCl

v0( HAP-BHH) Cl

V0( Sa1 -BHH)cl

TEMPERATURE

(K)

300.2

?98.2

?97.0

303.3

x¡¡ x 106

(c.g.s.u.)

g VALUES

1. 985

1.983

r.982
1.987

u

.MB(

1163.4

1176.6

1 199. 6

1 146. 0

l. 68

1.68

1. 70

1.67
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4.8 Î{UCLEAR I'IAGI{ETIC RESOI{AI{CE SPECTRA

As has been stated earlìer Isection 4.2(b)], the alkoxo (tridentate

Schiff base) oxovanadjum(IV) complexes,'in the presence of a trace amount of

water, hydroìyse readìly to the dimenìc oxo-brìdged (V0L)20 complexes. The

react.ion is reversible and the (VOL)20 dimers, in the presence of an a'lcohol ,

easily undergo a]cohoìysis reactions to give the parent VOL.0R monomers. The

cDcl
V0L)20 + 2 ROH .......(1)

as wel I as the characten'i zati on of the moì ecul es , have been stud'ied by means

of N.M.R spectra. In solutions in which the alkoxide is partially hydnolysed,

the Clb and/or CH pnotons of the tri dentate I i gand ane pnesent i n two

differ-ent environments. These ane designated as (a) for the alkoxo monomer

and (o) fon the oxo-bridged d'imen and are sufficiently nesolved to enable

study of the equiìibrìum by the N.M.R spectra. The ass'ignment of the observed

resonance sìgnaìs was verìfjed by deter^m'iníng the N.M.R. spectra ìn CDCI3

sol ut'ion and 'in the p¡esence of al cohol , deutenated al cohol , waten or

deuterated water. In addit'ion, all the 1H-N.M.R. spectra of the VOL.0R and

(VOL)20 compìexes showed anomatìc nesonances. Integrations of peak aneas wene

cons'i stent w'ith the pnoposed f onmul at'i ons.

The VgL.0R complexes also show N.M.R. peaks characteristic of the

pnotons of the al koxo group and of the f nee al cohol , whi ch al so 'ind'icate the

pr"esence of the above equilibrium (1). The nelative intensities of these

peaks depend on the extent of th'is equi I i bri um. The peaks obta'ined f rom the

spectna of V0(Bzac-BH).OCHZCH3'in CDCì3r ônd'in CDCI3r t0 which a tnace amount

of dry ethanol was added are listed in Table 4.8.1. As can be seen from this

Table, 'in CDCI3 thene is a quantet at 5.53 p.p.m. characteristic of methylene

(o-) protons of the CH3CI!20 group 'in agreement wìth the proposed structune.

In add'it'i on , ther.e are resonances due to Clþ ( a ) and CH (a ) as wel I as mj nor

peaks due to Cb (o) and CH (o). Add'ition of a trace amount of dr^y ethanol to

the CDCI3 solution intensifjes the peaks due to CH3 (a) and CH (a) protons as

i{

È,

reacti on equi l'ibt''ium,

Z V0L.0R + H20

¡

r!,
l,

I
I

I

I

I

I
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wel I as the peak due to OqUCH3, whi ì st the peaks due to Clb (o) and CH (o)

are weakened i ndi cati ng sh'i ft'i ng of the equi ì i brium ( 1) towards the ethoxo

monomer. The'incnease in the intens'ity natìo (a)/(o) of the peaks due to CHq

and CH pr-otons indicates the conversion of (VOL)20 to VOL.OEt'in the presence

of ethanol . The relative 'intens'ity of the peak due to d-protons of the ethoxo

g¡oup, CH3CHz0, with respect to CH3 (o),'is also ìncreased as expected because

of adding ethano'l. The peaks, due to f nee CH3C&OH and CH3CH20H Rrotons which

were present in the CDCI3 spectrum, as a result of sìight hydro'lysis' ane

str-ong'ly i ntensì f i ed due to the pnesence of excess added ethanol and thi s

helps in confir.ming ident'ification of these peaks. Figune 4.8.1 shows the

spectra of VO(Bzac-BH).OCHaCH3 in CDCI3 and jn CDCI3 + trace dry CH3CH20H and

of IV0(Bzac-BH)J20 in CDC13.

hthen the CDCI3 solution of V0(Bzac-BH).0CH2CH3 is shaken with a dnop of

water, the peaks, due to C& (o) and C[ (o) pnotons are enhanced whi]e that

due to þ (a), CH (a) and 0q.!ZCH3 protons d'isappear. Thjs ìndicates complete

conversi on of the al koxo compound to the oxo-bri dged d'imen. Al 1 peaks 'i n the

spectra ass'igned to vanious pnotons bound to the oxo-bridged dimen ane confir-

med by companìson wjth the spectnum of the oxo-compound.

Sjmilar behaviour was obsenved wjth the other VOL.0CH3 methoxo comp-

lexes. The data for the lH-N.M.R. of some VOL.0CH3 and (VOL)20 ane g'iven'in

Table 4.8.2, Like V0(Bzac-BH).0CH2CH3, the V0(dbm-BH).0CH3 and V0(HAP-

BH).0CH3 ìn CDCI3 show the pnesence of CH (o) and Cl3 (o) signals, r^espect-

ive'ly, wh'ich disappear or d'iminish on addition of a trace of free CH30H to the

expenimental CDCI3 sol ut'ion. The appearance of Ct (o) and CH,3 (o) , respect-

iveìy, at the same ô-values for the conresponding IV0(dbm-BH)]20 and IV0(HAP-

BH)lZ0 complexes confirms ident'ification of such signals. In some cases, the

CH (o) signal was not oUr..ved on seemed to be superimposed with the anomat'ic

peaks. The nesonances due to the coondinated OQl¡ group in van'ious complexes

appeared at about 5.3 p.p.m., the intens'ity of wh'ich incneasese as expected,

on add'ing a tnace of CH30H to the solution.
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The lab.ility of the alkoxo group can be demonstnated by add'in9 an excess

of CD30D to the experimental solution. For exampìe, in the spectrum of

V0(Sal-BH).0CH3'in the pnesence of excess CD30D, the 0C-lb signal disappears

and the CH30H si9na1, which in CDC]3 is at 1.11 p.p.m., shifts to 4'28 p'p'm'

(Figure 4.8.2) and is ìncreased in'intensìty, pnesumably due to alcoholysis of

the oxo-compound. The change in the chemical shift is pnobabìy due to the

d.ifferent hydrogen bonding environment in the presence of an excess of cD30D'

TABLE 4.8.1: lH-N.M.R. oF vo Bzac-BH .0c H AND IVO Bzac -BH

PROTONS VOL( 0CH2cH3) ( v0L) 20

In CDCì 3
In CDCI t + ethanol In CDCì 3

o (ppm) Ratio
(a)/ (o)

o (ppm) Ratio
(a)/ (o)

o (ppm)

cit3 (a) ?.69

cþ (o) 2.23

CH (a ) 6.45

CH (o) 6.34

2.69

4.0 9.6

2.L7

6.45

4.0 14.8

6.34

3.0 5.51(q) - 5.0

2.15

6.36

cH3cl!20 5.53(q)

CH3CÞOH 3.73(q) trace 3'73(q) excess

(a)

(o)

: Proton s'ignals from VOL.0CH2CH3

: Pnoton s'ignaì s f rom (VOL) Z0

. D^r-+i.,a intancitv with npsnect to CHe (o)+
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TABLE 4.8.2: 1H-n.m.R. oF r/oL.o CH? AND ( v0L) O COMPLEXESt

o (ppm)

tll lzl

V0L.0Me

cDcl

Rel at'ive

o (ppm) IntensitY
(1'2)

t4l tsl

cDcl 3

o (ppm) o (ppm)

t6l t7l

3.4lb

4.41b

(shi fted)

( voL) 20

(t ra
3+
ce)

CDCI 3 +

tnace Me0H

+ excess

cD30D

cDcl Me0H
PROTONS 3

Rel ati ve

IntensitY
(1,2)

L3l

FOR L = dbm-BH:

CH (a) 6.69 6.69

cH (o)

ocl!3

cs0H

1.8* c*

6.59 - 6' 59 6' 59

5.31 !.7! 5.31 z.Ll

3.50 1.91 3.50 2!.3L 3.40

(excess) (shi fted)

r.25 o.zL r.25 231 4' 50

(excess) (shi fted)
CH2OH

FOR L = HNP-BH:

g. g6b
cH (a)

oc& (a)

c&0H

cH30H

9.93

5.31

3.49

r.?7
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tll 12) t3l t4l tsl t6l t7l

FOR L = HAP-BH:

clþ (a) 3.oz 3.0 2

6.6* 35.0*

2.?8clþ (o )

0cl-13

cs0H

2.28

5.23

3.48

2.42

!.22

2.28

5.2

3.48

!2.02

6432
( exces s )

g.72

(excess )
cH30H 1.06 0.15 2 r.42

FOR L = Sal-BH:

c
oCH

cH (a)

0CHa

c&0H

3.61

10.61

1.1 I

4.21

22.51

( exces s )

1. g1

( exces s )

8.94

4.28

(shifted)

9.08

c

5.32

3.49

9.08

c

5.32

3.49

1

c

3.44

cH30H 1.11 t2

(a)

(o)

*

1.

2.

b.

Proton signaìs from VOL.0R

Proton signals fnom (VOL)20

Intens'ity ratio (a)/(o)

Relative intensity w.r.t. CH (a) tCH (o) absent on not d'istinctl

Rel ati ve i ntens'ity w. r.t. Q! (o)

Solvent in this case s CDCI3 + CD30D

CH (o) seems to be superimposed with anomatic peaks'C.
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CHAPTER 5

ELEC TROCHEI{ISTRY

5.1 IrfÍR0DucTI0ll

Many tnans.it.ion metal complexes undengo electron-transfer (oxidation-

r.educti on ) reacti ons between van'ious stabl e ox'i dat'i on states ' Such neact j ons

can be reversible, quas'i-neversible or inrevensible. The electrochemistry of

several of the vanadium(IV) and -(v) complexes pnepar^ed in the present work

were studied in order to.investigate the erectnon transfer charactenistics of

these complexes. It can be mentioned that little'information is available

about the erectron-transïer proper^ties of the non-vanadyì vanadium(IV)

compl exes.

The cycl.ic voltammograms of all the vL2 complexes in DMSo (on cH3cN) show

reversible or quasi-r.eversible behav'iour jn the (-)0.050 - (-)0.400V vs'

s.c. E. potent'ia'l f.ange. The oxovanad'ium(IV) and -(v) compì exes do not show

such waves'in this neg'ion. The vanadium(v) complexes ane reduced at mof'e

positive potentìals, wheneas oxovanadium(IV) complexes are reduced, usualìy

ì rreversibìy at potentials mo¡e negative than -0.4V27r305-307' Thus' the

el ectnochem'ical techn'iques can be used both to characterize as wel I as

quantitatively est'imate the non-vanadyl vanadìum(IV) complexes.

5.2 THE ELECTROCHEI.IICAL TECHI{IOUES

The technìque of voltammetry ut'ilizes a three-electnode system consisting

of a polarized electrode (the workìng electrode;'in this work a c'irculan plat-

inum on raneìy glassy carbon electrodes wene used as the working electnode) on

to which a potential'is applìed, a counten electrode (platinum wjre) and a

refenence electnode (usually a saturated calomel eìectrode). This method

investjgates the oxidation or neduction of a chemical specìes at the workìng

el ect node as the potent'i aì 'i s vari ed'
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cycìic voltammetry (c.v.) 'is capable of generat'ing a new spec'ies during

forward scan and then examining its behav.iour- on the reverse and subsequent

scans. F'igure 5.2.1A shows a typ'iCaì nesponse signaì for a cycìic voltammo-

gram which also defines the anodìc and cathodic peak potentiaìs (Ep¿' Epc) and

cunrents (ipu, ip.). Electrochemical ¡eactions may genenate an intermediate

whìch undergoes fur.ther chemical reactions. One o6stlrn' most useful aspect of

cycl i c voltammetry 'is the ab'il ity to di agnose such reacti ons and study the

pr.oducts and reacti on k.i net.ics. The f ormar neducti on potent'ia'l (E'' ) or the

half-wave potentiaì G \z) for a revens'ible couple 'is centred between the

anodi c and cathodi c potenti aì s' Thus '

t)z (or Eo') = (Epa + Eoc) /2."""""'o'(1)'

A nedox coupìe in wh.ich both species ane stable and rapidly exchange electrons

witnþrcing e]ectrode is tenmed an erectnochemical'ly reversible couple. The

number of erectrons transferned (n) during the erectnode react'ion for a reven-

sible coupìe can be detenmined from the separation between the anodÍc and

cathod'i c Peak Potentì al s f rom,

OEp = Epu - Epa = ry ...................(2).
b'r¿-

Frequentìy, sl ow el ectnon transf er causes equat'ion (2) not tof-obe¡'oå

strict'ly and in such cases, n cannot be detenmined by this method' however Eo'

or EL,, can st'ill be est'imated fnom equation (1)' Controlled potential elect-

rolysis, however, can be used to estìmate the value of n by determining the

change transferred. In the contnolled potentiaì electnolys'is (C-P.E.) tech-

nì que the analyte 'is compl etely el ectnolysed by appìy'ing a f i xed potenti al to

an electrode, usua'l'ly hav'ing a large sunface anea (in thjs work a pìatinum

gauze was used) to min.imize erectnorysìs time. Th'is'is an exceilent techn'ique

for determining the amount of material, N (no. of moles), and the number of

electrons, n, transferned per moìecule or ion by means of Faraday's law:

N = 
*F 

.........."t'o""""'o""""'ott(3)

whereQìSthetota]chargeobtainablefromthechar.ge-t.imecurve
(F.i gure 5. 2. 1B) on 100% compl eti on of el ectro'lysì s and F the Faraday number '

96, 485 coulombs/equìvalent.
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The nonmal pulse voltammetny (N.P.V.) combines a puìse excitation wave-

f orm w.ith cu rrent samp'l i ng at the end of each pu] se. The output i s a pl ot of

sampled current vs. pulse potent'ial as shown'in F'igure 5'2'1C fnom which E)z

value can be estimated. Much ì'ike sampled D'C' poìarography' N'P'V' is prim-

ar..ily a quantitati ve tool with detect'ion I imits of 10-6 to 10-7 M f or many

heavy metal comPounds.

The differential pulse voltammetry (D.P.V.) pnoduces a peak shaped output

with the cunrent difference plotted vs. the base potentia'l (Fìgune 5.2.10)'

The peak potential Ep is a funct'ion of the polarographic EUZ and the pulse

ampì 'i tude , P. A.

P'A' ,...."""'(4)'Lp = L\Z - 7..............r
Thus, lower pulse amplitudes (but must be greater than the pr^oduct of the

pulse perìod and scan nate) will help betten comparìson of EO and EI/Z'

5.3 PREVIOUS RELATED I{ORK

Al though there have been many el ectrochemi cal studi es of vanadì um

comp'lexes , these usua'l ly i nvol ved aqueous sol uti on and consequent'ly the oxo

species. 0f nelevance to th'is wonk there are a few current studies w'ith some

non-vanadyì sYstems.

The electrochemìstr.y of various catecholato compìexes of vanadium(V)'

-(IV) and -(III) have been described by Sawyer and, independently by cooper

and their co-wor.kens7Ir308r30e. (Et3NH)2[V(cat)3J.CHrCttt 'in acetonitrjle at a

p'lat.inum di sk el ectnode showed an ox'idatì on wave at -0.035v71. NatVCì 2(DTBC) 2

showed the f.inst peak lvIV, ylII¡ at +0.Ogv vs. s.c.E. coupìed to an oxjda-

tion at +0.13V. KapturkiewisT3l0 studied the comparat'ive electrochemical

behaviour of V0(Salen) and V(Salen)X2 (X = Cl, cl0a), the latten showing EI/z

of neduction waves at the same -0.450V vs. S.C.E. Bond et al.3llr3l2 studied

the po'larogr aphic behaviour of bis(¡-cyclopentadienyl )-N,N-dialkyldithiocanba-

mato vanad.ium(IV) comp'lexes and reponted that these non-oxo vanadium compìexes

exhibìt two one-electr.on poìarographic neduction waves ìn the potentìa1 nange
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+0.75to.?.2VnelatjvetoaAg-AgCì(acetone)referenceelectr.ode.Thefirst

reduction at - (-)0.4v has been reported to be fully reversible'

The electrochemistny of the d'iethy'ldìth'iocarbamate compìexes of v(I II) '

-(IV) and -(Vi313r314 þ¿5 been studìed by cycl'ic voltammetny and contnolled

potentia.r courometny in acetonitrire at a pìatinum electrode and a comparison

of the redox pr.opent.ies of these comp'lexes wìth those of the analogous 8-quin-

ol i nol comp.rexes has been made to eval uate 1i gand eff ects. Hep'ler" and

R.iechel l3 r3t5 reported on the electrochemical synthes'is of a bi-nuclear m'ixed-

valence vanad'ium(IV,v) and 'its princip'le oxidation product v(v'v)' (v0Q2)-0-

(VOQZ) [Q = 8-qui nol i nato an'i on ) '

5.4

5.4.1

ELECTROCHEI,IISTRY OFIL, COüPLEXES

THE REDOX PROPERTIES

A good number of the prepaned vL2 compìexes were subjected to d'ifferent

vol tammetr.ic stud'i es under argon 'i n DMS0 w'ith Et4NBF4 as the supporti ng el ect-

roìyte at, a c'i rcul ar^ pl ati num el ectnode. The cycl i c vol tammetry data f on the

vL2/vLL,complexes of various 1i9and systems af'e summarjzed in Table 5'4'1'

The cycl'ic voltammograms fon some compìexes ane shown in Figures 5'4'1

5.4.4. An examinat.ion of these data and Figur^es'indicates that the voltammo-

grams obtained ane qualitat'ively similan and that the VL2 compìexes generaì1y

show two C.V. waves, one appea¡ing in the potent'iaì range (-)0'050 - (-)0'400V

vs. s.c.E., and the othe|in the negion (-)1.500 - (-)1.800\/. These c'v'

waves are r.espect.iveìy rer ated to the y4+7y3+ and y3+ ¡y2+ redox coupr es.

Al though the second c. v. wave was not observed f or^ some of the comp'l exes i n

the above potentia1 range under the experìmental condit'ion, all the complexes

exh.ib.ited the wel I def .ined revers'ibl e f i rst wave. we suggest that the obsenv-

ance of th'is first C.V. wave for the y4+7y3+ redox coupìe can be taken as

evidence for the format.ion of the non-oxo vanadium(IV) complexes. s'imìlar

C.V. behaviour for tne V4+/V3+ couple was observed for the non-oxo V(cat)!-
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COMPLEXES IN DMSO
TABLE 5.4.1: CY CLIC VOLTAMMETRIC DATA FOR THE VL

WITH O.lM ETNNBF /r AND AT 10 0 mV/ SIC SCAN RATE

(tJORKI NG ELECTRODE - PLATINUM)

B zac-p

Bzac -p

-BH

2 -BH

tr
'pc
(v)

-0.46
-0.19

-0.41

-0.50

-0. 37

-0.26

-1.14

-0.15
- 1.80

-0.36
-1.84

E)z
(v)

(4)

-0.35

-0.38

-0.29

-0.20
-1.06

-0.11

-r.7 6

-0.32
-!.7 9

-0.16

-L.71

+0.06

-1.61

-0.2r
-1.68

-0.26

-1.68

-0.14

-1.57

¡E p

(5)

1.20

?50

170

130

170

80

80

ì pu/j p.

(6)

0.94

1.00

1.01

1. 00

0.99

1. 03

1. 00

0.98

0.99

r.02

0.97

0.98

YLz tr
"pa
(v)

COMPLEXES

t-L-
(mv)

(l)

e-Di ketone Schi ff Base Complexes

(2) (3)

acac-BH

acac-Sal H

B zac-BH

Bzac-poMe -BH

-0.37

-0.12

-0.29

-0.25

--0.20
-0.13
-0.9 7

-0.07

-1.7 2

-0.27

-I.7 4

ff Base ComPlexes

-0.42

-0.16

90

70

cl
NO

Bzac-Sal H

dbm-BH
90

100

o-Hy droxvca I Schi

HNP.B H

HNP-Sal H

HNP.OAP

ttNP-pMe-0Ap

-0.07

-1.66

+0.12

-1.54

-0.11

-1.60

-0.22

-1.63

-0.09

-1.51

-0.15

-r.75

-0.30

-r.76

-0.30
-1.73

-0.19
-r.62

0.00

-r.67

r20

130

80

90

190

160

80

100

HNP-pcl -oAP 100

110

1. 00
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(1) (2) (3) (4) (s) (6)

HNP-3-am-2-nap

HAP-BH

-0. 10

-1.49

-0.15
-0.10
+0.09

-0.24

+0.03

-1.7 5

+0.21

--1.60

-0.03

-1.70

-0.02
-1.58

-0.22

-1.6 1

-0.2r
-0.16
+0.01

-0.60

-0.05
-1.83

+0.14

-1.69

-0.17

-1.84

-0.11
-1.68

0.00

-0.11
+0.09

+0.02

+0. 01

-0.23

-0.27

-0.19

-0.15
-0.13

-0. 16

-1.55

-0.18
-0.13
+0.05

-0.42

-0.01

-r.7 9

+0.18

-1.65

-0.10

-t.7 7

-0.07

-1.63

+0.03

-0.05
+0.L2

+0.06

+0.06

-0.19

-0.22

-0.13

-0.10

-0.06

t20
r20

60

60

80

360

80

80

70

90

140

i40

90

100

60

t20
60

70

100

0.98

0.98

1.00

L. 00

1. 00

1. 06

1. 00

1.01

1.17

1.05

1.04

0.88

1. 01

1.09

0.90

0.94

1.00

1. 00

1.04

Sal -3-am-Z-nap

2.2'Dihydroxyazoarene Complexes

HRt-pcl -en

HAP-Sal H

HAP-OAP

Sal -BH

Sal -Sal H

Sal -OAP

OAP-g -n ap

pM"-oAP-ß -n up

pcl -oAe-g -n up

OAP-p-cresol

3-am- 2-nap -ß -n ap

Erio T

],li xed Li qand VLL' Complexes

V( HNP-BH) (Bzac-BH)

V( HAP-BH) ( Bzac-BH)

v(HAP-BH) (HNP-BH)

V( HAP-BH) ( Bzac-Sal H)

V(HAP-BH) (OAP-e-nap)

+0.22 +0.06 +0.14 160

+0.06

+0.01

+0.15

+0.09

+0.11

-0.15

-0.17

-0.06
-0.05
+0.02

80

100

130

100

150

All potentials vs S.C.E.
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and V(Sa'len)X2 compìexes71r310 also. The appearance and positions of these

two c.v. waves were confirmed by record'ing the differential pu1se voltammo-

grams for a few systems (see jn Figures 5.4.1 - 5.4.4) which clearly showed

two d'isti nct peaks at the E VZ val ues correspond'ing to those obtai ned f rom

C.V., withìn expen'imental ernor. In a few cases, comparable E L/2(U++7V3+)

val ues were al so obtai ned by recor.d.ing the no.mal pul se voltammograms f rom the

same solution used to determìne the cycìic voltammograms'

In no case I¡||ere we able to obtain any well-defined c'v' wave fon the

y4+7y5+ coup'le before the anodic l'imìt of the med'ium wh'ich'indicates lack of

stabi I i zat.ion of the vanadi um(v) state ì n the presence of two coor^di nated

d.inegative tn'identate ligands. As seen before IChapter 4.2, Sect'ions (c) and

(d)l react.ion of VOL.0R with excess LHz pnoduces the V4+ complex and not VLl.

The same neacti on wi th the potenti a'ì t ri negat'i ve t ri dentate ì i gand (L'&)

f onmed by the hydrogenat.ion of o-(0,-hydr^oxyphenyl )imi nomethyl phenol (sa'l-

0AP!2) al so gave non-vanadyì vanad'ium( IV) comp'lex i nstead of the expected

neutral VVLL'. Thus, 'it appears that ligands of th'is type do not stab'ilize

vanadi um(V) 'in the absence of oxo functi on'

For the. mi xed-l 'igand vLL' comp'lexes ' it can easi ly be seen i n Tabl e 5' 4' 1

that these comp'lexes show'ing well defined c.v. waves (F.G.H.'in Figur^e 5'4'4)

neduce at a diffenent potential than ejther the vL2 or VL'2 compìexes whjch js

a cl ear ì ndi cati on f or the'i r exi stence as a si ngl e ent'ity'

5.4.2 REVERSIBILITY OF THE REDOX PROCESSES

The most common tests of revens'ib'il'ity ¿¡s3I6-318; (i ) the constancy of

ipr¡l/Zor", a wjde range of scan nates (v); (ii) the constancy of lEp [60/n

(mV)l as a funct'ion of scan rate; ('i'ii ) the rat'io of peak currents, ìpu/ìp'

beìng equal to 1.00 and (jv) the abìl'ity to exactìy reproduce the wave on

success.ive scans both forward and in revense. This last criter"ion is import-

ant for systems in wh'ich the oxid'ized (or reduced) for^m ìs unstable or neacts

wìth the solvent. In such a case, slow scans will show the absence of the

I
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i

I

I
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TABLE 5.4.2: CYCLIC VOLTAMMETRIC DATA AS A FUNCTION OF SCAN 

RATE FOR SOME VL 2 COMPLEXESa 

COMPLEX 

V(acac-BH) 2 

V(HNP-BH) 2 

V(HNP-OAP) 2 

SCAN RATE - E 1/2 

v, [(mV)s-1] [VJ 

10 o. 427 

50 

100 

200 

500 

10 

100 

500 

1000 

5000 

100 

200 

500 

0.421 

0.417 

0.412 

0.422 

0.112 

1. 724 

0.106 

1. 716 

0.102 

1. 707 

0.100 

1. 720 

0.100 

1. 729 

0.207 

1. 681 

0.194 

1. 697 

0.203 

1.685 

a. DMS0/0.1 M Et 4NBF4/Pt. 

All potentials vs. S.C.E. 

72 

84 

89 

126 

232 

77 

95 

100 

122 

170 

1.76 

197 

197 

320 

317 

200 

200 

309 

317 

305 

323 

ipa/ipc 

1.00 

0.94 

0.94 

0.93 

0.89 

1.03 

0.58 

1.00 

0.76 

1.00 

0.81 

1.01 

o. 78 

1.01 

0.80 

1.01 

o. 70 

1.04 

o. 81 

1.04 

o. 83 

; pc/v l/2 

[µA/(mV)s- 1] 

0.41 

0.40 

0.41 

0.28 

1.68 

1.84 

1.48 

1.52 

1.32 

1. 36 

1.34 

1.37 

0.47 

0.41 

0.83 

o. 79 

0.35 

0.31 

0.61 

0.59 
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anod.ic (or cathodi c) r^lave. For the VL2 comp'ìexes, as has been observed f or a

few such systems (Table 5.4.2), the faster scan rates genera'lly result ìn a

'larger peak separati on (lEO). In generaì , the anodj c and cathod'ic peak

curnents for the y4+¡y3+ coupìe wene found to be equal. Fon the y3+¡y2+

couple, the ipu/ipc was below un'ity because of the significant'increase of the

cathod.ic peak curnent at such potenti a'ls. 0n the basi s of the ef f ect of scan

rates on the IEO and ipc/v I/2 (Table 5.4.2) and the generally 'larger 
aEO

values than the expected 6O/n (mV)sl8 it appeans that the C'V' waves of these

systems ane more conrect'ìy described as quasì-neversìble.

Cycì.ic voltammograms A to F'in F'igune 5.4.5 shows that the C-V- waves are

reproduced exactly on successive scans in both fonward (-ve) and revense (+ve)

d.irections. To test further the stabilìty of the neduced species, the cyclic

voìtammograms of three complexes (8, D and F in the same Figune) were neconded

after the systems were allowed to remain at potentÍals sufficiently negative

to form the neduced sPecies.

5.4.3 C0NTROLLED-POTENTIAL ELECTROLYSIS

To i denti fy the numben of el ectrons (n ) 'invol ved i n the el ectnochemical

neduction controlled-potent'ial electrolyses (C.P.E.) wene carried out for a

f ew of the compl exes. A pl atì num gauze el ectnode and stì r^ned sol ut'ions unden

angon wene used. The solvents used are indicated'in Table 5.4.3. The coulome

tr.ic data obtained fnom the controlled potential reduct'ions (Tab'ìe 5.4.3) at

-0.S00V for" V(acac-BH)2 and V(Bzac-BH)2 and at -0.200V for V(HNP-BH)2 confìrm

that the first C.V. wave cornesponds to a one-electron process. The C.V.

waves of these reduced solutions (Figure 5.4.6) ane essent'ially identical with

the in'itjal ones conf irming the stabiììty of the +3 spec'ies. V(HNP-OAP)2 was

subjected to C.P.E. at -1.700V to investigate the second r^eduction wave. In

this case, a total of two electrons pen molecule was transferred cornesponding

to y4+¡y3+ and U3+¡y2+ reductions. In the C.V. of th'is neduced species, two

minor new redox p¡ocesses were obsenved jn addit'ion to the V4+/V3+ and y3+¡y2+

;:
{

Èi-

t'

1

t

l
t

I

I

I
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TABLE 5.4.3: CONTROLLED. POTENTI AL COULOMETRIC DATA FOR SOME VL, COMPLEXES

COMPLEX c. P. E.

AT

(v)

MEDIA FOR ONE ELECTRON REDN.

CALC. A

ceq

0BS. a

ceq

V( acac-BH) 2

V( Bzac-BH) 2

\/(HNP-BH) 2

v( HNP-OAP) 2

Tì (acac-BH) 2

-0.500

-0.500

-0.200

-1.700

-1.100

a

b

a

c

d

r.624

2.226

1.013

4.010

3.454

1.581

2.153

0.893

4.r82

3.070

ô. Propy'lene carbonate/Et4NBF4/Pt

b. cH2cl 2/Et4NCl

c. DMSO/Et4NCl 04/Pt

d. cH3cN/Er4NBF4/ Pt

I

couples. The finst process is assoc'iated with the waves at -1.098 (anod'ic)

and -l.L62U (cathod'ic) and the second with +0.033 (anodic) and a small wave at

(-) 0.030V (cathodìc). Fnom the relatìve jntens'ities of the two waves, these

two ptocesses appear^ to be related and due to the fonmtion of a new species

which is not the free ìigand.

The electnonic spectra of these neduced solut'ions were different from the

initial spectra (see F'igune 5.4.7), the main d'ifference being the absence of

the low enengy charge tnansfer band with the nest of the spectrum remaining

approx'imately the same. The d'isappearance of the fol I owì ng LMCT bands v',ene

obsenved on neductìon:

For V( acac-BH) , i n propy'l ene carbonate LMCT at 545 nm.

For V(Bzac-BH)2 ìn dichlonomethane LMCT at 538 nm-

These obser.vations conf irm our" assignment (see Sect'ion 3.7.3) of these bands

as LMCT.

V(HNP-OAP)Z which was neduced at -1.700V to the +2 state gave a spectrum

with a number of shoulders suggesting the pnesence of more than one spec'ies.
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5.4.4 THE REDOX I.TECHANISÌ'I

It 'is l'ikely that the el ect¡on i nvol ved i n the el ectnochemi cal neducti on

The V( III)is accommodated in the empty d orbital of the vanad'ium atom'

species formed on neduction appears to be stable under the experimental condì-

tions, over appreciabìe perìods of time. The electronÍc spectra of the

reduced yeì 1 ow to brown sol ut'i ons , showi n9 absence of the strong LMCT

absonpti on maxima at - 540 ñÛì, af'e cons'istent wjth the speci es to be of

vanadium(III). t,lelI-defined C.V. waves for the y3+¡y2+ redox couple also

ind.icate the stabjlìty of the V(II) species fonmed, aìthough there is evidence

of some decompos'iti on. The above observati ons suggest the fol I owi ng

equ'i 1 i brì um neacti ons :

V(IV)Lr+e r- V(lII)Li

- r74 -

\/(rrr)Lã e+ v(rr)Lã-

s.4.5 FACToRS GOVERNING REDOX POTENTIALS

In orden to obsenve the electrochemical neduction of an oxovanad'ium(IV)

comp'lex, it is necessany to replace the oxo funct'ion by a'l'igand system compa-

t.ible w.ith the coordination r.equirements of the vanadium(III) oxidation state.

For example, the nevensìble electno-neduction of V0(acac)2 Sives V(acac)3 in

the presence of excess acety'lacetone27r305. It'is not sunpnising, ther^efone,

that easy revers'ible reduction is observed in the YLz complexes as it only

requines the addìtÍon of one electnon which may be associated wjth an

'intramolecular rearnangement of the coordìnation geometny.

The ava.ilab.ility of vL2 complexes jn whjch the ìigand can be van'ied syst-

emat.i cal ly penmi ts study of the ef f ect of the ì i gand on the nedox potent'i aì .

Acceptance of an electnon in the d or^bital will be facil'itated by an incneased

electron-w.ithdr^aw.ing effect in the ligand with a consequent increase'in the

E r/z v al ue'
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The -EIlZ values obtained for different VL2 compìexes (Table 5.4.1) w'ith

Schiff bases of vanying amino- and constant ketonjc groups faìl in the onder:

K-OAP > K-BH > K-SalH (K = Keton'ic part)'

Thus, the EI/z values are most negative for the OAP-Sch'iff base complexes and

the most positive for the salicyloylhydnazone vL2 compìexes. In the benzoyl-
-N-C-

hydrazone compìexes, the electron densìty from the '-iü_ conjugated system ìs

dnawn.into the phenyl ring thereby makìng vanadìum suscept'ible to easy reduc-

t.ion. In the saìicyloylhydrazone compìexes' the -0H is hydrogen-bonded to the

f.irst N of the hydrazìne part. As a result, the electnon donat'ion from this N

to the o-fN-Î-\us welI as fnom oxygen of the -0H gnoup w'ilI be nestricted.
\{/

Thjs wjll lower electron density on Ehe 0- bonded to vanad'ium thus making

vanadi um mone suscepti bl e .to el ectro-neducti on. It appears that 0AP 'is I ess

electron-w.ithdrawing than BH. Compared to the OAP-sch'iff base compounds, the

azo-complexes reduce at lower (bv - 0'2v) 'Er/2 values which shows them to be

much more electron withdrawing. Th'is is attr^ibuted to the nepìacement of -CH=

of the OAp-schiff bases by the -N= in the d'iazo ìigands wh'ich can attract

electnon mof.e easiìy thr.ough an ìnductive effect.

A sim.ilar but less pronounced effect is observed when electnon-wìthdraw-

.ing subst'ituents are i ntroduced 'in the aromat'ic ri ng of the ì i gands. Thus,

the f o1 
.l 

ow.i ng order .i s observed f or the -¿ \z val ues of y4+¡ y3+ coup'l es 'i n

various pX-subst'ituted 1ìgand complexes:

For Bzac-pX-BH, NOZ<Cl<OMe

Cl<H<Me

Cl<H<Me

Fon HNP-px-04P,

s.imìlan or.der has also been obsenved for the y3+¡y2+ coup'les when they can be

obsenved, e.g. jn the HltR-pX-ORP complexes. Thus, the pneference of mo¡e

electron-wìthdrawing group in the ììgand causes the complex to reduce at a

mone pos.itive potent'iaì. The electron-donating methyl substituent on the

'ligand pnoduces the oppos'ite effect.

Keeping the amine part constant, the'Et, values for the y4+7y3+ coup'les

Y

For p -0AP-e -nap :
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fall in the onder:

acac-A > Bzac-A > dbm-A > HAP-A

> HNP-A > Sal -A

for all the A = BH, SalH and oAp schiff base compìexes. Íhe -El¡, values for

the y3+¡y2+ coupìes also fall in the above order but with the HNP-A and Sal-A

posìtions be'ing ìnterchanged. The same sequence ìn ¿l/z'is observed in the

Ti L, compl exes so f a|i nvesti gated. The el ectron'i c ef f ect of the d'iketonato

mojetìes.inSch.iffbases.ispar.aìleltothatseeninthebidentatediketonato

comp'lexes. Thus, for various M(AA)n complexes [M = co(II), Co(III), cr(III)'

Ru(III);AA=acac,Bzac,dbm;n=2,3lthe-tl/zvaluesalsofal'ìintheorden

acac > Bzac > dbm (see Tabl e 2.9.4 and nefenences therein)' These electronic

effects are readi lY attri buted

phenyì and napthy'l anomat'ic rì ngs'

to the el ectron-withdraw'ing eff ect of the

The E aZ val ues for the y4+7y3+ and y3+7y2+ coupìes and the lE f,

(v3*/u2+ - y4+7y3+¡ values

¿L/z 1y4*¡v3*) and that th

and v3+/v2+ couples range

the differing extents to

various ligands.

T'itanium(IV) forms

Isee Sectìon 3.6.5(d)] wi

'indicate that the E t¡, 1v3*/v2*) is not linear w1th

e dìffenences in the reductìon potentials of y4+7y3+

fr.om1.4-l.SV.Thesedifferencesmustberelatedto

whì ch the ox'idati on states are stab'il i zed by the

sim.ilarbis.tridentateneutna]TiL2complexes99

ththeìigandsfor.mingYLzche]ates.Theelectro.

chemistry of some of these TiL2 complexes was studìed'in the same medìa (DMSO/

EI4NBF4/Pt) in orden to make comparisons with the vL2 complexes and to examine

the effect of the metar on the redox p.openties. Ail T'iL2 cornplexes exam'ined

showed well defined C.V. waves for the 1i4+¡1'¡3+ nedox couple' In some of

them the second wave f or the t13+7T'i2+ couple occunred at a potentì al wh'ich

could be seen before the cathodìc reduätion lim'it of the med'ium' A contnolled

potential eìectrolys'is of T'i(acac-BH), (see Table 5.4.3) at -1'10V confinmed

the reductì on at thì s potenti aì to be a one-el ectron process' These

obsenvat.ions conf i rm sim'il ar behav'iour of the b'is-VL2 and T'iL2 compì exes.
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An examination of the Ef, values of TiL2 and vL2 complexes (Table 5'4'4)

as well as the 
^E v2 (TìL2-VL2) values wh'ich range from 0'4 to 0'8v indicate

that .i n addi ti on to the metar .i on characteni sti cs , f actors rer ati ng the metal -

ligand interactions are also responsibìe for^ the observed E v2 values' As

agaìnst the first electnon-transfer reduction at 0- (-)0.4V for the VL2 comp-

I exes , the T'i L2 compl exes reduce at a more negati ve Z \Z val ue rang'i ng f rom

(-)0.45 - (-)0.90v whjch is consistent wìth the position of the metals'in the

f.irst transit.ion series. It'iS, however, intenesting that although 1i4+¡1i3+

neductìons occur at more negative potentìals with respect to the y4+7y3+

coup.le, the r.¡3+7ti2+ nedox potentials are at about the same values as that of

the Y3+¡Y2+ coupìe.

speci es than V( I I ) .

It reflects gneater stabilization of the reduced Ti (lI)

Accommodati on of the accepted el ectron 'i n a mol ecul ar

orbital which ìs mone like ligand orbital might be an expìanat'ion for the

observed effect.

TABLE 5.4.4: THE E V2 ANo ¡r Ot VALUES FOR THE Ti L AND VL COMPLEXES IN

DMSO WITH O.lM Et NBF AND AT 100 mV SEC SCAN RATE

( w0RKI NG ELECTRODE - PLATINUM)

L I GAND

acac-BH

Bzac-BH

HNP-BH

Sal -BH

0PA-p -c res ol

-Y t/z 0F T'iL2

(v)

0.98

0.89

1.79

0.7 5

1. 63

0.79

0.47

-¿ Llz 0F vLz

(v)

0.42

0.35

0. 11

T.7T

0.01

-0.06

(T'i L2- vlz)

(v)

0.56

0.54

0.64

0.08

0.7I

0.53

*
^EVz

Ar r potent.iar s vs s. c. E. * The r ast two Tì L2 compounds wene suppì'ied by M.

Manlkas (Summer Vacation Research Student)'
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5.5. ELECTROCHEHI STRY OF VOL.OR AI{D v0L coüPLEXES

The electron transfer characteristics of a number of a'lkoxo-(tridentate)

oxovanad.ium(v) and oxo-bridged-(tridentate)oxovanad'ium(v) complexes were

studi ed at a p.lati num el ectr^ode i n DMSO usì ng Et4NCl 04 as the supporti ng

el ectrolYte.

A]though monomenic and djmeric vanadium(v) comp'lexes are capable of show-

i ng c. v. waves correspondi ng to y5+7y4+, y4*7v3* and y3+ ¡y2+ r'edox coup'les,

dimeric vanad.ium(v,v) compìexes can also show the'intermediate stages v(v'v) *

m.ixed-va'lence v(v,IV) + v(IV,IV). coulometric experiments can demonstrate the

pnoductì on of the m'ixed-ox'idat'ion V(V 
' 
IV) speci es '

The cyc'l.ic voltammetric data are summarized'in Table 5.5.1 and voltammo-

gnams for some compìexes aFe shown in Fìgune 5.5.1. These waves are neproduc-

i br e on revers.ing the scan and have r arge lEp var ues i nd'icati ng that el ectron

transfer i n these systems i s quasi -neversi br e. Th'is 'is parti cul ar^'ly so f or

the wave at the most positive potent'ials. In general' the main waves ane in

the regìons anound +0.3 and -1.0v and, in some cases, -1'65V' These waves'

from the knowìedge with other systems, correspond to y5+7y4+, v4+7y3+ and

U3+¡y2+ couples nespective'ly. In addìt'ion, thene a¡e some weaker cathodic

peaks 'in most of the sYstems.

To.identify the number of electnons (n) associated w'ith the reduction'in

the +0.3v region, contno'l1ed-potential electro'lys'is (c'P'E') for a few systems

were carr.ied out. The coulometric data presented ìn Table 5'5'2 show that

approximately 0.5 electron per vanadium was transferred' This suggests that

tne IV0(Bzac-BH)J20 dìmer is reduced to the m'ixed-valence vanadium(V'IV) dìmer

species. Mixed-oxidat'ion vanadium(V,IV) comp'lexes, ìncluding (NHa)3[v203(nit-

roacetate)2J.SHrO the crystal structure of which has been determined' ane

knownl3¡319¡320.

The red-brown solutions of v0(Bzac-BH).OEt and (v0(Bzac-BH)lz0 in DMSO

bef ore c. p. E. had i denti cal el ectroni c spectra. The yel I ow sol ut'ions obta'ined

aften C.P.E. again had'identical spectra but djffering fnom the injtial ones



-r79-

TABLE 5.5.1: CYCLI C VOLTAMMETRIC DATA FOR THE VOL. OR AND VOL 0

COMPLEXES IN DMSO I^I ITH Et 100 mV/ SEC SCAN RATENCI 0¿ AT

L IGAND

l=

(WORKING ELE cTTõDE - PLATINUM)

(v)

Ep.

(v)

Ê

'pa )z
V )

E

(

Bzac-BH

dbm-BH

HNP.BH

HAP.BH

Sal -BH

COMPLEX

VOL. OEt

( vOL) 20

VOL.OMe

( voL) 20

VOL. OMe

+0.45

-0.90
-1.58

+0.43

-0.94
- 1.66

+0.42

-0.89

+0.56

-0.90

+0.45

-0.87
-1.55

+0.50

-0.93
-1.51

+0.37

-0.94

+0.37

-0.100

+0.42

-0.86

+0.41

-0.96

+0.21

-1.10

-r.75

+0.20

-1.13

-1.90

+0.27

-1.06

+0.17

-1.10

+0.2I

-1.09
-1.70

+0.20

-1.06

-1.7 6

+0.13

-1.15

+0.20

-1.14

+0.19

-1.08

+0.16

-1.14

+0.33

-1.00
-r.67

+0.32

-1.04
-1.78

+0.35

-0.98

+0.37

-1.00

+0.33

-0.98
-1.63

+0.36

-1.00
-1.64

+0.25

-1.05

+0.29

-1.07

+0.31

-0.97

+0.29

-1.05

AE p

(mv)

240

200

i70

230

190

240

150

170

390

200

240

220

150

300

130

250

240

2L0

170

140

230

220

250

180

( vOL) 20

V0L. OMe

( vOL) 20

V0L.OMe

(v0L)20

Al I potent'i al s vs S. C. E.
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(see Figure 5.5.2). Aìso, both complexes showed identical C'V' waves (A and B

i n F.igure 5.5.1) with comparabl e E I¡, val ues. These observat'ions, especi al ly

the n value of about 0.5 electnon/vanadium, confirm that the vol'0R compìexes

ìn DMSg rearranges.into a dìmeric configuration, pnobably by reaction wìth

traces of mo.isture [see section 4.2(c)], and that the f irst reduction spec'ies

of v(v,v) dimer ìs a m'ixed-valence v(\/,IV) compound. In the voltammetn'ic

studyofthe(V0Qe).0-(V0Q2)(a=S.quinolinato),Heplerandftjggþgl3I5

neported its reduct'ion to the vanadium(v,IV) species (v0Qz)-0-(\/0Q2)- at

-0.05v.

The shape of the electnonìc spectna of the spec'ies obtained by the

neducti on of v0L.OEt and (v0L) z0 (L = Bzac-BH) at +0. 2V 'is 'i denti cal to the

spectrum of the assumed (v0L)2/voL.MeoH [see spectnum A in F'igune 4'2'I and

Sect'ion 4.2(a)1. Th'is was obtai ned f rom VOCI 2, Li OAC and L& (L = Bzac-BH)

under oxygen free cond'ition. From the above evidence it is now clear that

some oxi datì on must have taken p'l ace ì nspite of the ri gorous oxygen free

pnocedures followed. Th'is is further supported by the fact that the molar

absorptìvity at th. 
^,nu* 

of 415 nm was s'ign'ificant'ly lower in the spectrum of

,(vOL)2'whìch now must be considered to be that of a mixture'

l¡lith some of the other ì'igands (e.9. HAP-BH) the E 12 obta'ined from

vOL.0R b,er.e sìgn'ificant'ly different from those of (\/0L)20. This rnay be due to

i ncompl ete hydr.olys'is of the al koxo compl exes i n sol uti on.

TABLE 5.5.2: COULOMETRIC DATA FOR SOME VOL.OR AND VOL COMPLEXES

FOR ONE ELECTRON REDN.

COMPLEX c. P. E.

AT (v)

CALC. a

ceq

0BS. a

ceq

V0( Bzac-BH) . OEt

IV0(Bzac-BH)]20

v0( HNP-BH).OMe

+0.200

+0.200

-0.100

5.216

2.387

4.825

2.603

1. 846

2.L02

â. In DMSO/Et4NCl 04/Pl medi um.
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5.6 ALKOXO-BRIDGED OXOVANAD IUü( IV) C0iIPLEXES

A number of the al koxo-bri dged tvo(AA) (0R) lz compl exes descni bed i n

chapter 2 wer.e subiected to voltammetric stud'ies i n order to exami ne the

possi bi I .ity of us.i ng el ectrochem'i cal methods f or the'i r characteri zat'i on and

invest.igat.ion of solution properties. However, comparison of their cydic

vol tammograms , 'i nc'l udi ng di 1f erent i al pu'l se 'i n some cases , w'ith those of the

b.is-\,0(AA)2 compìexes (F'igures 5.6.1 and 5.6.2) show that (i ) the ox'idation

wavesabove+0.TVarecomparabletothoseofthecorrespondingV0(AA)2comp.

I exes and (i .i ) the oxi dat'i on waves between +0. 2 and +0. 5v wh'i ch a ne observed

i n al I t\/0(AA) (0R) lz d'imens i rnespecti ve of the aì kyl group are rel ati veìy

weak and seem to be due to some other species formed by the decompos'it'ion of

these d.imers. It has been obsenved (sectìon 2.3) that these alkoxo-b.idged

complexes r.eadjly decompose jn the pf'esence of a trace of moistune to v0(AA)2

and v0(0H)2. In DMS0, we specul ate that the second spec'ies produced 'is most

probably a sol vated vanadyl spec'ies wh'ich oxì di zes at potent'ial s i n the regi on

+O.Z-(+)0.5V. Insp.ite of al I precautions to exclude mo'isture, the possibility

of suffic.ient traces to hydr-olyse the alkoxo gr.oup cannot be ignor ed. In most

cases, the peak posit'ion and'intens'ity were found to differ with t'ime as well

as f or i n'iti al pos'it'i ve on negati ve scans. It i s j nteresti ng to note that on

stand.ing in DMSO solution or better on repeated scans the V0(AA)2 complexes

also deveìoped weak-add'itional peaks'in th'is negìon. To dnaw any definite

conclusions on the species formed and these wave charactenist'ics, it is appro-

priate to funther study these compìexes in a rìgonous ain and mo'isture-free

condjtìon and most su.itab]y using spectro-electrochemìcal techniques enab'ling

mon'itorìng of the decompos'ition of the expe¡imental solutions'
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CHAPTER 6

EXPERIMENTAL

6.1 STARTING T.IATERIALS

Acetylacetone, benzoylacetone, dibenzoylmethane, Z-hydroxy-1-napthalde-

hyde, 2-hydroxyacetophenone, 2-hydnoxypr"opiophenone, ?,4-dihydroxybenzophen-

one, sa1jcylaldehyde, o-aminophenol, p-methyl-o-am'inophenoì, p-chloro-o-amino-

phenoì, 3-amino-Z-napthol, p-methoxypheno'1, p-cneso1, p-chlorophenol, phenyì -

hydrazine, ethylbenzoate and ethyl salicylate wene obtaìned from Aldrich Chem-

ical Company Inc. phenol and ß-napthol wene obtained from BDH Chemicals.

Most of the sol.id compounds weÍ.e of sufficient pur^'ity to use di nectly. The

liquid materials wene distìlled before use.

6.1.1 Vanadyl Chl oni de - V0Cl 2

Vgçl Z. nH20, obta'ined as a 507" sol uti on f nom BDH Chem'ical s, was dni ed

over pZOS under vacuum until a blue sol'id mass was obtained. This was then

dissolved ìn the approprìate dry alcohol and the vanad'ium content of the solu-

t.ion was determìned fnom the spectrum in 1 M HZS04 solution [a¡4 of VO(0HZ)fi+ =

BIS.B IDENTATE OXOVAI{AD ruÈr( rv) c0l,tPLExEs

6.I.2 Bi s ( acetyl acetonato )oxovanadium(IV) - V0 (acac)2

Th.is was prepared by the method of Rowe ¿¡d Je¡s5321. A dark blue solu-

ti on of vanady'l su'lphate was obta'ined by reduci n9 VzOs (100 mmol ) on heat'ing

in water (50 ml) containing HZS04 (35 ml) and ethanol (100 ml) for about

30 m'inutes. Freshly distilled acetylacetone (45 ml) was added to this and the

17.8 M-1.r-11.
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solutìon was neutral'ized slowly by Na2C03 solution (16%) on continuous st'ir-

ring when blue precip'itate appeaned. Th'is was filtered and recnystallized

from chlonoform solution and ident'ified from its vanadium and ììgand contents

determined by methods as descnibed in sect'ion 6.3 (ii).

6.1.3 Bi s ( benz oyl acetonato ) oxovanadium(IV) - V 0( Bzac ) 2

Th'is compound was prepaned by the pub'l'ished pnocedune2 I' A m'ixture of

an aqueous sor ut.ion of v0s04 and an ethanor sor uti on of benzoy'racetone was

neutralized with dilute ammonium hydnoxide wjth constant stirrìng' The green

precipitate fonmed was filtered, washed wjth waten, then ethen' dried and

recrysta.ilized from chronoform sorution. Th'is was identified by'its v and

I i gand contents.

6.1.4 Bìs(d'iben zoyl metha no) oxovanadi um( IV) - V0( dbm) 2

The above pnocedure 6.1.3 gave this apple-gr^een compound which was

i denti f i ed sìmi'lan'lY.

t,
4ì

fl

6.1.5 Monoaouo-b'is(salj cyl al dehYdo oxovanadium(IV) - V0(Sal ) z'Hzo

Th.is was prepar.ed by fol l owi ng a pub'li shed pnocedure3 22. A sol ut'ion of

salicylaldehyde (22 mmol) in ethanoì (50 ml) was added, under nitrogen atmos-

phere, to Vocl 2 oo mmoì ) solution in water (50 m1 ). Th'is, after stirring for

5 mì nutes , v1as neutral i zed wi th excess of sodi um acetate sol ut'i on. The ol i ve-

gneen prec.ipìtate was fìltered, washed w'ith water and then diethyl ether"

dried and charactenjzed by 'its vanad'ium content and 'inf raned spectrum'

6.1.6 Monoa quo-b'is (2-oxo-1-n apthal d eh.ydo )oxov anadium(lV) - V0 (HNP) 2.H20

prepared foì ì owi ng the I itenature

preparat'ion and characten'ized by its

)

Thi s ol'ive-gneen comPound was

method266 s'im'il an to the above (6.1.5)

uutfrium and f igand contents.
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AROYLHYDRAZIilES

6.t.7 Benzoyl h.ydnazi ne - C 6H5C0NHNH2

This was pnepared by refluxing ethylbenzoate with hydraz'ine hydrate for

2I hours and then necnysta'l'liz'ing tw'ice f¡'om ethanol. rl.p. 112'C (l'it.sz¡

112.5"C).

6.1.8 p-Chl orobenzoyl hydraz'ine - p-Cl -C 6H4C0NHNH2

A m.ixture of ethyl-pcl-benzoate (prepared by literatu¡s rnsf,þefl32a; b.p.

238.C) and hydnazine hydrate was nefluxed for 3 1/2hours and the wh'ite solid

mass recrystaìlized twjce f-¡om hot water. rTl.p. 163oC (lit.azs 163'C).

6.1.9 p -Nitr^obenzoyl h.Ydraz'i ne - p-N02-C6H4C0NHNH2

A mixture of p-nitrobenzoyl chlonide and hydrazine hydrate was refluxed

for L4 hours and the wh'ite solid mass recnysta'llized twìce f rom ethanol .

frì.p. 210'C (lit.azs 210-2"c).

6.1.10 Sal i cyloyl hydraz'i ne - 2-H0-C6H4C0NHNHz

Ethylsalicyìate was refluxed with hydrazine hydrate fon 5 houns and the

whìte sol'id mass obtai ned was recr"ystal I i zed twi ce f rom hot r,'rater. ffi. p. 146oC

(1it.327 146.5oC).

6.2 REAGEI{TS. SOLVEI{TS AND GASES

REAGENTS

The 0.5 M sodium tungstate solution, used in the vanadium anaìysis of

the pr"epared comp'lexes, v{as pnepared by dissolv'ing Na2t'104, 2H20 (16'5 g, A'R',

BDH) in waten (100 ml ). Tetraethylammonium penchìorate and tetr aethylammonium

tetrafluonoborate, used as supporting electroìytes in the electrochemical

expenìments, were pnepared follow'ing'litenature method5328. The formen uras

,1,
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pnepared by treating Et4NBr (25 mmo] ) 'in water (- I ml ) wìth aqueous 70% HCl04

( 26 mmo.l ) and recr.ysta|l .i zed twi ce f nom water. m. p. 350-352oc w'ith decompos'i -

tìon. EI4NBF4 was sim'ilanly prepared by reacting Et4NBr (25 mmol) in water

I

I

t,

I

I

I

I

¡

,Þ..

(- I ml) with HBF4, concentrating and then dilut'ing with diethyl

necrystaì ì i zi ng the product tw'ice f nom a methano'l -petrol eum ether

mixture. ffi.p. 376-8'C with decomposit'ion'

ether and

( 40-60"c)

SOLVENTS

All solvents were drìed by standand methods324¡32e and dist'illed unden

di nitr-ogen atmosphere before use.

GASES

H'igh pu¡ity dinitrogen and angon obained from C.I'G' Australia Ltd' were

used as nece'ived.

EXPERI}IENTAL TECHNIQUES

HAI{DLING OF AIR-SENSITM C0Í.|POUÎ{DS

These compounds were manipu'lated unden an ìnert atmosphere using schìenk

gìasswane. such g'lasswane was fitted with one or mone taps alIowing evacua-

t'ion of the apparatus followed by the'introduction of the inert gas'

(i i ) ANALYSES

Mì cnoana'lyses were penf ormed by the canadi an M'icroanalyti cal

Senv'ice Ltd., Vancouver, B.C.

The vanadìum contents were determined by the phosphotungstafg rnglþei330.

The organic content of the complex was destroyed and the vanadium converted to

the +5 state by treating an accurately we'ighed (- 5 mg) sample of the complex,

first w.ith concentrated H2s04 (0.2 mr), and evaporating to dryness with 2-3 mr

portions of concentrated HN03, and fìna'lly w'ith HCl04 (70%) (2-3 ml port'ions)'

Absorption at 410 nm was used to determine the v-content. A cal'ibrat'ion cunve

6.3

(i )
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was pnepared w'ith NH4V03 (ANALAR)'

For vanadyl complexes, including some alkoxo-brìdged dimens' the % o1

the chelate ìigand was detenmined from the u\/ spectrum of a solution of the

freshly prepared complex ìn 0.5 M H2S04 in 50% aqueous-ethanol' The spectrum

was compared with that of the bidentate'ligand in the same solvent after

alìowìng for the absorptions by V02+ and the relevant alcohol in the same

sol vent.

fc

t

\,

I

I

1

I

Þ"'

6.4 PREPARATION OF ALKOXO.BRI DGED 0X0VANADIUI'|(

The follow'ing thnee general methods were employed to obtaìn the dimeric

comp'lexes.

METHOD A: From bìs(g-diket onato)oxovana dium( IV), V0( AA) r

rv)

VO(AA) 2and phenylhydrazine'in the ratio of 1:1 in degassed RoH (R - Me'

Et, np.) wer.e nefluxed under din'it¡ogen fot^ about 45 minutes' The d'imen

productwascollectedoncoo]inginarefr.igeratorat-6oC.

METHOD B: D'irect SYnthes 'is from VOCI a

VgCl2 solution 'in dry RgH (R = Me, Et, nPr') was degassed and added to it

appnoprì ate amounts of the b'identate

Th i s was ref I uxed unde r d'i ni t nogen

col I ected on cooì i ng.

al cohol

under

ìi9a

for

nd AAH and a base

about 45 mi nutes

(LiOAC or Et3N).

and the Product

METHOD C: Met athesis Reaction

The methoxo (or ethoxo)-bridged dimeLin the appropriate deoxygenated

, RgH (R = Prn, P.i, Bun, Br2, Etgye, EtgEt' Ph' Bz' pIBz) was refluxed

d.in.itrogen f or about 45 mi nutes. In almost al I cases ' the hì gher

al koxo-bn.idged d'imers , Iv0(AA) (0R)]z were f ormed neadi ly by metathesi s '
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,l

t
Bel ow a r.e the methods empl oyed to prepare the i ndi v'i dual di mer

comp'l exes.

6.4.1 Di -u-methoxo -b'i s[ ( acety] acetonato ) oxovanadi um( IV) I - [V0(acac)(0Me)J2

(a) To V0(acac)2 Q5 mmol) in dny and rìgonousìy oxygen-fnee MeOH

(150 ml) was added, PhNHNH, QS mmol) and the mixture on further degassing

with dinitnogen was refluxed for 45 minutes. The bìue crystals that separated

slowìy on cool'ing r,ler.e filtered, washed w'ith degassed methanol and petroleum

spirit (40-60"C) and dried over fused granular CaCl2 unden high vacuum. Yjeld

74%, m.p. 182-5oC (decompos'ition); Analys'is, found! C, 36.55i H, 5.08;

V, 25.LL. (VC6Hl004)2 req+ines C, 36.57; H, 5.11; V, 25.85%.

(b) To V0Cl 2 GZ mnrol ) 'in dny and degassed MeOH (30 ml ) wer"e added

acetyìacetone (11.5 mmol) and Et3N (?3 mmol) and nefluxed the solution for

40 minutes. The blue pnoduct formed slowly on cooììng was collected and

'identìfied from jts'infraned spectrum. Yield 75%.

6.4.2 Di -u-ethoxo-b'is [ ( acetyl acetonato ) oxovanadium( IV)l - Iv0(acac) (OEt)]2

(a) PhNHNHZ (25 mmol) was added to V0(acac)2 (25 mmoì) 'in dry and

degassed ethanol under d'initrogen and the mixture was refluxed for 40 minutes.

The beautìful sky-b'lue cnystals that fonmed slow'ly on cool ing wene f iltened'

washed with degassed ethanol and petroìeum spirit (40-60"C) and drìed. Yield

75%, m.p. 180-soc (decompos'itÍon); Anaìysis, foundi C, 39.?0i H, 5.41;

V, 24.32. (VC7H1Z04)2 reQu'ires C,39.82i H, 5.73; V, ?4.73'1".

(b) Fol lowing pnocedure for' 6.4.1 (b), this compound was also prpeaned

by refìux'ing degassed solution of V0Cì2, acacH and Et3N and identified from

i ts i nfraned spectrum. Yi el d 75%.

6.4.3 D'i -u-n-Dnopoxo-b'i s[(acety I acetonato )oxovanadi um( IV) l
- [V0( acac) (0Prn ¡ 1,

(a) The same pnocedure as for^ 6.4.1 (a) using n-propanol as the solvent

I

I
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gave a blue product. Yield 40%, flì.p. 182-6oC (decomposìtion), Analysis,

found: c, 42.48; H, 5.97 i V, 22.95. (VCgH1204)2 r'equ'ires c, 42.68; H' 6.27;

\/, 22.63%.

(b) [v0(acac)(OMe)]2 (5 mmol) in dry and degassed n-propanol (40 ml)

was nefluxed for 40 mìnutes and the blue crystals separated on cooling were

collected and identified from the infraned spectnum. Y'ield 90%.

6.4.4 Di-u-'isopnopoxo -bi s[ (acety] acteonato ) oxovanadi um( IV) l
- tV0( acac) (0Prr ) l2

The same metathes'is method and quantities as fon 6.4.3 (b) were used to

obtai n a bl ue crystal I i ne pr^oduct. Y'iel d 84%, m. p. 160-3"C, Ana'lysi s, f ound:

C,42.57; H,6.27i V 23.16. (VC8H1 Z}q)Z requires C,42.68; H, 6.2.7; Y,22.631'.

6.4"5 Di-u-benzyloxo-bì s [ ( acetyl acetonato ) oxovanadium( IV)l - tvO(acac)(0Bz)12 
i

[V0(acac)gEt)J2 (3 mmol)'in dry and degassed benzy] alcohol (35 ml) was

nefluxed fon 40 minutes and the blue precipitate fonmed on cooììng was

filtered, washed w'ith excess ethen (to remove benzyl alcohol ) and dried.

Yi el d 95%, fl. p. 200-1'C, Analys'i s , f ound : C, 53. 35; H, 5. 05; V, 18.65.

(VCl2H1404)2 r'eQui res C , 52.7 6; H, 5.16; V, 18.657".

6.4.6 Di -u-Þ-methox.yben zyl oxo-bi s [ ( acetyl acetonato ) oxovanadi um( IV) I

- tvo( acac) loez-poMe¡ l,
IV0(acac)(OMe))2 0 mmol ) 'in dr^y and degassed toluene (60 ml ) contain'ing

a h'i gh excess (4.0 g ) of p-methoxybenzyl al cohol v',as ref I uxed f or 40 mi nutes.

The blue pnecìpitate that formed after standing at room tempenature was filt-

ered and washed with excess ether (degassed) to nemove any adhering alcohol

and toluene and dried. Yield 90%, rll.p. 155-160oC (decomPos'ition), Analysis,

found: C,50.64; H,5.41; V,17.13. (VC13H1605)2 reQuires C' 51'50; H,5'32;

v, 16.80%.
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6.4.7 Di -u-metho xo-bi s[ ( benzoYl aceton ato)oxo vanadi ourn( IV) I - [V0(Bzac) (0Me) l2

(a) phNHNHZ (10 mmo'l) r^las added to dry and degassed Me0H (120 ml)

conta.i ni ng v0(Bzac ) 2 ( 10 mmol ) and the degassed m'i xture was ref I uxed f or

45 mi nutes when an ol i ve-green prec'ipitate was f ormed. Th'is was f i ltered on

coo'l.ing, washed with degassed Me0H and petrol eum sp'irit (40-60'c) and dnied

unden vacuum. Y'ield g41", rll.P. 215-8oC, Analys'is, found: C, 51'06; H' 4'7I;

V, 19.39. (VC11H1204)2 r-equires C, 50'98; H' 4'671' V' 19'66%'

(b) To VOCI2 (3.2 mmol) solution in dry and degassed Me0H (35 ml) were

added BzacH (3 mmol) and Et3N (6 mmol) and stirred the solutÍon for a few

m.inutes when a green preci p'itate was obsenved to form. Ref I uxed the mi xture

f or 30 m.inutes and the preci p'itate was col I ected on cool'ing and char^acteri zed

by its infraned spectrum. Yield 90%.

6.4.8 D'i-u-ethoxo-b'is [ ( benzol yacetonato )o xovanad'ium( IV) I - tV0(Bzac) (0Et)l
2

(a) The same procedure as for 6.4.7 (a) gave an o'li ve-gr-een product.

Yield 92%, fl.p. 213-5"C, Analys'is, found: C, 52'46:; H' 4'92; V' 18'85'

(VC'ZH1404)2 nequ'ires C, 52.76; H, 5.17; V, 18'65%'

(b) The d.irect method as detailed for 6.4.7 (b) gave the same compound

characteri zed by 'its i nf raned spectrum. Yi el d 90%'

6.4.9 Di -u-n -Dr^oooxo-bi s [ (benz oyl acetonato oxovanad'ium( IV)l)

- tvOl Bzac ) (0Prn ) l2

(a) A (bl ui sh) gr.een product was obta'ined by fol I owj ng the same pnoce-

dune as for 6.4.7 (a) which was chanacten'ized by its V-content and character-

i sti c i nfraned spectrum. Yi el d 85%.

(b) [v0(Bzac)(OMe)J2 (4 mmol) in dry and degassed n-propanol (80 ml)

was refluxed fon 35 minutes. The gneen most]y insoluble stanting methoxo-

bridged dimer was converted into the n-propoxo-bridged dìmer' A green

(sl i ghtly bl u.ish) pr-eci pitate was col I ected on cool i ng, washed with degassed

petroleum spirìt (40-60'C) and dnied. Y'ield 95%, m.P. 230-2oC, Analysìs,
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found: c, 54.46; H, 5.52; V, 17.93. (VCl3H1604)2 nequìres c' 54.37; H' 5.61;

v, 17 .7 4%.

6.4.10 Di -u-i sopr^opoxo-b j sI ( benzoyl acetonato ) oxovanad'i um ( I V) l
- ivolBzac)(oPr'i )lz

The same metathesis method as for 6.4.9 (b), but using 'i$ropanol as the

solvent, gave an olive-gneen compound. Yield 96%, m.p. 207-10"C (decompos'i-

tion); Analysis, found: C, 54'40; H, 5.54; V, 18.06. V(C13H160a)2 requires

C, 54. 37 ; H, 5. 61; V, l7 .7 4%.

6.4.11 Di -u -n -butoxo-b'i s [ ( benzoyl acetonato ) oxovanadi um( IV) l

- tV0(Bzac) (0Bun ) l2

The same metathes'is method as fon 6.4.9 (b) gave a'light bluish gneen

pr^oduct. Yield 80%, rTì.p. 166-70"C (decomposition), Ana'lysìs, found: IBzac],

52.97 ; Y , 17.L2. V(Cl4Htg04)2 reÇu'i nes [Bzac], 53.52:' Y , 16.91%'

6.4.12 Di -u-sêc-butoxo-b'is [ ( benzoyl acetonato ) oxovanadi um( IV) l

- tvolBzac) (osuz¡ 1,

The same metathesis reaction as for 6.4.9 (b), but using sec-butanol

as the solvent, gave a'light bluish green pr^oduct. Yield 857", m.p.228-30oC,

Ana'lysis, found: C,55.43; H,6.23; V, L6.97. (VC14H1804)2 requ'ires C,55.82;

H, 6. 02; V , 16.9I%.

6.4.13 D'i-u-Z-meth oxvethoxo-bì s[ ( ben zoyl acetonato) oxovanadi um ( I V) l

- [V0(Bzac)(0EtOMe)]2

(a) Followìng the same procedure as for 6.4.9 (b) a gneen compound was

obtained by metathesis neact'ion of IV0(Bzac)(OMe)]Z (4 mmol ) in 2-methoxyetha-

nol (40 ml). Y'ield 80%, m.P. 191-2'C, Analysis, found: C, 51.57; H' 5.53;

V, 16.80. (VCl3H1605)2 requires C' 51'50; H' 5'32; V' 16'80%'
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(b) This compound was also prepared by nefluxing equimolar amounts of

V0(Bzac)2 and phNHNH2 ìn dr.y and degassed Z-methoxyethanol and chanacterized

by its infrared spectrum and V- and lBzac] contents.

6.4.14 Di -u-2-ethox.yethoxo -b'i s [ ( benzoy] aceton ato ) oxovanadi um( IV) l

- tV0( Bzac) (0Et0Et) lz

A green product u,as obtained by the metathesis reaction as descnibed

for 6.4.9 (b). ût.p. 170-5'C (decompos'ition), Ana'lysis, found: IBzac], 50.53;

V, 16.54. (VCi4HlS05)2 reQuìres [Bzac), 50.81; V' 16.06%'

6.4.15 Di -u-Phenoxo-bi s t ( oenzoyl acetonato ) oxovanadium( IV)l - IV0(Bzac) (0Ph)]2

[v0(Bzac)(0Me)]z (4 mmol) in a degassed solution of an excess (5.0 g) of

pheno'l in dry and degassed toluene (40 ml) was refluxed for 45 minutes. A

ìight bluish:green precip'itate formed was filtered hot, washed with excess

ether to remove phenoì and toluene,'if êrìy, and dnied unden h'igh vacuum over

fused CaCì2. yield gO%, rn.p. 265-80'C (decomposÍt'ion), Analys'is, found:

C, 59.70i H, 4.59; V, 15.95. V(C16H1404) Z requ'i res C, 59'83; H' 4' 39;

v, 15.86%.

6.4. 16 Dì -u -ben zvl oxo-b'is[ (benz oyl acetonato ) oxov anadi um( IV) l

- tV0(Bzac) (0Bz) l2

The metathes.is method 6.4.9 (b) gave a green pr"oduct wh'ich was washed

with excess ether to remove any adhering benzyl alcohol. Y'ield 9I%, rll.P.

206-8"C (decomposition), Analysis, foundi c, 60.67i H, 4.84; V, 15.56.

(VC17Hl604)2 neQuires C, 60.90; H, 4.81; V, L5'20%'

6.4.I7 D'i-u-Þ-meth oxybenzyl oxo-bi s [ ( benzo yl acetonato ) oxo vanadi um( I V) l

- tvo(Bzac) (oez-pOMe¡ ¡,

A gneen comPound was prepared fo'lì owi ng the same pnocedure as for

6.4.15, but uSing p-methoxobenzyìalcohol as the reacting aìcohol. fiì.p. 186-9"c
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(decomposition), Analysis, found: [Bzac] , 44.76; V, 14.20. V(C1gH1g05) 
2

requi r"es IBzacJ, 44.13; V, 13.95%.

6.4.18 Di -u-p-nitno-benzyl oxo-b'is[ ( benzoyl acetonato )oxovanadi um( I V) l
- tV0(Bzac) (0az-PN0z¡ ¡,

A gneen product was obtained bY

m.p. 191-2"C, Ana'lysis, found: IBzac],

requines [Bzac], 42.39; V, 13.40%.

the same pnocedune as

4L.97 i V, 13. 67.

for 6.4.15.

v( c17Hl5N06) 2

6"4.19 Di-u-methoxo-bis[(d'ibenzoylmethano)oxovanad'ium(IV)] - [V0(dbm)(OMe)12

A'light yellow solutÍon of dibenzoylmethane (10 mmoì) and Et3N (20 mmoì)

in dny methanol (50 mì) was degassed with dinitrogen and sìowìy added to a

degassed sol ution of V0Cl2 ( 11 mmo'l ) ì n MeOH (30 ml ). During st'irri ng at noom

temperature an apple-gneen pnecipitate appeared. The mixtune was refluxed for

35 m1nutes and the precipitate collected on cooljng uras washed wÍth degassed

methanol and petroleum spìnit and dried under vacuum. Y'ield 86%, m.p. 251-4'C

(decompos'ition), Anaìysis, found: C, 59.55; H, 4.42; V, 16.13. (VC16H1404)2

nequìnes C,59.82; H, 4.39; V, 15.86%.

6.4.20 Di-u-ethoxo-bis[(dìbenzoylmethano)oxovanad'ium(lV)] - tV0(dbm)(0Et)lz

A gneen product was obta1ned by the same method as fon 6.4.19.

88%, m.p. 250-3'C (decomposit'ion), Analys'is, foundl C, 60.63i H,

V, 15.46. (VC17H1604)2 reQuires C, 60.90; H, 4.8L; V, L5.20%.

6.4.2I D'i -u-n-Dropoxo-b'i s [ ( di benzoyl methano )oxovanadi um( IV) l

- tV0( dbm) (0Prn ) l2

(a) Fo1'lowìng the same procedure as for 6.4.9 (b), an olive-gneen

product was prepared by the metathesis reaction of (V0(dbm)(OMe))2in dny and

degassed n-PrOH. Yi el d 96%, rn. p. 248-50'C (decompositi on ) , Ana'lys'is, found:

C, 6!.72i H, 5. 03; V, 15. 17. ( VC1AHfAO4) Z nequi res C , 61.90; H ' 5. 19;

v, 14.59%.

Yield

4.93;
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(b) This was also prepared by method 6.4.19 and'ident'ified by jts

characterìstic i nfraned spectrum.

6.4.22 Di-u-i so p t'opoxo-b'i s [ ( di benz ovì methano ) o xovanadi um ( I V) l

- tv0( dbm) (oeri ) J2

The same metathesi s method as for 6.4.9 (b) gave an oì i ve-green

product. Yield 95%, m.p. 240-44"C (decomposition), Ana'lysis, found: c, 61'78;

H, 4.83; V , 14.?g. (VC18H1804)2 r'equ'ines C, 61'90; H' 5'19; V' 14"59%'

6.4.23 Di - -ben I oxo-bi s d'i benz I methano oxovanadi um IV - tvoldbm)(0Bz)12

A pa'le-green pnoduct was obta'ined by the same metathesis method. Yjeld

87%,m.p.206-8"C(Oecompos'ition),Anaìysis,found!C'66'zliH'4'54;

V, !3.!2. (VCZ2HlS04)2 requires C, 66'50; H' 4'57; V' I2'8?%'

6. 4.?4 D'i -u-methoxo-b isI ( 2-oxo-1-na pthal dehYdo oxovanad'ium( IV)l

- [v0( HNP) (0Me) ]2

A sol ut.i on of Z-hyd¡"oxy- 1-n aptha'l dehyde ( t0 mmoì ) and Et3N ( 20 mmol ) i n

dry Me0H (50 ml ) was degassed with d'initr^ogen and added slowly to a degassed

solut.ion of vOcl2 (11 mmol) in Me0H (30 ml) when a green precipitate was found

almost immediate'ly. The mixtune was relluxed for 15 minutes. The precipitate

was f iltered on cool'ing, washed with degassed MeOH and petro'leum sp'icit and

dr.ied under hi gh vacuum. Y'iel d 92%, rrì. p. 230-5oC (decompositi on ) , Analysì s,

found: c, 52.24; H,3.20; V, Ig.2L. (VC12H1004)2 nequires c' 53.55; H' 3,74:'

v,18.93%.

6.4.25 Di -u-ethoxo-b'i s t 2-oxo-1-naP th al dehydo ) oxo vanad'i um( I V) l

- tv0(HNP) (oEt)12

An apple-green pnoduct was obtained by following the same method as for

6.4.24.Yie1d90%,rI1.p.230-5'C(decomposit'ion),Anaìys'is,found:C'55'02;

H, 4.44; V, 18.13. (VC13H1204)2 requjres C, 55.14; H, 4.27: Y, 17'99%'
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6.4.?6 D'i-u-n ropoxo-b'is[ (2-oxo- 1-n ap thal dehvdo ) oxovanad'i um (IV)]

- tv0( HNP) (0Prn ) l2

(a) A gneen product was pnepared by the same procedure as for 6.4.9(b).

The almost insoluble startìng IV0(HNP)OMe)]2 comp'lex was convented to the n-

pr.opoxo d'imer on neflux. Yield 96%, m.p. 215-8'C (decompositìon), Analysis,

found: C, 55.65; H, 4.76i V, 17.25. (VC14H1404)2 nequires C, 56'58; H, 4'75;

u , 17.141..

(b) This was aìso prepared by the d'irect method 6.4.24 and 'identif ied

by its characteristic infnared spectrum.

6.4.27 Dì -u-'isopropoxo-bi s[ ( 2-oxo- 1 -napthald eh ydo ) oxovanadi um( I V) l

- tv0( HNP) (0Prr ) l2

An oìive-green Pnoduct was

for 6.4.9 (b). Yield 921., m.P.

C,52.79; H,4.55; V, 17.51.

v, 17.t4%.

by the same metathes'is method as

(decomposition), Analysis, found:

(VC1aH1aOa)2 requi nes C, 56.58; H, 4.75;

p repa red

230-3'C

6.4.28 D'i -u -ben zyl oxo-bi s[ ( 2-oxo-1-na pthal dehydo ) o xovanad'ium( IV) I

- tvol HNP) (0Bz) l2

The same metathesìs method as for 6.4.9 (b) gave a green pnoduct.

Yield 80%, flì.p. 203-5'C (decompos'ition), Anaìysis, found: C, 61.73; H, 3'97;

V, 14.91. (VClgHl404)2 requires C, 62.62; H, 4.09; V, I4'76%'

6. 4.29 Di -u-methoxo-b'i s [ ( 2-oxoaceto phenone ) oxovanadi um( IV) I - [V0 ( HAP) (OMe) J2

A degassed sol uti on of 2-hydr oxyacetophenone ( 10 mmol ) and Et3N

(20 mmol) ìn dry MeOH (30 ml) was s1ow1y added to a degassed solution of VOClt

(ll mmol ) i n MegH (20 ml ). An oì'ive-green preci p'itate appeared duni ng sti r-

ring at room tempenatune for about 30 minutes. The mixture was nefluxed fon

?5 minutes. The precipitate was filtered on cooìing, washed with degassed

methanol and petnoleum spinit and dried. Yield 70%, m.p. 2I8'20'C (decompo-
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sìtìon), Analysis, found: C, 43.34i H, 4.22; V, 22.67; IHAP], 58.54.

(VCaH1004)2 reQuir.es C ¡ 46.37; H, 4.32; V, 2L.85; [HAP], 57.97%.

6. 4. 30 Di -u-ethoxo-bi s[ ( 2-oxoacetophenone)oxovanad'i um( I V) ] - [V0( HAP) (0Et ) ]z

The same d'irect method as for 6.4.29 gave a gneen product. Yield 75%,

m.p. ?L?-ZI"C (decomposition), Analysis, found: C, 46.763 H,4.87; V, 20.871.

IHAP], 54.52. (VC19H1204)2 nequines C, 48.60i H, 4.90; V, 20.61;

IHAP], 54.681".

6.4. 31 Di -u-n-ProPoxo-b'i s[ ( 2-oxoacetophenone)oxovanadi um( IV) l
- [v0( HAP) (0Pnn ) ]z _

(a) The same metathes'is method as for 6.4.9 (b) gave an oìive-green

product. Y'ield 837", m.p. 183-6oC (decompos'it'ion), Ana'lysis, found: C, 51.16;

H, 5.23; V, 19.46. (VCl1Hl404)2 r"equ'ires C, 50.59; H, 5.40; V, 19.51%.

(b) Th'is was also prepared by dinect method 6.4.?9 and identjfied by

i ts characteri st'ic i nf raned spectrum.

6. 4.32 D'i -u-i sopnopoxo-bi s [ ( 2-oxoacetophenone ) oxovanad'i um ( I V) l
- tvol HAP) (0Prr ) l2

A (blu'ish) green pnoduct was obtained by the metathesis nrethod as

described fon 6.4.9 (b). Y'ield 80%, m.p. 127-30"C (decomposìtion), Anaìysis,

found: IHAP], 51.33; V, !9.67. V(C11H'404)2 r^eÇuíres IHAP], 51.74; Y, 19.51%.

6.4. 33 D'i -u-benz.yl oxo-b'is [ ( 2-oxoacetophenone )oxovanadi um( IV) l
- [vo1 HAP) (0Bz) ]2

The same metathes'is method as for 6.4.9 (b) gave a I'ight gr"een product.

Yield 90%, rn.p. 184-7"C (decomposition), Ana'lysis, found: C, 57.41; H, 4.54;

V, 16.40. (VCibHl404)2 requines C, 58.26; H, 4.56; V, L6.471".
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6.4.34 (Acetyl acetonato ) ( 2-oxoacetophenone) oxovanad'ium(IV) - V0 (acac)(HAP)

Z-Hydr^oxyacetophenone (1 mmoì) in dry toìuene (20 ml) was degassed and

to.it was added IV0(acac)(0Et)]Z (0.5 mmol) under din'itrogen. The colour

changed îr-om blue to green in about 10 m'inutes. The solution was refluxed fot

15 minutes and evaporated to dryness unden high vacuum. The gneen soljd left

was preci p'itated out from di chl onomethane-petrol eum spi rìt, washed wìth

petroleum spirit to remove any free HAPH and dried under vacuum. Y'ield 85%,

Analysìs, found, IHAP], 44.2; V, 16.7. V0(acac)(HAP) requ'ires IHAP], 44.9;

V, !6.g1.. Mass spectrum showed stnong peaks for the V0(acac)(HAP) molecular

.ion (301) aìong with peaks at 265 and 337 for V0(acac)2 and V0(HAP)2 nespect-

.ively. The UV spectr.um of this compound in 0.5 M H2S04 ìn 507" aqueous-ethanol

shows absorpt'ions due to both acacH and HAPH. The above compound did not show

any spot remainìng at the origin in the T.L.C. (in d'iethylether) p'late indica-

tjve of the pnesence of V0(acac)2.

6.5 PREPARAT IOl{ OF TRIDENTATE LIGANDS

The Schiff base ligands wene prepared by condensation neactions follow-

.i ng I ì teratu ne methods and thei r fÊfrYHð po'i nt determi ned. In al I cases , the

mass spectra and the i nf rared spectra wene taken as ev'idence for^ the Schi ff

base formation. Also the usua'l1y quantitative yields and the acceptabìe

micno-ana1yses of their VL2 and other complexes indicated formation and purity

of the 'li gands. 0n the bas'is of the above evi dence that the prepared sol i ds

wene the right Sch.iff bases, and because of theìn pnepanation as intenmediates

f or the preparati on of the compl exes, no mi cno-anaìyses of the 'l'igands wer"e

carried out. Thus, although the ìigands described below ane most pnobably the

r^i ght compounds r¡,,e make no cl ai m, however, f or the compounds whi ch we coul d

not f i nd 'in the l'iteratune.
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BENZOYLHYDRAZOT{E SCHIFF BASES

6.5.1 4-Phenylbutane-2, 4-d'ionebenzoylhydrazone - Bzac-B H-t!2

An equimo]an (50 mmoì ) mixtune of benzoylacetone (4-pheny'lbutane-2,4-

d'ione) and benzoylhydr^az'ine was heated in an o'il bath at 120'C for 20 mìnutes

and the o'il formed was cooled to a resinous mass wh'ich was then treated with a

m'in'imum volume of ethanol and refluxed for t hour and the pnec'ip'itate filtered

off on cooì'ing. This, on necrystall'izatìon fnom ethanol , gave beautiful white

cotton-l ike product. Yield 751., rrì.p. 133oC (l'it.1s6 132-3oC)' Found: mol.

wt. (mass spectrum), 280; Calc. for C6H5C0CH2C(CH3) (=NNHCOCOHS): mol '

wt. , 280.36.

6.5.2 4-Phenyl but ane- 2,4-d'i one-p -methoxy benzoylhydrazone - Bzac-p-oMe-B Hllz

Followìng the above procedure, this cream'ish white compound was pnepared

by condensing benzoyìacetone and p-anisichydrazide. Yield 80%, m.p.167oC,

Found: mol. wt. (mass spectnum), 310; Calc. for C6H5C0CHZC(CH3)(=NNHC0COH+-P-

0CH3): mol. wt., 310.34.

6.5.3. 4-Phen.yl butane- 2.4-d'ione-p -chl onobenzoyl h.ydrazone - Bzac -pcl -BHH2

Th'is whÍte flaky compound was prepared by the above (6.5.1) procedure.

m. p. 1sg"C (l it. t gø 157-9oC). Yi el d 80%, Found: mol. wt. (mass spectrum),

314; 316 (for Cl 37); Ca'lc. for C6H5C0CHZC(CH3) (=NNHCOCOH4-R-Cl ): mol.

wt., 3I4.77.

6.5.4. 4-Phenyl but ane- 2,4-d i one-p -nitrobenzoyl hydnazone - Bzac-pN02-B HÞ

Thi s yel'l ow crystal I i ne compound was prepaned by the same method

(6.5.1). Yield 85%, flì.p. 178-9oC, Found: mol. Wt. (mass spectrum), 3?5;

Cal c. : mol . wt. , 325.35.
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6. 5. 5 1.3-Dì phen.yl p ropane-1,3-d'io nebenzovlhvdnazone - dbm-B HÞ

Fol I ow.i ng the same pr.ocedure (6. 5. 1) th'is ì i ght creami sh whi te compound

was pr^epared by condensing dibenzoylmethane (1r3-diphenylPnopane-1,3-d'ione)

and benzoyìhydnaz'ine on heating in an oil bath at 155'C fon 40 minutes'

m.p. 144.C (lit.rgs 146"c), Found: mol. wt. (mass spectnum), 342; Ca'lc. for

C6H5C0CHZC(C6H5) (=NNHC0COH5) : moì' wt', 342'43'

6.5.6 2-HYdro xy-1-na pthal dehydebenzovlhvdrazone - HNP- BHH2

A m.i xture of 50 mmol each of Z-hydroxy-1-napthaldehyde

benzoyì hydrazi ne 'in 100 ml of methanol was nef I uxed f ot t hour" when

yellow prec'ipitate appeared. Thjs was filtered on cooìing, washed

methanol and recnysta]lized from hot methanol. Yield 80%' fTl.P.

(lit.sgt 2lI-2"C), Found: mol. wt. (mass spectrum), 290; Calc' fon

Ci0H6CH ( =NNHCOCOHS) : mol ' wt " 290'37 '

6.5.7 Z-Hydro xy-1-napthal dehyde -p -chl oro-benzo.yl hydnazone - Hnp-pcl -BH!2

and

light

wi th

zLT"C

2-0H-

This Yeì1ow

m.p.262"C, Yield

wt., 324.77.

compound was PrePared bY

85%, Found: mol. wt., 324,

above method ( 6.5.6 ).

(for cl 37) ; Caì c. mol .

the

326

6.5.8 2-Hydro xyacetoPhe nonebenzoYl hYdnazone - HAP-B HÞ

Fifty mmol of benzoyìhydnaz'ine t^las dissolved ìn 40 ml of ethanol on

heating and 50 mmol of 2-hydroxyacetophenone was added to it and the m'ixtune

refluxed for^ t hour. white cotton-like pnecipitate was obtained on cooling in

a refrigerator at about 6oC wh'ich, on fiìtration, was recnysta'llized from

ethanol. Yìeld 7O%, m.p. 180-1"C (lit.33I 180-1oC)' Found: mol' wt' (mass

spectnum), 254; Calc. for 2-0H-C6H4C(CH3)(=NNHC0C6H5): mol. wt. ' 254.33.

6.5.9 Z-HYdno x.yacetophenone -p-chl o nobenzoyl hYdrazone - HAP-Pcl -B HÞ

This white compound was prepa¡ed followjng the above (6'5'8) procedune'
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Y'ield80%,m.p.22g"C(l'it.ssz223'5"C),Found:mol'\ilt'(massspectnum)'288'

290 (for cl37); Calc. mol. wt.,288'78'

6. 5. 10 2- dno henonebenz razone - HPP-BHI!2

This wh'ite compound was prepared following the procedure for 6'5'1 and

necrystaìl'ized from ethanol. Yield 70%, m.p'161-162oC' Found: mol' wt' (mass

spectr.um) , 268; calc. for 2-0H-c6H4c(c2H5)(=NNHCoCoH5): mol. wt.' 268'35'

6.5.11 2,4-Di h.ydro nzop henoneben z o.Y I hyd razone DHBP-Bï!2

The same procedune as for 6.5.1 gave this yellow'ish white compound.

Some insoluble material, possibìy the cyclized product, formed duning heatìng/

Yì el d 4Q%, rlt.P. 246-7"C, Found: mol ' wt'

2,4-(0H) Z-C6H3C( C6H5) ( =NNHCOCOHs) : mol '

1 l

reflux was nemoved bY fiìtration'

(mass spectrum), 332; Calc. for

wt. , 332.39.

6" 5.12 Sal i cyl al de hydebenzovl h.Ydrazone - Sal -B F!I2

Benzoyìhydr.az'ine (50 mmol) in methanol (60 ml) was refluxed w'ith

salicy]aìdehyde (50 mmo'l) in ethanol (60 ml) for 30 minutes and the whjte

pr^ec.ipitate fonmed was fjltered off on cooì'ing, washed wjth ethanol and

petnoleum spirit (40-60"C) and dr'ìed. Y'ield 8I%, fIì.p. 182"C (lit'¡ss 18zoc)'

Found: mol . wt. (mass spectrum) , 240; Cal c. for 2-0H-C6H4CH( =¡¡¡goc6H5) :

mol. wt. , 240.35.

SALICYLOYLHYDRAZONE SCHIFF BASES

6.5.13 4-Phe I butane-2 4-di onesal i razone - Bzac-Sal HÞ

A mi xture of benzoy'lacetone and sa'l'icyì oyl hydraz'ine (20 mmol each) i n

ethanol (40 ml) was heated for 40 minutes when fight yellow precipìtate

appeared. This was filter^ed off on cool'ing and washed w'ith ethanol and dnied'

Yield 80%, rIì.p' 206-7"C, Found: mol' wt' (mass spectrum)' 296; Calc' for

C6H5C0CH2C(CH3) (=NNHC0COH4-2-0H) : mol' wt" 296'35'
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6.5.14 I .3-Di phenyl propane -1. 3-d'ionesal i cvl oyl hydnazone - dbm-Sal HÞ

A mixture of d'ibenzoy'lmethane and sal'icyìoyìhydrazìne (20 mmol each) was

heated in an oil bath at 1500c for 30 mìnutes and the cneamish wh'ite mass

obta.i ned was r-ecrystal I i zed twi ce f nom hot ethanol . Yi el d 50% ¡ rÌ1. p. 139-40oC,

Found: mol. wt. (mass spectrum), 358; Caìc. for C6H5C0CH2C(C6H5)(=NNHCOCOHq-Z'

0H): mol. wt. , 358.42.

6. 5. 15 2- H-ydro xy-1-naPtha I deh.ydesal 'i cyl oyl hydrazone - HNP-Sal HÞ

6.5.16 2-Hydroxaycetophenone sal i cvl ovl hYdrazone - HAP-Sal HÞ

This wh'ite compound was obtained by the same pnocedure 6'5'13'

501., frì.p. 282-3"C, Found: mol . wt. (maSS Spectrum), 270:' Calc. for

C6H4C(CH3) (=NNHC0COH4-2-0H): mol. wt. , 270.32.

The same pnocedure as fot" 6.5.13 gave thìs ye1'low compound'

Íì.p. 25I-?oC, Found: mol. wt. (mass spectrum), 306; Calc'

C10H6CH(=NNHC0C6H 4'2-0H): mol ' wt' ' 306' 37'

This white compound was pnepaned by the same method 6.5.13.

¡ì.p. 275"C, Found: mol. v'rt. (mass spect¡um) , 256; Calc' for

(=NNHCOCOH4-2-0H) : mol. \{t. , 256.34'

Yield 757,,

for 2-0H-

Yield

2-0H-

Yi el d 98%,

2-0H-C6H4CH

6.5.17 2-Hydro XVDf'OPJ OD henonesal i cvl ovl hydrazone - HPP-Sal Hþ

The same prcoedune as for'6.5.13 gave th'is white compound. Y'ield 70%,

frì.p. 232"C, Found: mol . w't. (maSS SpeCtrUm) , 284; Ca'lc. mol. wt., 284.35.

6.5.18 Sal i cyl a I deh.y desalicyloylhYdrazone - Sal-Sal HÞ

o-AÈlI NOPHENOL SCHIFF BASES

6.5.19 o- (4-Phenyl butane-4-one -2-)'imi nomethY I phenol - Bzac-04 PH^<-

Benzoylacetone and o-am'inophenol (20 mmol each) ìn ethanol (50 ml) were
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refluxed for t hour and the yellowìsh white cnystall'ine precip'itate collected

on cooì.ing was r.ecnystall'ized from ethanol. Yieid 7o%, m.p' 165oC, Found:

mol. wt. (mass spectnum) , 253; Calc. for c6H5c0cH2c(cH3) (=NC6H4-2-0H):

mol. wt., 253.32

6.5.20 o- I 3-Di he I t'o ane-3-one-1- i mì nomet henol - dbm-04þ

D.ibenzoyìmethane and o-am'inophenol (20 mmoì each) wene heated in an oìl

bath at 1500c for 30 minutes and the red mass obta'ined on cool'ing was heated

for 15 m.inutes i n 80 ml of ethanol . The yeì I ow cr"ystal l i ne preci pitate

col l ected on coor i ng was recrystail i zed f rom ethanol . Y'iel d 55'1.' rtì. P. 206-

7oC, Found: mol. \dt. (mass spectnum),315; Calc. for C6H5C0CH2C(C6H5) (=NCOH+-

2-0H): moln wt., 315.39.

6.5.21 o-(o '-HvdnoxYna pthyl ) 'imi nomethYl Phenol - HNP- 0APH"<

A mixtune of 2-hydroxy-1-napthaldehyde and o-aminophenol (25 mmoì each)

i n ethanol (g0 ml ) was sti rred at 30oc f or^ t hou13 3a when an orange-yel 'low

pr^ecipitate appeaned. This was filtered off, washed with and recrystallìzed

f rom ethanol. Y'ield 80%, rIì. p. 254-256"C, Found: mol ' wt' (mass spectrum)'

263; calc' for 2-0H-c10H6cH(= Nc6H4-2-0H): mol' wt" 263'33'

6.5.22 o- (o' -Hydr oxyna pthvl )'imì nomet hyl -methyl phenol - HNP-pMe-oAPllz

The above procedune (6. 5. 21) was appì i ed to pnepare thi s or^ange-yel 
'l 

ow

compound by condens'i ng Z-hydnoxy-1-napthal dehyde and o-am'i no-P-cnesol ' Yi el d

80%, m.p 253-4"C, found: mo]. wt. (mass spectrum) , 277; Calc. mo].

wt., 277.36.

6.5.23 o-(o '-Hydr^oxyna pthyl )'im'i nometh.v l -p-chl orophenol - Hne-oCì -Oo

The same prcoeduf.e as for 6.5.21 gave this onange compound.

Yi el d 80%, Found: mol . wt. (mass spectrum) ' 297 (and 299

P!2

m.p. 272oC,

for cl 37) 
;

Cal c. , 297 .77 .
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6.5.24 o- ot- drox he -1-i m'inoeth henol - HAP-0API!2

A m.ixture of o-aminophenol and Z-hydroxyacetophenone (50 mmoì each) in

ethanol (100 ml ) was st'i rred at 30oC f or t hou13 34 ' The cl ean sol ut'ion was

concentrated to about 60 ml and left in a refrigenator at - 6oC for^ crystal-

l.izat.ion. The ye'l1ow pnecì pitate sepanated was f iltened off and washed w'ith

little ethanol and dried unden vaccum. Yield 40%' m'P' 2Ot-2"C (no m'p' g'iven

in the above lìterature), Found: mol. wt. (mass spectr-um), 227; Calc. for 2'

0H-C6H4C(CH3) (=NCOH4-2-0H) : moì ' wt" 227 '29'

6.5.25 o-(o '-Hydrox phen.yl )im i nomethvl Phenol - Sal -0APÞ

The same procedure as for 6.5.2! gave th'is orange-red compound by

condensing saìicylaldehyde and o-aminophenol. Y'ield 85%' m'p' 184oC

(l.it.¡¡s 184.5oC), Found: mol . wt. (mass spectrum) , 2!3; Ca'lc. for 2-0H-C6H4CH

(=NCoH4-2-0H) : mo'1. wt', 213'31'

6.5.26 o-(o '-Hydroxyphe nyl )im 'inomethyl -P -methyl phenol - Sal -pMt-oRPÞ

The same procedure as for 6.5.21 gave this shin'ing (deep) ned compound.

YieldS0%,m.p.151-2'C,Found:mol'wt'(massspectrum)'2?7;Ca1c"227'34"

6.5.27 o- (o'- Hvd roxyphe nvl )'imi nomet hyl -p -chl orophenol - Sal -pcl -0APþ

The same pnocedure, 6.5.2!, was applied tO prepare thjs orange compound'

Y'ield 80%, rll.p. 152-3oC, Found: mol ' wt'

cl37); calc., 247.77-

(mass spectrum) , 247 (and 249 for

3-AHII{0-2- I{APTHOL SCHIFF BASES

6.5.28 3-(o -Hyd roxyn apthyl ) i m inomethvl-2-napthol - HNP-3-am-2-nap -þ

This orange-yeììow compound was prepared by following the same procedune

as f or 6.5.2L. Y'iel d 80%, m. p. 257'8"C, Found: mol ' wt' (mass spectrum)' 313;

Cal c. 2-0H-C1gHOCH( =( 3) NCigH6-2-0H) : mol ' wt' ' 3i3' 39'

1 l
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6.5.29 3 -(o-H.ydro xyphen.yl )'im 'inomethy l-2-napthol - Sal-3-am-2-napþ

The same pnocedure, 6.5.21, gave this onange-red compound. Yield 85%'

f¡.p. 197"C, Found: mol. Wt. (maSS SpeCtrum) , 263; Ca'l c., 263.37.

2,2 . 
-DIHYDROXYAZOARENE LIGANDS

The azo dye'lìgands wene fonmed by coup'ling of the d'iazon'ium salts w'ith

vanious hydnoxy anomatic compounds. In cases whene substituted phenols were

used as the coupling component, the phenol'ic 0H group was pnotected by methy'l-

ation. Aìthough the methods for a few pneparatìons are jn the lìtenature'

they ane gìven here in fulf because of their use in the subsequent preparat-

ìons. The compounds, that wene not found'in the literature wene character'ìzed

s'imi I arìy as the Schi f f base 'ì i gands.

6.5.30 o-Hydno XY benzeneazo-ß-napthol - OAP-3-n apþ

o-Amjnopheno'l (15 mrno'l ) was dissolved in H20 (10 ml) conta'ining concen-

trated HCI (5 ml) and copper sulphate (5 mg) and the solution cooled to 0-5oC.

To this, a cooìed (0-5.c) solut'ion (30%) of sodium n'itn'ite (17 mrnoì ) was added

sìow1y, on st.irring, when a clear bnown-ned solutìon was obta'ined. Completìon

of di azot.i zati on was checked w'ith KI-starch paper. Th'i s col d (0-5"C) sol uti on

of the diazonium salt was added slowly to a pne-cooled (0-5'C) and vigorously

sti rr.ing sol uti on of 3-naptho'l (15 mmol ) i n NaOH (10%, 30 ml ) contai ni ng

Na2C03 ( 5.8 g ; equ'i val ent to neut ral 'i ze 5 ml concent nated HCI ) . After the

additi on was over, the sol ut'ion was kept at 0-5oC f ot' about 2 houns w'ith

occasional stìr¡ing. Then thìs brown-ned-purple solutìon was acidified with

d.ilute Hcl with stinring when br-own-ned-purplish precipitate separated out.

The prec.ip.itate was filtened, washed with excess water, dnied and then puni-

f.ied by recrystaìl'izat'ion f nom methanol. Yield gO%, rll.P. L92oC (lit.se0

194'C), Found: mol. wt.

0H: mol. wt. , 264.28.

(mass spectrum), 264; Calc. for 2-0H-C6H4-N=N-C10H6-2-
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6.5.31 P-meth .vl -o -h.yd roxybenzeneazo-B-napthol - pCHa-OAP-g-napÞ

The same procedure, as detailed above (6.5.30) was followed tO pf'epane

this dank magenta-red compound. Yield go%, il.p' 2Og-zlo"c' Found: mol' wt'

(mass spectrum) , 278; Calc', 278'3t'

6.5.32 -Chl oro-o dro enzeneazo- -na thol - pcl -oAP-g-napHz

The same pt'ocedure as for 6.5.30 gave thìS magenta red compound' Y'ield

85%, rIì. p. 24I-3"C, Found: mol ' \irt ' (mass spectnum) ' 2gg (and 300 for Cl 37) 
;

Cal c. , 298.73.

6.5.33 o- d roxybenzenea zo-9-cresol - OAP-p-c reso'l$

For the preparati on of th'is dye, the d'irect coupì i ng of the di azoni um

s al t of o-am'i nophenoì wi th p-c nesol was not poss'i bl e ' It was I theref one '

prepared by hydrolysing the methoxy gl^oup of the corresponding o-methoxyben-

zeneazo.p-cneso]dyewithalum.injumch]or.ide.Theo-methoxybenzeneazo-p-

cresol dye was pnepaned from o-anisidine and p-cneso'ì by folìowìng the same

procedune as fon 6.5.30. Y'ield 90%, m.p. L22"C (1it.337 ¡22'3oç¡'

Thìs dye (6.5 mmol) and anhydr^ous Alcl3 (3.5 9, excess) in dny benzene

(120 ml) were refluxed for 5 hours. The solvent (benzene) was drìed off usìng

a rotavapour from thjs dark red (cloudy) solutìon' The residue was decomposed

w.ith Hcl (10%, 40 ml ) and extracted with d'iethy'lethen cont'inuously for about

45hoursusinganetherextractor.Theethenextractwastreatedwithanhyd-

r.ous MgS04 and actived charcoal (to dry and decolourize nespectively) for

45 minutes with occas.ional stirr.ing. The filtrate was dried by d'istiìling off

ether. The brown-red residue thus obta'ined was dissolved in benzene (15 ml)

and subiected to column chnomatographìc separation through an alumina column

us'ing 1:1 CHCI 3-C6H6 sol utì on as el uent. The el ut'ion was cont'inued unti I the

col our of the el uted sol ut'ion was very pal e yel ì ow. Then al kal'ine (Na0H)

ethanol was used as an eluent when dark(ìsh) ned eluate (- 600 ml) was
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obta.ined. Thìs was concentrated to - 200 ml using a rotavapoun and tneated

with 6N HCI on sti rr.ing unt'il strong'ly aci d'ic when a ye]ì ow pneci pitate

appeared. The mixture was heated for somet'ime and filtered hot, washed with

water and litile ethanol, dried and the pnoduct recrystaìlized from ethanol.

yield 50%, m.p. 164"C (1it.337 1660C), Found: mol. wt. (mass spectrum), 228;

calc. for 2-0H-C6H4-N=N-C6H3-(a-cH3)-2-0H: mol. wt. , ?28.25.

6.5.34 o- H.vd roxybenzeneazo -o -meth oxYPhenol - OAP-pOcHa-phenolþ

Following the same method, as detailed fon 6.5.33, thìs chocolate bnown

compound was prepared by coupling the o-an'isìd'ine d'iazonjum chloride wjth

p-methoxyphenol and hydr^olysì ng the o-methoxy gl'oup of the resuì ti ng o-

methoxy-benzeneazo-p-rnethoxyphenol dye with A]Cì3. The I.R. and mass spectral

stud.ies showed that the p-methoxy gl oup of the dye was not hydrolysed. Y'ield

50%, m.p. 145-7.C, Found: mol. wt. (maSS Spectrum), 244; Ca1c.,244.25.

6.5" 35 o -Hydroxvbe nzeneazo-p-chlorophenol - OAP-pcl-phenoì H"
<

Thjs yellow bnown compound was pnepared following the same pnocedure as

described for 6.5.33. Yield 60%, fIì.p. - 185oC, Found: mol' wt' (mass spect-

num), 248 (and 250 for Cl37); Cul.., 248.66.

6.5. 36 t-(2 '-Hydnoxyna pthy I -3'-azo) -2-napthol - 3-am-2-nap-ß-na pb

This deep pur-p'le compound was prepared by follow'ing pnocedune for 6.5.30

but using 3-am'ino-2-naptho'l instead of o-am'inophenol. Y'ield 851", m.p. 140-

2"C, Found: mol. wt. (mass spectnum), 314; Calc', 314'34'

6 a 6 BIS-(TRIDENTATE) NOl{-VANAD YL VANADIUI'I( IV) COI.IPLEXES

The bis-(t¡identate) VLZ complexes wene prepared following the gener^al

methods described below.

¡

Þ,

t
I

+
T

flt
't,'
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A. FROM VO acac AND

Thedibasictridentateligand,Lþ(twomoìarequiva]ent)indrymethanol

was degassed with dìnitrogen and to it v0(acac)2 (one moìar equivalent) was

;

È,f

added.

col ou red

methanol

vacuum.

The mixture was refluxed for about 45 m'inutes

precì p'itate separated out' Th'i s was f i I tered '

and petroleum spirit (40-60'C) and dnied over

Thi s neacti on was f ound to be a versat'il e

when an 'intenselY

washed w'ith dnY

s'il i ca gel under

react'ion f on the

The mixture was refluxed for

pneci p'itate of the VLZ comPì ex

methanol and Pet no'l eum sPi ri t

was refl uxed for about

fi ltered, washed with

I
t

t'

),

I

I

I

I

preparat'ion of VL2 complexes which was possible because of V0(acac)2 bejng a

conven.ient source of V02+ under the above react'ion conditÍon'

B. FROM VO( AA )o . nHc0

v0(AA) 2.nLr0 (one molar equ'ivalent) IAA = mononegat'ive bidentate'lìgand'

0,1,2)indrymethanolWasdegassedwìthdin.itnogenandtoitbenzoy].

hydraz'ine (two mol ar equ'ivaì ent) was added'

about4Sm.inuteswhenanintenselycoloured

appeared wh'ich was f i ltered, washed wìth

(40-60"C) and dried under vacuum over silica gel'

t¡lith o-am'inophenol , the reaction of V0(acac)2 did not give the pune VL2

compound. The neaction with v0(Bzac)2 and v0(HNP)2'H20 were very slow and a

ìongen reflux was needed'

c. FROM VOCI AND L

A mi xture of (two molar equìvaìent each) Ljl2 and LiOAC (base) in dry

methanol was degassed w'ith djn'itnogen and to 'it was added a solution of v0cl2

n=
ù

åJ

l'll
1,'

(one molar equivaìent) ìn methanol ' The mixture

45 mì nutes and the \LZ prec'i p'itate sepanated was

methano]andpetro.leumspit.itanddr.iedunderVacuum.

FROM VOLHCI AND LHTD

L.Ie ana LìOAc (one molan equivalent each) in dry MeOH was degassed with
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din.itrogen and to ìt sorid vOLHcl lfor pneparatìon see Sect'ion 6.7] (one morar

equi va'lent ) was added and the mi xtune v''as ref I uxed f on about 45 mì nutes and

the product fonmed was fìltered off, washed and dnied' use of a different

L'þ S'ives the mi xed I i gand VLL' compl ex'

E. FROM vOL.0R 0R VOL AND

\/0L.0R or (v0L)20 [for preparations see Sect'ions 6'8 and 6'9]' llz Iof.

L, Hz f on mi xed_r .i gand vLL, compr exes I and benzoyì hydrazi ne [act'i ng as a

reducing agentl (one molan equivaìent each) in dry MeOH was degassed with

di nitrogen and refl uxed for about an hou¡ and the separated pr^oduct was

fiItered, washed and dried'

Below are the methods employed for the pnepanation of the 'ind'ividual YLz

compì exes.

SCHIF F BASE COI.IPLEXES

6.6.1 B'is entane- 2 4-d i onebenz dnazonato ¿- vanadi um I - V( acac-BH) 2

v0(acac)2 G.5 mmol ) ìn dry MeoH (40 ml ) was degassed with dinitrogen

and to it benzoyìhydrazìne (5 mmo'l) was added. The mixture was refluxed for

40 minutes, the solution turning dark in about 10 mìnutes' The deep purple

precìpìtate fonmed was filtered, washed w'ith MeOH and petro]eum spir"it

(40-60"c). It was purified on an A1203 column using cH2cl2 as the eluent'

Some l.ight gr.een matenial stayed back on top of the column' The eluted purple

solutìon was concentrated and mìxed with an approximately equal volume of

petroìeum spirit (60-80'c) and heated for a shont t'ime to nemove some of the

cH2cl2. Beautiful deep purpìe crystaìs, formed on standing overnìght 'in a

refriger^ator at - 6oc, was filtered, washed with petroleum sp'irit (40'60'c)

and dr ied unden vacuum oven s'iì'ica gel. Yìeld 60%. This was ìdentified f nom

its characterìstic infnaned and E.S.R.73 spectra and vanadium content.

,
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6.6.2 Bìs[4-phen.yl butan e-2.4-di one benzoyl hYdra zonato(2 -) lvanad i um( IV)

- V(Bzac-BH) 2

(a)Thetridentate.ligand4-pheny.lbutane.2,4-d.ionebenzoylhydrazone

(4 mmol ) .in dry Me0H (60 ml ) was thorough'ly degassed with di nitrogen and to

thìs clear yellow solution v0(acac)2 (2 mmol) was added and the mixture was

refluxed for 45 m'inutes when lots of dank (purple) green precìpitate appeaned'

Th.is was f i I tered hot , washed wi th methanol and petnoì eum sp'i rit ( 40-60'c) and

dnied unden vacuum over s'ilìca gel . Yield 907"¡ fil'p' > 250oc' Analysis found:

C, 67.18; H, 4.61; N, 9'08; V' 8'31' VCa4H28N404 requires C ' 67'21l' H' 4'64;

N, 9.22i V , 8. 38%.

(b) This was a'ìso prepared folìow'ing the pnocedure for 6'6'1 and identi-

fiedfr.om.itscharacterìst.ic.infraredandE.S.R.spectra.

(c ) A mi xture of Bzac-Bþ (2 mmol ) and L'i OAc (2 mmol ) 'i n dry MeOH

(60 ml) was degassed with d'initrogen. A VOCI2 solut'ion (1 mnro'l ) was added to

thjs when the colour changed to red-bnown-purple 'immed'iately. This was

refluxed for 35 m'inutes and the dark purplìsh-9neen pnec'ip'itate formed was

f .ilter.ed hot, washed w.ith hot methanol and petroleum sp'ir''it (40-60'c)' dried

and characteri zed as above' Y'iel d 96%'

(d) This was aìso prepaned folìowing the genena'l methods 6'6 D and E and

characteri zed simi I arlY'

6.6. 3 B'is[4-phe nyl butane- ?,4-di one-p -metho x.ybenzo .yl hyd razonato ( 2-) lvanadi um

( IV) - v(Bzac-PoMe-sH) z

The same pnocedure as for 6.6.2 (a) gave thjS dark purplish-green com-

pound. Yjeld 90%, m.p. > 250oc, Analys'is, found: c,64'81; H' 4'83; N' 8'44;

V, 7.51. VC¡OHSZN+OU requires C,64'77; H' 4'83; N' 8'39; U' 7'63%'

6.6.4 Bi s 4- he I butane-2 4-di one- -chl orobenz d razon at o 2- vanadì um

( IV) - v(Bzac-pCl -sH) z

The same Procedure as for 6'6'? (a)

t

t

t
l

I

I

1

gave a dark purplìsh-green product'



Y'iel d g8%, m. P. > 250oC,

10.07 i V, 7 .42- VCa4H

Cl , 10.48; V, 7.53%.

Analysi s,

26N204c12
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found: C

requ'i res

60.29; H, 4.07 i N, 8.37; Cl '
N, 8.28;C, 60. 37 i H, 3.87 ;

6.6.5 Bi s[ 4-phenvl butane- 2.4-di on e-P -n'it robenz oyl hydrazonato ( 2- ) lvan adi um( IV)

- v(Bzac-PNoz-BH) z

A dar-k purpl'ish-green product was obtained following the same procedure

6.6.2 (a). Y.ield 100%, fi.p. > 250oc, Ana'lys'is' found: c' 58'58; H, 3'77;

N,12.08; V, 7.2L. VCa4H26N608 requires C' 58'54; H' 3'76; N' 12'05;

v, 7.30%.

6.6. 6 Bi s 3-d ì I no ane- I 3-d i onebenz razon ato 2- vanadi um IV
1 h

- V(dbm-BH) 2

The tridentate ligand dbm-BHþ (2 mmol) jn dry Me0H (40 m1) was degassed

with dinitrogen. V0(acac)2 (1 mmol) was added to this and the mixture was

refluxed for t hour when a dark purpl'ish green precìpitate separated out"

This was filtered hot, washed with hot methanol and petroleum sp'irit and dried

unden vacuum. Yield 65%, fll.p. > 250oC, Analysjs' found: C' 72'18; H' 4'49;

N, 7.65; V, 6.98. VC44H3ZN404 requires C,72'23 H' 4'41; N' 7'66; V' 6'967"'

6.6.7 B'is[2-oxo-1-n apthal de h.ydebenzo yl hydrazonato (2 -) lv anadi um( I V)

- v( HNP-BH) 2

(a) The same pnocedune and quantities as for 6.6.6 gave a dark purple

product. Yìeld 96%, m.p. > 250oc, Analysis, found: c, 68.60; H, 3'85;

N, 8.89; V, 8.19. VCa6H24N404 r"equires C, 68'90; H' 3'85i N' 8'93; V' 8't2%'

(b) V0(HNP) Z.HZ} [fon prepanat'ion see Sectjon 6.1.6] (1 mmol) 'in dry

MeOH (25 ml) was degassed and benzoylhydrazine (2 mmol) was added when the

m'ixtune immediately started turning brown-purpìe. The mixture was refluxed

for 30 minutes and the product formed was liltered hot, washed, dried and

ldent'ified fnom its characteristic infraned and E.S.R. spectra'
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6.6.8 Bis[2-oxo-1 -n apthal dehyde -p-chl orobenz oyl hydrazon ato ( 2-\lvanadi um( I V)

- v( HNP-pcl -sH) 2

The same procedune as for 6.6.2 (a) gave a dank purp'le product' Yield

98-100%, m.p. > 250oC, Analysis, found: C, 61'56; H' 3'26; N' 7'95; Cl' 9'60;

V, 7.47. VC36H22N404CI2 requires C, 62'09; H' 3'18; N' 8'04; Cl ' 10'18;

u , 7.3r%.

6.6.9 Bis 2-o xo-a ceto henonebenz dnazonato vanad'ium IV - v( HAP-BH) 22-

The same pnocedure as fon 6.6.2 (a) gave a dark purple pnoduct" Yield

80%, m.p. > 250oC, Ana'lysìs, found: C, 64'88; H' 4'44; N' 9'971' V' 9'10'

VC3gH24N404 requires C, 64.87i H, 4'35; N, 10'09; Y' 9'17%'

6. 6. 10 B'i s ( 2-o xo-a cet ophenon e-p-chl onobenzo .yl hyd razon ato 2-) lvanadi um (IV)

- v( HAP-p'l -sH) z

A dank purpìe product was obta'i ned by the same procedure as for

6.6.2 (a). Y'ield 85%, m.p. > 250oc, Ana'lysìs, found: c, 57.56; H' 3'70;

N,8.90;C1,11.11;V,8.10.VCa0H22N404C]2requiresC'57"71;H'3'55;

N, 8.97; Cl, 11.36; V, 8.16%.

Th.is was also pr.epared by the method as described for 6.6.2 (c).

6.6. 11 B'is[2-oxo -p ropi ophenone benzoyl h.ydnazonato (2-)lvanadium(IV) - V(HPP-BH) 2

The same procedure aS for 6.6.2 (a) gave a dark purp]e product'

75%, fiì.P. 204'6"C, Ana'lysìs, found: C, 65'84; H, 5'01; N' 9'61; V'

VCaZHZ'N404 nequ'i nes C , 65.86 ; H, 4.84; N, 9. 60 ; U , 8'7 3%'

Yield

8.84.

6.6.1? Bis[Z-oxo-4- hyd roxyben z ophen oneben z oyl hydnazonato ( 2-) l vanadi um( IV)

- \/( DHBP-BH) 2

The procedune described for 6.6.2 (a) was followed to prepare thjs comp-

ound. Th'is neacti on seemed to be a I'ittl e sl ower. The cl ear dank purpl e

I
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sol ut.ion on cool.ing i n a ref rì gerator at - 6oc aave dark (gr"een) purpìe prec'i-

pìtate whìch was fjltered, washed and dried as usual. Yield 70%' m'p' 208oc,

Analysis found: C, 66.99; H, 4.I7; N, 7'52; V' 7'05' VC40H28N406 requ'ines

C, 67.51; H, 3.97; N,7.87; V, 7.16%'

6.6. 13 B'i sIs a] i cyl al de debenzoyì drazonato ( 2-) lvanadi um( IV) V(Sa'l -B

A dank

6.6.2 (a).

N, 10.66 i V,

v, 9.66%.

green-purp'ìe product was obtained by the same method

Yi el d gO%, rIì. p. > 250oC , Anaìysi s , f ound: C, 63' 84; H

9.80. VC23H29N404 r^equì res C' 63'76i H' 3'82; N'

¡t) z

as fon

, 3.75;

10.62;

SALICYLOY LHYDRAZONE SCHIFF BASE COI{PLEXES

6. 6. 14 B'i s Ipentane-2 ,4-di onesal i cyl oyl h.Yd razonato (2 -) lv anadi um( I V)

- V( acac-Sal H) 
2

The same procedure as fon 6.6.1, but using salicyloylhydrazine, gave a

dark purple product wh'ich was filtered hot, washed wìth methanol and drjed

unden vacuum. Yield 7O%, m.p. 228-g"C, Anaìysis found: C' 55'91; H' 4'95;

N,10.85i V, 9.80. VC24HZ4N406 requines C, 55'93i H' 4'69; N' 10'87;

v, 9.88%.

6.6.15 Bis 4-phenyl butane-2 .4-di onesal i c.yl oyl hvdrazonato( 2-))vanadi um( IV)t

- V(Bzac-Sa'lH),

A dark pur^plish green product was obtained by the same procedure as for

96%, tr. p. > 250"C, AnalYsìs, found: C,63.60; H,4.56;6.6.2 (a). Y'ield

N, 8.75; V, 7.91. VCa4HZSN406 requires C, 63.85; H, 4.41; N, 8'76; U' 7'96'1"

6. 6. 16 B'i s 1 3-di he ro ne-1 3-di onesal i l d ra zon ato 2- vanadi um IV

- V( dbm-Sa1 H) 2

This da¡k purpìe-9reen compound was prepaned s'imìlarly as for 6'6'2 (a)'
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Y'ield 80%, m.p. > 250oC, Ana'lysis, found: C,68'86; H' 4'25;N' 7'26; V' 6'79'

VC44H32N406 r'eQuires C, 69.20; H, 4'22; N, 7'34; U' 6'671"

6.6.17 B'is 2-o xo- 1-n a thal deh desal'i I razonato 2- anad'ium IVI

- V(HNP-SalH) 2

The same procedure as for 6.6.2 (a) gave a dark green product.

98%, rr.p. > 250oC, Analysìs, found: C, 65'13; H, 3'72; N' 8'44; V'

VCa6HZ4N406 requ'ires C, 65.56; H, 3.67; N, 8'49i Y,7'72%'

6.6. 18 Bi s[2-oxo-aceto phenonesal i c.yl lhy drazonato ( 2-) lvanadi um ( IV)

- V(HAP-Sa1 H) 2

The same pnocedure as for 6.6.2 (a) gave a dank purpìe product'

98%, flì.p. > 250oC, Analys'is, found: C, 61.24; H, 3'99; N, 9'49; V'

VCa0H24N406 nequires C, 61.33; H, 4.!2; N, 9.54; U' 8'671"

- V( Sal -Sa1 H) 2

The same method aS for 6.6.2 (a) gave a dank gr'een-purp'le product'

80%, m.p. > 250oC, Anaìys'is, found: C, 59.51; H,3'73; N,9'87; V'

VCZSHZON+OU requires C, 60.12; H, 3.60; N, 10.01; V, 9'11%'

Yield

7 .64.

Y'i el d

8.61,

6.6. 19 B'is [ 2-oxo -pnopi ophenonesal'i cyl o.Yl hydrazonato(2-)l vanad'ium( IV)

- V( HPP-sa1 H),

A dank purple pnoduct was obta'ined by the same method as for 6.6.2 (a).

Yjeld 7O%, fiì.p. 220-2"C, Analysis, foundl C, 59'34; H, 4"32; N' 10'36;

V, 8.48. VCS2HZSN+0U requ'ires C , 62.44; H, 4.58; N, 9' 10; V, 8"28%'

6.6.20 B'isIsal'i cvl al dehvdesal i cyl oyl hydrazonato ( 2-) lvanadi um( IV)

Yield

9.10.
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O-AI'IINOPHENOL SCHIFF BASE COT.IPLEXES

nomethYl Pheno lato(2-)lvanad'ium(IV )
6.6.21 Bi s o- ( 4-p henvl butane- 4-o ne- 2- )imi

- V(Bzac-OAP) 2

The 'li gand Bzac-04þ ( 3 mmol ) 'i n dry MeOH (80 ml ) was degassed with

din.itr.ogen. v0(acac)2, (1.5 mmol) was added and the mixtune was refluxed for

1|2 hours. The da.k purp'le-green pnec'ipìtate that separated out during

refrux, was fiìtered hot, washed wìth methanor and petnoreum spi.it (40-60'c)

and dried under vacuum. Yield 85%, ffi'p' 232-5"C' Analys'is' found: C' 69'33;

VC3ZH26NZ04 r^equi res C, 69.44; H, 4'73; N' 5'06;

6.6.22 Bisl-o-(1,3-di phe I prop ane- 3-o ne - 1-)imin omethyl phenol ato ( 2- ) lvanad'ium

H, 4.89; N, 5.06; V, 9.11'

u, 9.20%.

(lV) - v(dbm-oAP)2

The same procedure as for 6.6.2L was followed to prepane this

purpìe-gnee.n compound. Y!e19. 50%, m'p' > .250oc' Analysi s ' found: C'

N, A'"d>'ilri'ïq ' Vcavlr3"Ñ'r04 ug1ui'rea cra+'4A t tt 4'¿14 't

H, 4.65 y'N, 4. 13 ; Y , 7 .52%.

dark

75.11;

6.6.23 B'is o- ot-oxona t 'imi nomet henol ato 2- vanad'iuml I

- \/(HNP-oAP) 2

(a) The same pnocedure as for 6.6.21 gave a dank purp]e green pr^oduct"

Yìeld 701., rll.p. > 250oC, Analys'is' found: C' 71"06; H' 3'75; N' 4'84;

V, 8.88. VCa4HZ2NZ04 requires C,7!'2!" H' 3'87; N' 4'88; V' 8'88%'

(b) The l'igand HNP-OAPÞ (1.05 mrnoì) was added to v0(HNP-oAP)'H20

Ipnepaned by publjshed pnocedure3T and'identified by its vanadium content and

i nf rared spectruml (1 mmo'l ) 'in degassed Me0H (30 ml ) and the m'ixture was

refIuxed for 1 V2 hours and the dark (punple) gneen compound fonmed was

collected and ìdentifìed by'its I.R. and E.s.R. Spectra and vanad'ium content'

(c) Th.is was also pnepared by foììowing procedures as described for

6.6.2 (c) and 6.6.7 (b) and ìdent'ified similarly'
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o' -oxona 'imì nomet -rnet henol ato 2-
1

vanad'ium IV
6.6.24 B'is o-

A

6.6.2r.

vr 8.40.

I

- v(HNP-PMt-onl¡,

dank PurPìe-green Product was obta'ined by the same pnocedure as f or

Yield 96%, m.p. > 250oC, Analysis' found: C' 71'30; H' 4'54; N' 4'66;

VCa6HZ6N204 r'equ'ires C, 71'88; H' 4'36; N ' 4'66; V' 8"47%'

6"6.25 Bi s[o-(o'-oxonapt 1)imi nometh.yl -P -chl oropheno lato(2-) lva nadi um ( IV)

- v(HNP-pcl -oRr¡,

Adarkpurple-greenpr-oductv,,asobta.inedbythesamemethodasfor

6.6.2I. Y'ield 98%, m.p. 228-goC, Ana'lys'is' found' C' 63'94; H' 3'14; N' 4'24;

C1,11.60;V,8.10.VCa4H20N204CI2requ'iresC'63'57;H'3'14;N'4'36;Cl'

11.04t V,7-93%,

6.6.26 Bi s Io-(o'-o xophe nyl ) -1-i mi n oethyl phenol ato ( 2-) lv anad i um( IV)

- v( HAP-OAP) 2

The procedure as descr..ibed for 6.6.21 was uSed tO pnepane this compound'

0n reflux, the result'ing dark red-punple solutìon was cooled in a refrigerator

at - 60c when a dank red-purple prec'ipitate sepanated out' This was filtered'

washed and dried as usual. Y'ield 60%' m'p' 206-8'C' Analysis' found:

C, 66.62; H, 4.73; N, 5'53; V' 10'30'

N , 5. 59 ; V, l'0. 16%.

VCZ¡HZZNZO4 r'eÇu'ires C , 67 '07 i H' 4'42;

6.6.27 Bi sIo-(o'-oxo phenyl )'im'i n omethyl pheno lato(2 -) lvanad i um( IV) - V ( Sal -0AP) ,

The same method as for 6.6.21 was uSed tO prepare the dark gneen punple

compound. Yi el d 947",

N, 5.88; V, 10.90.

v, 10.76%.

m.p. > 250oC, AnalYs'is,

VC26H1BNZ04 requi res C,

found: C,

65.97 i H,

65.78 ; H,

3.83; N,

3.7 2;

5.92;
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-methY I pheno ìato(2 -) lvan adi um( IV)
6.6.28 Bi s Io-(o'-o xoph enyl )'i mi nomethY'l-P

- v(sal -pMt-oRr¡,

The same method as
Yield

10.28.

for 6.6.2! gave a dank green-purple product'

98%, rIì.p. > 250oC, Anaìys'is' found: C' 66'41; H' 4'52i N' 5'47; V'

UCZ1HZZNZO4 reQuines C, 67'07; H' 4'42; N' 5'59; V' 10'16%'

6.6.29 B'i s Io-(o'-oxophenyl )im'inom ethyl -P-chl onophenol ato (z - ) lvanad i um( IV)

- v(Sal -pcl -onn¡ ,
Adarkgr.een-purpleproductwasobtainedbythesameprocedureasfor

6.6.2!. Y'ield 98%, m.p. > 250oC, Analys'is' found: C' 56'87 i H' 2'9I; N' 4'96;

Cl,l2.74iY,g.52.VC26H16N204CI2requ'iresC'57'59;H'2'971'N'5'17;

Cl, 13.08; V, 9.39%.

3-Al,lIN0-2 -NAPTHOL SCHI FF BASE COIIPLEXES

6.6.30 Bì s 3- o ' -o xona I 'im'i nometh I -2-na hol ato 2- vanadi um IV

- V(HNP-3-am-2-naP) 2

The same procedure as for 6'6'2I gave a dark green-PurP1 e comPound'

Yìeld 96%, m.p. > 250oC, Analysis, found: C' 74'16; H' 4'16; N' 4'11; V' 7'51'

UC4ZHZ6NZ04 requ'ines C , 74'89; H' 3'89i N' 4'16; V ' 7'561"'

6.6.31 Bi s 3-( o' -oxophenv]) 'imi nomethY 1 -2-nap thol ato ( 2-) lvana d'ium( IV)

- V(Sal -3-am-2-naP) 2

A dark gr.een-purple pnoduct was obta'ined by folIowing the same procedure

as fon 6.6.2L. yield 96%, flì.p. > 250oc, Ana'lysis' found: c, 70.96; H, 3'77i

N, 4.84; V, 8.96. UCa4H?2N204 requ'ires C ' 7I'2I3 H' 3'87; N' 4'88; V' 8'88%'
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2 2.-DIHYDROXY AZOARENE COMPLEXES

6.6.32 Bì sIo-oxobenzeneazo-ß-napthol ato(2 - ) lvanad 'ium( IV)-V (OAP-6-naP) 2

The tr^i dentate I i gand o-hydr.oxybenzeneazo-ß-napthol (2 mmol ) i n dny

methanol (80 ml ) was degassed w'ith di nitrogen' v0(acac)2 (1 mmo'l ) u'as added

to this and the m.ixture was refruxed for t houn when a dark green precip'itate

separatedout.Thiswasfi]tenedhot,washedwithmethano]andpetro.leum

sp.irit (40-60.c) and dried under vacuum. Yield 9oI" flì'p' > 250oc' Analysis'

found c,65.gg; H,3.64; N,9.53; v,8.93. vc32H29N404 requires c' 66'79;

H, 3.50; N, 9.74; V, 8'85%'

6.6.33 Bis -met l -o-oxobenz eneaz0- -na thol ato 2- vanadi um IV

- v(pMt-oAP-g-naP),

The above procedure (6.6.32) wjth p-methyl-o-hydroxybenzeneazo-B-napthol

as the ligand, gave a dark green pr^oduct. Yield 65%, m'p' > 250oc' Analys'is '

found: c,66.55; H,4.05; N, g.96; v,8.40. vca4Hz4N404 requìres c' 67'66;

H, 4.01; N, 9.28; V, 8.44%'

6.6. 34 B'i s -chl oro-o-ox obenzeneazo- -na thol ato 2- vanad'ium IV

- v(pcl -oAP-9-naP) 2

A dar.k gneen product was obtai ned by f o'l 'low'ing the same pnocedure as

for 6.6.32. Yield 95%, fiì.P. > 250oC, Anaìys'is' found: C' 58'28; H' 2'74;

N, 8.5L; Cl, 11.01; V, 8'03' VCa2H18N404Cl2 requires C' 59'65; H' 2'82;

N, 8. 69; Cl , 11.00; U , 7 '9I%'

6.6.35 B'is ( o-oxobenzenea zo-9-cnesol at o(2 -) I van adi um ( IV) - V(OAP-P-cresoì ) 2

The same procedure as for 6.6.32 gave a dark green product' Y'ield 60%'

fll.p. 208.10.c (decomposition), Ana.lys'is, found: C,62.01; H, 4.07; N, 10.56;

V, 10.08. VCZOHZONqO4 requines C ' 62'03; H' 4'00; N' 11'13; V' 10'12%'
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6.6.36 Bis o-oxobenzeneazo-P -metho x.yphenol ato 2-) lv anad'ium(IV )l

- v(OAP-P0Me-Pnenol )2

The same Pnocedure (6'6'32) gave

m.p. ?12'5"C (decomposition), Analys'is'

green pr^oduct. Yi el d

C,58.95; H, 4.02; N,

a dank

found:

65%,

9.63;

v, 9.37. VCZ6H20N406 requires C, 58.33; H, 3'76; N' 10'46; V' 9'51%'

6.6.37 Bi s Io -oxobenz enazo-p-chl o rophenol ato ( 2-) lvanad'ium( IV)

- V(OAP-pc] -lnenol ),

Th.is dark green compound was pnepared by the same method (6'6'32)' Yield

30%, m.p. > 250oC, Anaìysis, found: V,9'69; VC24Hi4N404CI2 r^equines V' 9'361"

6.6.38 Bis 1- 2'-oxona t l-3'-azo -2-na hol ato 2- vanadi um IV

- V( 3-am-2-nap-ß-naP) 2

The same procedure as for 6.6.g2 and using r-(2' -hydroxynapthyl-3'-azo)-

2-naptho'l gave a dark gneen pnoduct'

found: C, 68.25; H, 3.78; N, 8'22; V,

H, 3.58; N, 8.29; U,7.54%.

Yield 86%, m.P. > 250oC, AnalYsis,

7.46. VC40HZ4N404 requi res C, 71.11;

6.6. 39 B'i s sodi um-1- 1 -o xo- 2-n a I azo -6-n i t ro- 2-n a thol ato-4-sul natet

2- anadi um IV - V(Erio r)z

The same procedure as for 6.6.g2 gave thiS dank green compound' Y'ield

95%, m.p. > 250oC, Analysis, found: C, 45'38; H' 2'543 N' 7'85; S' 6'10;

V, 5.12. Na2VC4OH2ONOO'+Se requ'ires C, 49'55; H' 2'08; N' 8'67; S' 6'617"

v, 5.25'1". (The expenimental values fit the fonmula v12.5 H20).

I,IIXED-L IGAND COI,IPLEXES

debenzoYl hyd nazonato ( 2-) I l4-pheny 'lbutane-2.4-
6.6.40 Í2-oxo- 1-n apthal deh

dì onebenzoyl hyd razonato (2-)ll v anadi um ( IV) - V( HNP-BH) (Bzac-BH)

(a) A m'ixture of Bzac-BHþ (1 mmol ) and Li gAC (1 mmoì ) i n dry MegH
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(30 m1 ) was rì gorous'ly degassed w'ith di nitnogen. Monochl oro(2-oxo-1-napthal de-

hydebenzoyì hyd razonato ) oxovanad'i um ( IV)' V0( HNP-BHH)Cl lfor preparati on see

thi s sol ut'ion (yel I ow) when almosttoSecti on 6.7 .2) ( 1 mmol ) was added

instantly the colour changed to dark gneen. The mi xtu re was nef I uxed f or

45 minutes when a dark green (purple with reflected light) precipitate separ-

ated out. Th.is was f.iltered hot, washed with methanol and petnoleum sp'irit

(40-60.C) and dn'ied under vacuum. Yield 85%, flì'p'2:I2-4"C' Anaìys'is' found:

C, 68.12; H, 4.?7; N,9'06; V,8'30' VCa5H26N404 reQuines C' 68'07; H' 4'24:,

N , 9.07 ; V, 8.25%.

(b) This compound was aìso prepared fnom v0(HNP-BH)'oMe [for pneparation

see Sect'ion 6.8.4] 'in the f o]l ow'ing way' A m'i xture of V0(HNP-BH) .OMe

(1 nrmo] ), BH(1 mmol) and Bzac-Bþ (1 mmol) in dry and degassed MeOH (30 ml)

was nefluxed for t hour when a dark gneen-punple precipitate separated out'

This was filtened hot, washed and dnìed as usual and

characteri sti c i nfrared spectrum and vanad'i um content'

i denti f i ed bY 'its

INote: Use of

I\/0(HNP-BH)]20 (for pnepanat'ion see section 6.g'4) jn place of \/0(HNP-BH)'OMe

a'lso gave th'is comPoundl.

6. 6. 41 2-oxoaceto henonebenz lh d nazonat o 2- 4 h I butane- 2 4-d i one-

benzovl hYdrazonato ( 2-) I lvanadi um IV) V( HAP-BH) (Bzac-BH)

(a) The same method as detailed for'6.6.40 (a) and use of v0(HAP-BHH)Cl

(sectìon 6.7.3) in this case gave a dark punple m'ixed-1ìgand complex' Yield

80%, rIì.p.233-4'C, Analysìs, found: C' 66'09; H' 4'45; N' 9'65; V' 8'73'

VCaZHZ6N404 requ'ires C,66.09; H,4'51; N' 9'63; V' 8'76%'

(b) Th'is was also prepared followìn9 the method as for 6'6'40 (b) and

characterized by its 'infrared spectna' Yield 80%'

6.6.42 2-o xoaceto henonebenz th drazonato 2- 2-o xo- 1 -n a thal deh debenz-

oyl hydrazonato (2-)llva nad'ium( IV) - V(HAP-BH)(HNP-BH)

Followjng the same method as for 6.6.40 (a) and reflux'ing HNP-BFIU, LigAc
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and v0(HAP-BHH)Cl (see sect'ion 6.7.3) (1 nrmol each) 'in dry and degassed Me0H

(30 ml ), a dark purple compound was obtained. Y'ield 80%' m'p' 230-1oc'

Ana.rysis, found: c, 67.06; H, 4.07; N, 9.29; v, 8.57. vca3H24N404 requines

C, 67.01; H, 4.09; N, 9.47; Y, 8'61%'

6.6. 43 2-oxoaceto henonebenz 2- he I butane-2 4-d'i one-l nazonato

saf i c.yl oyl hyd nazonat o(2 -) I lvanadi um IV)-V

purpl e product was obtai ned foì 1 ow'i ng the

(a ) and ref 'l ux'i ng Bzac-Sa'l Hþ, L'i OAC and

(HAP-BH) (Bzac-Saì H)

pnocedure descri bed

V0(HAP-BHÐCl Isee

(

A dank

for 6.6.40

6. 6. 44 2-oxo-1-na

na

sect.ion 6.7.31 (1 mmoì each) in dr^y and degassed Me0H (30 ml ) for 45 minutes'

Yield 80%, m.p. 252-3"C, Analysis Found: C' 64'11; H' 4'38; N' 9'28; V' 8'59'

VCazHZ6N405 requines C, 64.32; H, 4'38i N' 9'38; V' 8'53%'

thal de ebenzo drazonato 2- o-oxobenzeneazo-I

hol ato 2- vanadi um IV - V( HNP-BH) ( OAP- ß-naP )

A dark purpì e sol i d was obtai ned foì 1 owì ng the same pt'ocedure as

for 6.6.40 (a) and r^efìuxing 0AP-ß-napHz, L'iOAc and v0(HNP-BHH)Cl [see

sect.i on 6.7.2f (1 mmol each) 'in dny and degassed MeOH (40 ml) for 45 m'inutes'

Yield 90%, Íì.p. 242-4"C, Analys'is' found' C' 67'63i H' 3'75; N' 9'291

V, 8.56. VCa4HZ2N404 requires C, 67'89; H' 3'69i N' 9'31; V' 8'46%'

TRIDENTATE -1 OXOVANADIUI.I IV COI{PLEXES6.7

6.7.L Monochl oro he I butane- 2 4-d ì one

0xo vandi um( IV) I - V0(Bzac-PCl -B ïÐc]

-chl ot'obenz drazonato -1I

Bzac-pcl-BHÞ (2 mmoì) 'in dry acetone (4.R., 40 m1 ) was degassed with

din.itrogen on a vacuum ljne and coolìng the schlenk conta'inen in ljquid

nitrogen. It was then brought to noom temperatune sìowly under a constant

flow of dinitrogen. The clear yellow.ish solution was added to a rigorous'ly

degassed schlenk flask containing dry V0C12 (3 mmol, h'igh excess to pnevent
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f onmati on of any YLz compound) i n MeOH (- 1 ml ) when gf'een pr^eci pìtate v\,as

formed in about a m'inute. The mixture was stirred at room tempenature for

30 minutes and the product firtered, washed w'ith excess acetone, petroìeum

spì n'it ( 40-60"C) and dri ed under vacuum. Yi el d 951" Analysi s ' found:

C, 49.14; H, 3.60; N, 6.59; Cl, 16'75; V' 12'36' VCl7H13N203C12 requires

C,49.06; H, 3.39; N,6.73; Cl, !7'04; V' L2'24%'

6.7.2 Monochl ono [2-oxo-1-na pthal de hydebenzo yl hydrazonato ( -1) loxov anad'ium( IV)

- v0(HNP-BHÐCI

A yellowish gf'een compound was obtained by following the above procedune

(6.7.1) and using HNP-Bþ as the ligand. In this prepar^ation' the reaction

mi xture was ref I uxed fon 40 mj nutes when the prec'ip'itate separated out' Y'iel d

70%, Analysìs, foundi C, 55.021 H, 3'41; N' 7'08; Cl ' 9'05; V' 13'17'

VClgH1ZN203Cl requires C, 55.19; H, 3'35; N' 7'15; Cl ' 9'05; V' 13'007"'

6.7 .3 Monochl ono[ 2-oxoacet ophen oneben z I hyd razonato(-1)loxo vanad'ium( IV)

- v0(HAP-BHÐCl

Thìs gneen compound was obtained by fo]lowing the same method as for

6.7.L. Yield 85%, Analysis, found: C, 51'05; H' 4'00; N' 7'7Ii Cl' 9'85; V'

I4.I7. VClSH12NZ03CI requ'ines C, 50'65! H' 3'68; N' 7'88; Cl' 9'97;

v, 14.32%.

6.7.4 Monochl oro [s al 'i cvl al deh.Ydebenzo .yl hydrazona to(-1) lo xovanadìum(IV)

- V0( Sal -BHH)Cl

The same pnocedure as detaìled for 6.7.I and use of sal-Bþ as the

ligand gaVe a gneen pr^oduct. Yield 80%, Analysìs, found: C,49'14; H' 3'43;

N, 8.17; Cl , 10.43; V, L4.g7. VC14H10N203CI requ'ires C, 49'22i H' 3'25;

N, 8.20; Cl, 10.38; V, 14.9I%"



6

-2?l-

(ALKOX0)0x0[TRI DENTATE( 2-) ]VANAD IUl.l( V) COI.IPLEXESI

8. I butane- 2 4-d'i onebenzo d razonato 2- vanadi um V

and L'i OAC (5 mmoì ) i n ethanol (30 ml ) ,

The green sol uti on tunned bt"own i mmedi ately'

6. 1 Ethoxo ox0 he

- V0(Bzac-BH).0Et

To VOCI2 (3 mmoì)

(2.5 mrnol ) was added.

bubbl ed thnough the

refluxed fon t hour.

I i ne pnec'iPitate was

spi nit (40-60"C) and

sol uti on f or 15 m'inutes , and the sol uti on

0nstandingovernight,abril]iantdarkbrowncrystaì.
It was washed w'ith ethanol and pnetnoìeum

Yield 7O%, m.p. 198-9oC, Analysis, found:

obtai ned.

dri ed.

razonato 2-

vanacl'ium V

Bzac-Bþ

Ai r was

was then

Yi el d 75%,

\/ , 11. 50.

C,58.52; H,5.04; N,7.16; V, 13'05' VC19H19N204 reÇu'ires C' 58'47; H' 4'91;

N, 7.18; V, 13.05%.

6.8.2 Methoxo oxo 4- he I butane- 2 4-d i one -chl orobenzo lh d razonat o 2-

vanad'i um(V) - V0( bzac-pCl -BH) . OMe

This dank brown compound was pr^epared following the above method (6'8'1)

and using Bzac-pCl-BlÞ as the ligand and Me¡H as the solvent' In this pnep-

anation most of the precipitate appeaned during bubbling air thr^ough the solu-

ti on to cause ox j dati on. Yj el d 75%, m. p. 158-60'C, Ana'lys'is ' found: C ' 52'46;

H, 4.08; N, 6.81; Cl , 8.45; V, L2'46' VC18H16N204CI requi nes C' 52'64;

H, 3.93; N, 6.82; Cì, 8.63; V, 12'40%'

6.8.3 Methoxo oxo 1 3-d i he I'O ane-L 3-dì onebenzI

V anadium(V) - V0( dbm-BH) . OMe

Thesamepnocedureasfor6.S.lgaveadarkbrownpnoduct.

¡ì. p. 133-5oC, Analysi s, found i C, 63' 15 i H ' 4' 48; N ' 6' 43;

VCZ3Hl9N204 requi r^es C, 63.02; H, 4.37; N, 6' 39i V' 1L'62%'

Methoxo ox0 2-oxo - 1 -n hal de eben drazonato 2-l

- V0( HNP-BH) .OMe

The same Procedure as for

6.8.4

6.8.1 gave this dank brown compound' Yield
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80%, m.p. 282-3"C, Analysis, found: C' 57'763 H' 3'56; N' 7'15; V' 13'08'

VC19H15N204 reQuines C, 59'08; H' 3'91; N' 7'25; Y' 13'19%'

p-chl o roben zo.yl drazonato ( 2-) l
6.8. 5 (Methoxo ) oxo [ 2-o xo -1-napthald ehyde-

vanad 'ium(V) - V0(Hl'tl-Pc] -BH).OMe

Amagenta-browncompoundv,,asobta.inedfoììow.ingthe

for 6.8.1. Yield 80%, ûì.p. 198-9"C, Analysis' found: C'

N, 6.69; Cl, 8.35; V, L2'23' VC19H14N204CI requines C'

N, 6.66; Cl , 8.43; V, 12'II%'

enzoYl hydrazon ato( 2-) lva nadì um( V)

same method as

54.17; H,3.43;

54.241' il1, 3.35;

6.8.6 ( Methoxo ) oxo f 2-o xoact op henoneb

- V0( HAP-BH) .OMe

The same Procedune (6'8'1)

250"C, AnalYsis, Found: C,54'

gave a dank bnown product. Y'iel d 70%' m' P' >

66; H, 4.42; N, 7-96; V, 14'41' VC16H15N204

requi res C, 54.87; H, 4.32; N, 8'00; V ' 14'54"1"

hydeben zoyl hydrazonato (2-) vanadium(V)
6.8" 7 ( Methoxo ) oxo Isa] i c.yl al de

- V0( Sal -BH).OMe

A dark brown product was obta'ined by the same method as fon 6'8'1'

m.p. 106-8'C, Anaìysis, found: C, 53'52; H' 3'52; N' 8'64; V'

Yield

14.94.

6.9 u-0X0-BI

VCl5H13N204 requires C,53.59; H,3'90; N' 8'33; V' 15'15%'

s[ox0 ITR IDEI{TATE( 2-) I VANADIUH( V) ] COI.IPLEXES

These oxo-bri dged dimers were pnepared 'in good yi el d by hydrolys'ing the

VOL.0Rcompìexes(forpreparationsseesection6.S)inch]oroform.

6.9.1 -0xo-bi s ox0 h I butane-2 4-d i onebenz drazonato 2- vanad'i um

g0%,

(v)l - tv0(Bzac-BH)120

v0(Bzac-BH).OEt (1 mmol) was dissolved 'in chloroform (30 m] )' and filt-

water (10 ml) was added to the filtrate, and the mixture was vigonousìy
e red.
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stìnred and boired gentry to remove the chloroform and the ethanor fonmed in

the reactìon. Fnesh chloroform was added and the pnocedune repeated' The

chocolate-brov,,n preci pìtate was separated, washed w'ith water' d.ied and cnyst-

al I i zed f nom chl orof onm and petrol eum sp'irit (60-80'c)' fll'P' 221-2"C'

Analys'is, found: c, 56.g2; H, 4'17; N' 7'78; v' 14'56' \/2ca4H28N407 r'equ'ines

C, 57.80; H, 3.99; N, 7 '933 U, !4'42%'

e-p-chl orobenz oyl h yd razo nato ( 2-)'ì
6.9.2 u-0xo-bi s Ioxo l4-phe nyl butane-2 ,4-d'i on

The

Analysi s, found I C,

vanadi um ( v)l - [vo(Bzac-Pcl -aH¡1ro

same method (6.9.1) gave

52.50i H,

a magenta-r"ed compound. rll' p' 230-zoC '

3.59; N, 7. 11; Cl , 9.15; V, 13'29'

VZCa4H26N407Cl 2 requi res c;52.67; H, 3.38i N, 7.23; cl , 9.14; v, 13'14%'

6.9.3 -Oxo -b'i s oxo 1 3-di e ro ane-1 3-d'i onebenz d ra zon ato 2-

va nad i um( \/)l - Iv0(dbm-BH)]20

The same method (6.9.1) gave a brown-ned product' nì'P' 235-7"C'

Anaìysis, found: C, 63.24; H,3.73; N, 6.52; V, 12'4?' VZC44H32NOOt requines

C, 63.62; H, 3.88i N, 6.741' Y,12'271"'

6.9.4 -0xo-bi s oxo 2-o xo- 1 -n a thal d deben zo l d razonat o 2- anadì um V

- t\/0(HNP-BH)120

The same method (6.9.1) gave a yeìlOw-brown pnoduct' ffi'P' > 25Ooc'

Analysis, found: C, 58.52; H, 3'48; N' 7'56i V' 14'10'

C,59.52; H,3.33; N,7.71; V, 14'02%'

VzCa6H24N407 requi nes

6.9.5 -Oxo-b'is oxo 2-oxo - 1-na hal de de- -ch I ot'obenz

vanad 'ium( v)l - [vo(HNP-Pcl-sH¡1ro

same method as fon

Analysis, found: C,

6. 9. 1 gave th'i s

53.27; H, 2.83

magent a-b rown

N, 6.89; Cl,

drazonato 2-

compound. rll. P.

9.02; V, 13.01.
The

> 2500c,

V2C36H22N407C'12 requìres C, 54.36; H, 2.7gi N, 7'04; Cl ' 8'91; V' l2'8L%'
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6. 9.6 -0xo-bi s oxo 2-o xoacet o henonebenzo d razonato 2- anad'ium VI

- [v0(HAP-BH) ]20

The same method as for 6.g.1 gave a chocolate-brown'ish pnoduct. m.p'

2go-2"c, Analys'is, found: c, 54.49; H, 3.77; N, 8.61'; V, 15'45' V2C3gH24N407

requ'i nes C, 55.06; H, 3.7 0; N, 8'56 ; V ' !5'571"'

6.9.7 -Oxo-bì s oxo sal i lald debenz d razon ato 2- vanadi um V

- [v0(saì -BH) 120

The same method as for 6.9.1 gave this brown compound. ffi.P. > 250oc,

Analys'is found: c,53.39; H,3'32; N' 8'88; v' 16'43' \/zc28H20N407 nequìnes

C, 53.69; H , 3.22i N, 8.94;-V, 16'27%'

6.10

(a)

PHYSICAL I'IEASUREÌ'IENTS

SPECTRAL MEASUREMENTS

Inf rared Spectra were determ'ined on a Penki n-Elmer' 683 i nf rar^ed Spectro-

photometer. ìn nuiol mulls or KBr discs. Electronic absorption spectra were

necorded on a Varian DMS 100 uv-vìs'ible spectrophotometer and a Zeiss DMR-10

r.ecor.d.ing spectrophotometer. Mass spectra wene measuned using an AEI-MS30

double focus spectnometen operating at 70ev ìoniz'ing energy' The E's'R'

spectra wene necorded on a varian E.P.R. E-9 spectrometer' Pnoton N'M'R'

spectra were recordecl r^elatìve to TMS on Varian T-60 spectnometer and Jeol

JNM-PMX 60 N.M.R. spectrometer (for routine spectra) and Bruker wP-80 spectro-

meter (for accurate measurements)'

(b) MOL ECULAR I^IE IGHT

Mol ecul an wei ghts wene determi ned usi ng a Knauer vapour pf'essuf'e osmo-

metry - uni versal t mperature measuri ng 'instrument'

MAGNET IC MEASUREMENTS(c)

The room temperature magnetic moments we¡e determined by the Gouy method'
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-2?5-

Tubes were caljbrated w'ith Hg[Co(NCS)4] as a standard' Diamagnetic conrect-

ions for the metal and l.igand atoms were computed using a standand soursst5ee'

The magnet'ic suscepti bi fity measurements of the sol'id al koxo-brì dged

complexes over the tempenature nange 4.2 - 300K Were made in the Department of

chemistry at the Monash un.ivers.ity, vìctoria on an extens'ivery modified Oxford

Instruments Fanaday Magnetometen w'ith main fìelds of 10 kG and/or 40 kG and a

gr.ad.ient f .ier d of 1000 G .*-1. Thi s nove'r Faraday bar ance system i ncorporated

a supenconduct'ing solenoid and an automatic data-logg'in9 fac'ility' The cnyo-

stat carny'ing the mi cnobal ance (F'igure 6. 10' 1) keeps the superconducti ng coi I s

immer.sed in a bath of riquid hel.ium and ailows the specimen tempe.ature to be

varì ed j n a w.ide range. sampr es we.igh.ing between 20 and 50 mg were pì aced 'in

agoldbucketandsuspendedfromaSantoniuselectnonicmicrobalancebyafine

quartz fibre down ìnto the cryostat with its pos'it'ion co'inc'id'ing with the

centne of the magnet system. special vacuum techniques and care v''ere employed

tochangepur.e.l.iqu.idhelium.intothecryostattoavoidanysolìd.ificationof

previous'ly changed 1ìquid n'itrogen (used for pne-cooììng) which must be

exhausted compl etely bef or'e hel'ium 'insert'ion' sampl es were checked f Or any

unusual field dependence at both 4.2 and 300K and none wene found to be

pnesent. Temperatunes bel ow 30K wene measuned us'ing a canbon res'istor whi I e

above th'is a copper/constantan thenmocoup'le was empl oyed' The temperatures

were accuratery car.ibrated by means of a gar r i um arseni de d'iode suspended i n

thesampìepos'il'ie¡338.Theexchangeìntegr^al'Jvalueswerecomputedby

measuring the susceptibjr.ities of the d.imer as a funct'ion of temperature and

fittingtheobserveddataby]eastsquaf.esmethodstotheBleaney-BowenS

equat.ion (1) (Sectìon 2.8) allowjng for the pnesence of monomer impunityts0'

(d) EL ECTROCHEM I STRY

Vo]tammetnywor.kwascanriedoutusingathnee-electrodesystemconsjst-
.ing of a circular p]at'inum work'ing eìectrode, a Platinum counten electnode and

a modified saturated calomel reference electrode' Depend'ing on solvents' the
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electrolyte in the neference electrode was Et4NCl. The electrodes wene fitted

.i nto a cel I of approximately 50 cm3 capac'ity such that the worki ng el ectrode

was.'in close proximity to the reference electrode' Argon was bubbled through

the solution to purge dissolved oxygen. A supporting electnolyte of 0'1 M

Et4NBF4 (also Et4NCl0O or Et4NCl ) was used'

Cycfic voltammograms (CV) were determ'ined using an RDt 3 Potentiostat

from p.ine Instrument company connected to a Hewrett packand 70158 x-Y reconden

(for noutine work) and a BAS-100 Electnochem'ical Anaìyzer (manufactuned by

Bi oana'lyti caì systems Inc. , t^lest Laf ayette, Ind'iana) connected to a Houston

Instrument HIpLøT DMp-40 ser.ies D.igitar pr otten or a pri nter (Amust P88-2).

The contror red potentiaì burk erectr-o'rysis was carried out us'ing BAS-100 and

by appìying a fixed voìtage (determined fnom cv) to an electrode wìth a large

sunf ace anea (Pl at'inum gauze).

The hal f-wave potentì al s and the nevers j b'il'ity of the system (as measuned

by peak sepanat'ion, ¡Ep) we¡e determi ned usì ng the standard pt"ocedure and

equati ons.

f
ì'r
h1

p
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c0NcLusI0ll

This work exPloned the formation

brì dged vanady'l d'imers and the novel

vanadìum(IV) complexes. A number of

devel oped whi ch stabi I i ze these I ess

comp'lexes .

and chemi strY of al koxo-

b'i s-tri dentate non-vanadYì

ì i gand systems have been

common types of vanadium

As regands the formation of the alkoxo-bridged oxovanadium(IV)

t\/0(AA)(0R)12 complexes' 'it appears that the sìngly changed

bi dentate 'li gands (AA-) havi ng at I east one phenyì r'ing or quasì -

anomati c nature through del ocal'izati on ane necessar"y to f onm such

compl exes. Isol atì on i s di ffi cul t unl ess the I i gands ane capab'l e of

yi el dì ng dimer^ pr oducts of I ow-sol ubi I ity. El ectron-attractì ng

phenyl r.i ngs hel p stab'il'ize the +4 ox'idati on state thus pneventi ng

oxidation to vanad'ium(v) under 'normal' oxygen-fnee conditjons.

These comp'lexes have been successf u'lly used as model compounds to

"investigate (ì) the electnonic intenaction between the V02+ centnes

based on the stnong ant'ifernomagnetìsm obsenved and ('ij) the type of

E.S.R. Í.esponse characteristiC Of a dimer configuration. These

propertìes proved to be the most significant consequences of the

presence of two V02+ centres per molecule as compared to those of

the monomenic comPlexes.

The bis-tridentate YLZ complexes are l'imited to ìigands that

canstabjlizethe+4oxidatjonstateofVanadiumw.ithouttheoXo

group. It seems that the subst'itution of the stable oxo lìgand

takes pl ace only with 'li gands which themsel ves ane stnong'ly

el ectron-donati ng (o- as wel I as n-). such I i gands contai n two

str.ong'ly basi c oxygens of an enol'ic and/or" phenoì i c nature and an

ìmine n.itrogen which together fulfil the o-donation nequirement. In

I
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addit.ion, the near pìanar"ity of the two contiguous chelate rings

pr.ov.i de occupi ed del ocal i zed n-orbi tal s capabì e of r-donatì on i nto

the d-orbìtals of the metal. 0ther dinegat'ive tridentate ligands

without an extended r-system, ê.9. pyrid'ine-2,6-dicarboxylic acid

and Schiff bases of am'ino acids do not form VL2 comp'lexes' Both o-

and n- 1 ì gand to metal bond'i ng , stab'i ì 'ity associ ated wi th the

chelat.ion as well as ready separation of the neutral vLz product

fnom the react'i on mi xtune must be important i n determi ni ng the

I 'i gand type f avou ri ng VL2 f onmat'i on '

B.identate 'li gands such as catechol , sa'li cyì i c aci d and benz-

hydr^oxami c ac'id whi ch f onm non-vanadyl vanadi um(I v) comp'lexes with

oxygen donons support the above 'idea that strong o- âñd r-donat'ions

ane needed to form such non-oxo compìexes. Howeven, these comp'lexes

a re I ess stabl e as one bì dentate I i gand can be nepl aced by a

strongly donating oxo ligand to form vO-complexes. The exceptional

stabi I ity of the VLZ compl exes I i es 'in the f act that a stnongly

donating tn'identate ìigand bound to the metal through two chelate

r.ings need to be nemoved to give a Vo-complex. A simplistic

expìanation of the extra-stabiìity of the VL2 comp'lexes ìs that the

two tridentate ligands pnovide the electron density, needed to

stabjIìze the non-vanadyì vanadium(IV) moìety, fnom four stnong'ly

bas.ic oxygens arranged 'in a f I attened tetrahedron.

The 'isol ati on of vIVolHcl , (vIVot)2/vIVot-x and of vVot' oR and

I VVOU¡ ,O compl exes , depend'i ng on neacti on condi ti on , suggests

stepwi se f ormati on of the YLZ chel ates v j a ' yIVg¡' 'i ntenmed'i ates '

Howeven, except i n cases of hi gh 'insol ubi I i ty, such 'intermedi ates

are difficult to prevent from oxid'izing. Th'is is consistent with

the strong el ectnon donat'ion f rom the I'igand whi ch when comb'ined

with that due to the oxo ligand leads to a very electron rich
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centne. The charge-transfer spectra and electrochemical stud'ies

suggest that one tridentate figand tnansfers less electronic charge

than one doubly bonded oxo lìgand mak'ing the fully substìtuted vLz

pnoduct more stable towards oxidat'ion than the intenmediates.

0f striking chanacteristic of the YLZ complexes is that they

dispìay a trigona'l prismatic (ìn one case' severely distorted)

coondinat'ion geometry. Low occupancy of the d-orbitals is equaììy

favounable for octahedral and trigonal prismatic coondination with

the suggestj on that the I atter may be actual ly P¡efenned233 '

However, the fact that the catechol ato complexes are octahednal

suggests that factons other than the d- configurat'ion are important.

Kepert has nati onal-1 zed the steneochemi cal arrangement of many

compìexes by us'ing anguments based so'leìy on enengy min'imizat'ion and

chelate bite s'izes. 0ur results and the structune of the catecho-

lato complex ane consistent with hjs exp'lanation and the bite sizes

of the chelates to the extent of even pnedìctin9 a most unusual'ly

d.istor.ted trìgona'l prismatic structure. su¡prìsing'ly, two titanium

compìexes with the same ìi9ands, wh'ich form trigonaì prìsmatìc vL2

complexes, were found to be octahedral. This 'is quite contrany to

the Kepert,s theory and suggest that factot^s other than electno-

stati c repu'ls'ion must be determ'inant. 0ne such f actor may be r-

donation which would be expected to be less important in titanium

than i n vanadi um. It coul d be that the n-donati on stabi I i zes a

t ri gonal pni smat'i c anrangement of the I i gands '

********
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