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INTRODUCTION

This article attempts to cover, as comprehensively as possible,

developments of titanium c¢hemistry during the 1982 calendar year, with the
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emphasis reflecting, by and large, the interests of the authors. As done with

the previous review [2], the material is presented in terms of areas of

interest which have recently been popular. These include preparation and

properties of Ti compounds, catalytic reactions involving oxides and various

Ti compounds, as well as uses of Ti species in organic reactions. ©Once again,

solid-state aspects have not been itreated directly but will be found in

connection with other areas of interest. GHere, we have found an increasingly

0010-8545/84/824.30 © 1984 Elsevier SBrience Publishers B.Y.
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large number of articles. This probably reflects the increased interest in
semiconductors and colleids in the catalytic and photocatalytic fields.

Three short reviews have appeared lately. The first deals with
properties and applications of metal hydrides in energy conversion systems [3]
and the s¢cond deals with a brief discussion of the structures, properties,
uses, preparation and occurrence of ‘T'iO2 i4], while ancother deals briefly
with optical and paramagnetic properties of titanium in lithium fluoride [5].

We have attempted to cover the material in the major chemical! journals,
as well as non-chemical journals and the foreign, less well-known journals
for the period covered by Chemical Abstracts from Volume 95, number 19 to
Volume 97, number 20; in some cases, articles dated pre-1982 and abstracted

in these volumes have been considered,

3.1 PREPARATION AND CHARACTERIZATION OF Ti COMPOQUNDS

Reaction of cyclopentaarsane, (ASCEHS)S, with metallic potassium in THF
{1:2 or 1:5 melar ratio) yields Ky (AsCyHc )} (1) or K, (AsC,Hc) (),
respectively [6]. Both () and (f} further react with (CSHS}ZTin,2 in THF
to give the dark brown, air-sensitive triarsanate complex (CSHS]ZTi(AsCZHS)S(z).
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Metallation of Me, 51 (CSHS} {HeCSH4) ar MeZSi(MeC5H4}2 with butyllithium
followed by reaction with TiCP.4 gives ring-substituted titanocenophanes (1)
and (3} [7]. Reaction of (§)} with Ral produces Mezsi(C5H4){HeC5H3)TiIz.
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The 1,1'-methylenetitanocene tetrahydrcborate (Q) was synthesized from
CHZ(C5H4}2T1C£2 with LiBH4 in 78% yield [8]. Exchange of () with L:i.;ﬂu.ﬂi*l‘1
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H

gives the aluminate amnalog of {"’LJ in 60% yield. A new convenient method
{reactions 4 and 5} has been reported for introducing vinyl substitueats

. 5 . . -
directly onto n°-cyclopentadienyl rings in systems incapable of undergeing
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Et 0 (5)

CH=CH

Ti /(I
o5

electrophilic aromatic substitution; it uses nsncyclopentadienyltrichloro—
titanium [9]. For example, 6-methylfulvene reacts with Iithium
diisopropylamide in TIIF at 25°C to produce vinylcyclopentadienyllithium (7)

in 80-50% ficld. Compounds of the type (nS—CSHSJTiC€2(0C6H4X}, where X = NO,,
cE, CHS’ can be prepared from Cp‘[‘icf.3 and suitable substituted phenols in 1:1
molar ratio in benzene at 353K using Et.N as a HCE-complexing agent [10].
Some of the i.r. and nmr bands of these compounds correlate directly with
Hammett o factors.

[ns—CSMéS)TiC£3 reacts with Z2-butenylmagnesium bromide at low
temperatures to give (nS-CSMeSJTiL3 {L = methallyl), which on heating is
readily converted into {nS-CSMeS)Ti(nS-L)[nd-L‘), where L! = butadiene [11].
This compound shows fluxonial behaviour of the ns-l-methallyl group and is
very reactive towards a large variety of organic substrates. Interestingly,
(CstRjoiES (ﬁ,z) (R =H, CH3;E = §, Se) efficiently transiers a

dichalcogenide fragment to [Ir(PhZPCHZCHZPth)z}CE affording IrIHE2

complexes and in one case 1,4[(CSH4CH3)2T1]254 [12], The unique Ti,8,

heterocycle can also be prepared via the PBu; desulfurization of
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C5H4R\ T E\E"‘.E (fg) E=5,R=H

. (ff) ©=5,R=0H
yd N\ (94) E=Se, R=H

CH R £ = E (9R) E = Se, R = Ci,

(C_H,CH ]2TiS Reaction & shows the utility of pentaselenides as

5473 5°
conveniently reactive and soluble sources of elemental selenium. Iridium

/(:.-Seg, 72 hr., 35% \’
(ir,(dppe),]Ct ~— /’[Ir(dppe}ZSEE]OE (6
) Cp.TiSe i0 min., 90%

Pyli58g, N

desulfurization of (ﬁk’) gives (HeCp]4T1254 (‘L@‘ a new compound which reacts
with dimethylacetylenedicarboxylate to give ('Uu)' Pure, red needles of (,UU

a0°C, 12 hr. G o—e e
.. — _— s - 5
(MeCp) Ti,§, + 2 IC=CZ oo 2 (HeCp)le\ N o
S —
Nz
gy Z = CO,CH, an

can alsoc be obtained in 28% yield by treating {ﬁk) with 3 equivalents of
p(n-Bu), in refluxing dichloromethane for 15 minutes [12].
3-buten-l-oxy derivatives of titanium have been synthesized by an
alcohol interchange technique [13], reaction 8. These derivatives are
Ti(OR), + 4 CHFFCHCH,CI,0f —F Ti(QCH,CH,CHECH,), + 4 ROH (8)
i
R = Et or =Pr

volatiie under reduced pressure. They can alsc be prepared by addition of
pyridine to the alkencl before additicon of TiOE4, followed by treatment with
ammonia (reaction 9). A nickel(II) complex of a quadridentate Schiff base,

T:'LCE’.4 + 4 CHZ-—CHCHZCH OH + 4 NHS_. Ti(DCHZEIi CH=CH

LCHECH,) , + 4 Ni,CF (9)

2

obtained by condensation of 3-formylsalicyclic acid with ethylenediamine .

(S—fsaen-H4) » has been empleyed to prepare a variety of bimetallic-type
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compounds. For example, 3-fsaen(H2)M has been successfully silylated and
lithiated to obtain 3-Esaen{SiMe3)2M and 3-fsaen{Li}M which, in turn, react
{reaction 10) with R'TiCEZ to yield compounds of the type 3-fsaenMH’R2 {143.

0
I ﬁ OH{Li or SlMEs] |
? 0 R, TiCL, AL
v Sul T A NN (o
\\N” \\b \\ 0 0
i i '
C H{Li or SiMes) o

R' = 1T—CSHs

Compounds of compeosition Ticﬁd_n(oph)n'2L {n = 1-4) have been prepared by
reaction of titanium phenoxides with ligands L [ = N-methylacetamide and
dimethylacetamide); they are monomeric and non-electrolytes in nitremethane
solutions [15]. Based on the magnitude of carbonyl stretching frequency
lowering (Av), the following order of acceptor strength was proposed:
TiCZ,(OPh) > TiCZ,(0PR), > TiCL{OPh), > Ti(OPh),.

Reaction of dichlorobis(ns-flucrenyl)titanium{IV) with ammonium
N-aryidithiocarbamates yields chlorobis{ns—fluorenyl}-N-aryldithiccarbamato-
titanium(iV) compounds of the type (nS—C13H9)2T1(52CNHR}C£, where R isg
different aryl groups [16]. The diamagnetic compounds are menomeric and
non-electrolytes in nitrobenzene; they are stable as solids under an inert
atmosphere, and are moisture-sensitive. On the basis of molecular weight,
conductance, infrared, and magnetic susceptibility studies, titanium is
pentacoordinated with the fluorenyl groups occupying single coordination sites.
The moncomeric, non-electrolytes chloro(N,N-alkylcycichexyldithiocarbamato)-
bis{hs-cyclopentadienyl)titanium(IV} compounds , (ns-Cp)zTi(SZCNRR‘)CE iR =
Me, Et, EPr; R' = cyclohexyl group}, can be prepared by reacting
stoichiometric amounts of szTiC£2 uith sodium salts of dithiocarbamic acids in

refluxing dichloromethane [17]; titanium is pentacoordinate and dithiocarbamate
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acts as a bidentate ligand. Also, reaction of dithiocarbamate salts with
TiCE3 in ethanol yields a yellow-green solid which shows a 3:1 stoichiometry
indicating tris coordination; infrared spectral data indicate the complexes
to be bonded through the S atoms and to possess appToximate D3h symmetry,
with the d state being maintained [i18}. The diamagnetic, moncmeric and
non-electrolyte complexes of the type Ti(SZCNRR'}nC£4_n, where R = Et, R!' =
tolyl and R = H, R* = cyclopentyl and cycloheptyl, have been reported for
n = 1-4 in which the coordination is 5, 6, 7 or & depending on the value of
n [19]. Complexes of titanium(IV] with the methyl ester of
2-amino-l-cyclopentene-1-carbodithicic acid are stereochemically rigid at
ambient temperature with respect to the arrangement of the zlkexy groups [20].
Dihydrazones derived from salicylaldehyde and malonodihydrazine (msde},
succinoyldihydrazine (ssdej, and adipoyldihydrazine (asde) form complexes
with titeniun(iV) (l7a, Q, £) which are monomeric and six-coordinate [21].

f: *:

c —N-M{—!IC'—(CHZ)“— E-;m N=C
o]

OH HO

() g =1, ms di,)

R:nm =2, ssdH.,,

g M= 3, asdH2

The cié-TiLZC£4 complexes, where L is a Schiff base derived from
salicylaldehyde and PrNHZ, iso—PrNHz, BuNHZ, sec-BuNHz, hexylamine, PhNH2,
octylamine, PhCHZNH2 and p-toluidine, have been reported; the Schiff hase is
monodentate [22]. By contrast, the Schiff bases are bidentate in the
complexes TiLCEd, where L = Schiff based derived from furfural and PhNHz,
iso-PrNHz, BuNHz, sec-BuNHz, hexylamine, octylgmine, PhCHZNHZ’ PhNH2 and

o- and p-toluidine [23].

The formation of Ti(OR), L (R = Et, “Pr) end Ti(R), L (R = 8¢, 1pr)
and TiC¢, L (n =1, 2) complexes, where L is 4-acyl-3-methyi-1-phenyl-
2-pyrazolin-5-one and the acyl group is OAc, pyrazonyl, BzQ or p C&C H co,
has been described; 'I'1(CIR)4 L reacts with r-BulH to glve T1{—Bu0)
and T1(~Pr0} reacts with PhNCO to yield T1(PhNC0](—Pr0)2L2 [247.
Tlﬂr4 OP{NCS}3 and TiCZa'ZOP(NCS}3 have been prepared by gradual addition of

a small excess of the phosphoryl isothiocyanate ligand te the corresponding

4-n n

metal halide, both in CC-&4 selutions; these compounds are moisture-sensitive
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and rapidly hydrolyze in air [25]. The heat of solution and heat of adduct
formation for TiCﬂq[scmicarbazide) have been determined [26].
TiC£4(5—aminoindazole} has heen reported to possess an octahedral, haiogen-
bridged structure in which the indazole ligand is unidentate [27]. The
synthesis of TiCEdL, where L is 2-piperidinomethyl-4-methyiphenol and
Z-piperidinomethyl-4-tert-butylphencl, has been described [28].
-Bromopyrogallol red and cetylpyridinium form mixed ligand complexes with
titanium [29]). Cytidine, p-phenylenediamine, benzotriazole, ethylenediamine,
PhNHz, PhNMeZ, and B-picolinecurea form (LH]2TiF6 complexes by reaction of
i1,Ti0, with L in the presence of 45% HF {30]. TiBr, and Til, in CCf.4 and

2773 4 4

benzene, respectively, react with IN3 selutions at room temperature to give

TiBrz[N3]2 and Til N, dry Tlﬁrz{N3}2 is very explosive {31]. {C6F5)3T1[THF}3
forms in 45% yield by treating CﬁFngCZ in tetrahydrofuran with TiCEs-STHF
(3 hr,, 0-5°C); treating the pentafluorophenyl compound with MeCOCHZCOMe gave
Ti {(MeCOCH ,COMe) | [32]. The TiC£3-3THF complex can be prepared by dissolution
of TiCE3 in THF, while TiCF,d(THF}2 is prepared by addition of THF to TiCE4 in
CH,CE, [33].

The azomethine ligand ([} forms complexes with titanium [34]. Also, the

R' = H; R = Ph, C6H4-p~Ph,

N\\\ ' 2-naphthyl, 3-ICH,,
\r 3-NO,C.H,, 4-NOC.H,,
N= CHR 4-HOC H,, 2-HOCH,,

2—H0—5-BrC6H3.

o5y R' = Me; R = 4-NOC.H,.

azomethines {PhC[CH):CHCH:N)zR (HZL; R = CHZCHZ’ a-C6H4) form the monomuclear
complexes-HzLTiCE4 in which the ligand is bidentate with coordination through
the O atoms [35]. Tetraphenylporphine reacts with TiC£4 in dimethylformamide
in the presence of pyridine to give TiC({TPP); this porphyrin complex Ffurther
reacts with HCE te give TiC£2(TPP) [Z36]. In HOAc-H,S50, solutions at 50-70°C,
dissociation occurs with the protonation of TPPZ—. At high concentrations of
H2504 in the solvoprotolytic solutions, Ti[TPP)z+ complexes of the type
(H,50,)Ti(TPP) are formed.

Potentiometric and potentiodynamic techniques have been used to obtain
data on the camplexing of Ti{IV} with F in halide {NaCf-KCf) melts; conditional
stability comstants following the method of Leden were reported [37].

Thermodynamic data for the equilibrium of reaction il have been determined [38].
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TiCl (s) + 0.5n AL,CE (g) — TiC£3-nA£C£3(g) (11)

Titanium{IV) forms complexes with protocatechuic acid {HSL)Iand antipyrine
with the stoichiometry of 1:2 and 1:3 for Ti:HsL and 1:3:4 for
Ti:HEL:antipyrine complexes [39]. TiSSS(IZR type) was recently prepared in
a pure state as a singlc phase by a chemical transport method [40). The
importance of gaseous TiS2 for chemical transport and sulfide syntheses has
been noted [41].

The synthesis of titanium chelates and their properties as colouring
materials have been described by Misono and co-workers [42]. Reaction of
Ti(OCHMe2)2 with 2,27-dihydroxy and 2-hydroxy-2'-carboxy azobenzenes,
1,1’-azonaphthalenes and 1-(phenylazo}naphthalenes gives neutral, water-
insoluble 1:2 titanium chelates: they are sparingly soluble in organic
solvents and are mahogany brown in colour. The light-fastness and thermal
stability of these complexes appear to depend on the structure of the
ligends and the nature of the central metal (Ti v4 ZIr).

Anchoring of the coordinatively unsaturated complex TiCEs(C4H802)2,
prepared by thermal decompositicn of TiCEs(C4H80233, to the surface of
magnesivm oxide leads to formation of surface-attached Ti{III) complexes [43].
Anchoring was achicved by reaction of the complex with the basic centres on
the surface of magnesium oxide. Aggregation of the surface-bound titanium{II1}

complexes occurs upon thermal decomposition, while reaction of 0, with these

2
complexes produces 02‘, coordinated to Ti(IV).

Polymeric oxotitanium(IV) complexes of the type TiO(LH)Z, TiO{Uiz},
TiO[LH32‘2L, and TiO(LHZ]-SL, whete L is N,N'-disalicylaldimine-oxamide,
-malonamide, -succinamide, and -anthranilamide, have been prepared and
characterized by infrared and electronic spectral studies [44]. The complexes
are orange to deep red in colour with high meiting decomposition temperatures.
Tentative structures are shown as (ki] through (k&). it appears that JC=0
and/or 2C= N and hydroxyl groups of the ligands take part in bonding to
titanium; charge transfer bands (350-600 nm} in the uv-visible spectra
originate from a 3d%4s® electromic configuration of Ti{IV). Infrared bands
have been identified at 1670-1640 cm | {3C =0) and 1610-1604 em ! (>c=m
along with 815-785 et assigned to Ti=—0, These were taken as suggestive of
a polymeric structure for the complexes by comparison with the known
polymeric species Kz[TiO(C204)2], from whic;+comp;fxes Q4- +) were_derived
[44]. An inversion in the stability of TiO -504 and Ti0 —HC204 bands has
Dy and TIOMHE,0,-H,C,0,0" to

TiD(SOd)Z(HC204'H20204}3_; this indicates the existence of interligand

bonds [45]. The central atom {Ti) significantly strengthens the C204H'-SO

been observed on geing from TiQ(S0

2=
4



i1

n=40,1, 2
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bond, compared to the free (H26204 ‘H 504)

The preparation and crystal structure of two barium titanium platinum

associates.

oxides have been described by Fischer and Tillmanns [46]. Ba(TiG.BSPt0.12)3
is hexagonal, space group P63/mmc while Ba {T11 81 g)PtO is
orthorhombic, space group Cmca. Both structures are closed -packed
arrangements of Ba and O atoms with Ti and Pt in octahedral sites. Heating
the products of co-precipitation of the metal salts by aquecus NH3 and H2C2 4

forms La Ti , where BII = Mg, IZIn and BV = Nb and Ta; the mixed

2 5/3 4/3 14
oxide compounds possess a lamellar perovskite type structure with space group
Pna21 or Pnam [47]. Mitric acid solutions coptaining Ti(IV) and Zr(IV) ions
form a polymeric complex containing a 4:1 2r4+:Ti4+ molar ratio and

containing OH and O bridges; the composition of the polymeric compound lies
between TiZer(N03}14(DE*I)26 xH 0 and Ti Zr [N03)14013-yH20 [48]). The
synthesis and structural propcrtles of the spinels LiZMgTiSO8 and

LizMgST14012 have also been reported [49]. Mixed hydroxides of Pb and Ti were
prepared by the heterophase Teactions af hydroxides of Ti with aqueous
Pb{OAc]Z from which PbTiO3

Formation of anatase precipitates containing Fe(III} cccurs by the air

crystallizes directly [50].

oxidation {at 95°C} of strongly acidic titanium(I1I} chloride solutions
containing iron{iI} sulfate; the physical properties of these precipitates
have been described [51]. It was concluded that the Fe(IfI) in the product is
interposed between the extremely fine particles, whereas the H20 and 5042‘ are
adsorbed in the spherical, polycrystalline particles formed with oxo and
hydroxo combination of the fine particles.

The formation of two new heteropolyanions with titanium{IV} and
nickel{II} in solution has been reported [52]. More details on the synthesis,
analysis and ba51c1ty of the heteropolyanions [H ONiTiW and

[H20N1T1ﬂ

6-
039]

] were later described by the same authars 53].
20

3.2 STRUCTURAL STUDIES

The titanium metallocene complex-u-{nl:ns-cyclopentadienyl)—

tris{n-cyclopertadienyl}dititanium, [u-(nl:ns-C5H4)](n—C5H displays a

533Ti2’
wide range of chemical reactivity with Ay, [541. For example, in hydrocarbon
solvents it reacts reversibly with dinitrogen to give the deep blue complex
[(CSH43(C HS}STIZ]Z 23 also, it reacts with N2 {i0 atm) in 1,2-dimethoxyethane
to yield a N2 complex characterized by a N-N stretching at 1222 cm_l, the

lowest N-N vibrational frequency yet observed for any coordinated dinitrogen
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ligand. Reaction of this N, complex with THF yields another Ky complex with
w{N-N} = 1296 cm_l. Successive treatment of {(C5H4)(C5H5]3T12]2N2 with
THF/glyme and diglyme(bis-2-methoxyethyl ether) produces a crystalline

dinitrogen complex with w{N-N) = 1282 cm-l and whose composition and structure

{(Figure 1} have been determined by x-ray diffraction methods; the complex is
. 5.5 : . 1.5, CE $ 1-Tin- -
(ng-N,) [Ny pHg) (N-Cglig) T, J L0 07 -C€H, ) (N-Cel ) Tio ) - [(n-CeHe)

(C()HNDS)Ti]-CGHH%, in which the M2 ligand is coordinated simultaneously to

FIGURE 1: ORTEF view of the (M -N,}[(n°:n"-CjoHg)-
. 1.5 . .
(ﬂ-C5H5]2T12][(ﬂ o —CSHd](n-CSHS)slej unizg
with C, Ti, and N atom labels.

three titanium atoms. The N2 is o-bonded to the one formaily divalent Ti atom
in [p-(nl:ns-CSHq)](n-ESH JsTiz, as well as being coordinated in 2 0,7 mode to
the twe Ti atoms in (n”:n 'C10H83(”'C5“532Tiz' The result ofathis muitiple
coordination is a considerably ionger N-N bond length [1.301 A] than in free
N2 {1.0976 R] , and is intermediate betweer bond lengths found in aze (~ N= N=J)
and hydrazo {;‘N -~ KX ) compounds. Aqueous hydrolysis of the complex of
Figure 1 in digiyme yields mostly NH3 which has important consequences in the
chemistry of Nz-fixation systems {54].

Carbonylation of Tﬂ(n-C4H6)2(dmpe) [dmpe = i,2-bis-dimethylphosphino-
e¢thane] or reduction of TiC£4-2THF in the presence of dmpe and CO affords
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[Ti[CO)S(dmpe)slzjn, which further reacts with PF3 and dmpe to form
Ti[CO}z(PFs)(dmpe)z, a derivative of the non-existent Ti[CO)? [551. The
carbonylated dmpe complex is at least a tetramer (n 2 4) as four equally
populated 31? nmr resonances were observed at low temperatures. The
structure of the triflusrophosphine complex and the inner coordination sphere

about Ti are depicted in Figure 2. The complex crystallizes in the

[l

26N

5091

19T

LU T [

200008

B{F}
(a} {b)

FIGURE 2: Molecular structure {a) and inner coordination
sphere (b} of Ti[CO)z{PFS){dmpejz.

monoclinic sSpace group P21/c, and it is clear from Figure 2 that the
coordination geometry about titamium defines an appreximate capped trigonal
prism. The adduct between Cp,TiCf, and Arphos [= l-diphenylphosphino-2-
diphenylarsinoethane] has been prepared by reducing the titanocene with
manganese powder in the presence of potassium t-butylate using
diethyleneglycoldimethylether as solvent and then adding the Arphos ligand
[56]. The resulting dimeric complex, p-1-diphenylphosphino-p-2-diphenyl-
arsinoethanebis [chlorodicyclopentadienyititanium{iIIi}], crystallizes in the
monoclinic space group P21/n. The structure, illustrated in Figure 3, shows
that the Ti atom is tetrahedrally surrounded by two Cp Tings in a staggered
configuration, one Cf and one P (or As} atom from the centrosymmetrical
ligand molecule which joins adjacent coordination polyhedra such that the
Tesulting complex molecule is dimeric. The molecular and crystel structure
3]251(CSH4)2TiC£2], shows

that this complex is also monoclinic, space group £2/c {57].

of 1,1'-dimethylsilytenetitanocene dichloride, [(CH

A structure for a simple metallocyclobutane (AK) has been preposed from
ab initio theoretical studies [58]; also reported were relative energetics for

the equilibrium with free ethylene plus the metal alkylidene complex g
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FIGURE 3: QRTEP drawing of the molecular structure of
p- 1-diphenyiphosphino-u-2-diphenylarsincethane-
bis[chlorodicyclopentadienyltitanium(iiI)}.

. -~
Ci-i2 Ti o C., i

cL CH2
~ " N
CE/ \ CHE/
a0 #§7)]

Similar structures had also been reported earlier for the titanacyclobutanes

(13) [59]. The structure of (Igk) is depicted in Figure 4.

R a} R = t-butyl, R' = H
b R CSHS’ R = H
L

e} R =R CH,

Cp,Ti

2

qp
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FIGURE 4: ORTEP drawing of the titanacyclobutane ([{f).

'

Infrared spectra of the crystalline compounds szTiHZA X{X*)-L (X and X*
= H or halegen; L = Et,0 or NEtS} have been reported [§0]. Crystallization
from solutions containing the monomeric complexes szTiHZAZCKH-EtZO,

Cp,TiH ALHCE-NEt,, and Cp,TiH, AZHBr-Et,

formation of structures containing ordinary and double hydrogen bridges,

0 results in splitting off of 0.5L and

terminal H atoms and non-equivalent Ti and A£ atoms. Depending on the reaction
temperature, monomeric {Z0) or dimeric {{]) forms of szTiA£H3C£ form in Et20

CE{Br)

cp.\\\'rf”, H.\\‘AE"’:G-- L
Cp’/’ \\\ H”, ~\\'H

&

solutions, with the dimeric structure (KA} retained in the crystalline state.
During crystallization of CpZTia H3x, (KR) converts to structure (1&);
crystallization of dihalo compounds containing Et,0 appears to involve
dimerization via ordinary H bridges (ZR}. However, in the presence of the

stronger base NEts, structure (KA) is cobtained because of the stronger
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stabilizing action on szTinzﬂﬂcﬂz-NEts; on crystallization, structure (4} is
retained [60]. i )

Reaction of Ticf_4 with a solution of Mgcf.2 in dry CH,COOC,H, gives
TiMgCL (CHLCO0C He
Figure 5 [61). The titanium{IV} atom is octahcdrally coordinated by six ct

the structure (space group P1l) of which is depicted in

FIGURE 5: View of TngCEE(CH3COUC along the Ti=—Mg directiom.

My

atoms (Ti-—Cﬁt: 2.293(2) A and Ti—'Cﬁb: 2.480(2) ;2’ while the magnesium atom
is coordinated by two Cf atoms (Mg-cib: 2.528(2) A} and by the Earbonyl
oxygen atoms of the four cthylacetate residues {(Mg=—0: 2.038(5) A). The
octahedra share an edge by a double C£ bridge between the Mg and Ti atoms [61].
X-ray measurements on CSTiF4 crystals show fhat the crystal is of the
EsFeF4 layer-type structure of space group P4/nmm [62]. These results with
magnetic susceptibility and EPR linewidth measurements along with neutron
diffraction results indicate that CsTiF4 possesses two-dimensional
antiferromagnetic character, X-ray measurements have also been carried out on
disordered State II AngiSZ crystals (x = 0.18 and .19} [63], on
1.083%; [641, on Ti Q)
{657, and on nitride surface films of Ti prepared by reaction with NH, gas at

nonstoichiometric titanium disuifide, Ti (2 5nt 9]
high temperature [66].

An x-ray structural study of szTiUOCCMe§ reveals that the Cp ligands form
7w bonds with the Ti atom (Ti-Cmean; 2.40{1) A}, with the chelate OOCCMe3

ligand located in a bisecting plane with equivalent Ti © bonds equal to
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2.13(1} ; [67]. The structure of this titanocene trimethylacetate is
depicted in Figure 6.

FIGURE 6: The molecular structure of szTiOOCCMe

3)
in which only cone statistical pesition of

the Cp and t-butyl ligands is shown.

The pentafluorotitanate(iV) ion, H D T1F5 , has been prepared from the
reaction of H20 with T}.F4 in HF; a 51ngle crystal structural study shows the
ion pair to crystallize in the monoclinic space growp CZ/c [68]. By contrast,
the hexafiuorotitanate{IV} ion, {NH4)2T1F crystallizes in the trigonal space
group P3ml [69]. At 153K, the H atoms are ordered but showed large
anisotropic thermal motion; at ambient temperature the greater motion was
represented by a disordered model 1n which the NH ion is twisted 19° away
from the threefold axis. The T1F 2- ion COHSlStS of a slightly flattened
octahedron with Tie-F bond lengths af 1.862 A The triclinic structure (P1)
of [Ph4As]2[T1C£4[P02C£2)]2, prepared by reacting TiCif4 with PhQAs[POZCEZ]
in dichlcromethane solution, has been determined [70]. The complex anion,
[TiCEd(Pﬂzcﬁz)]zz'! is dimeric with the dichlorophesphate group bridging
through the O atoms as also evidenced by infrared data,

The molecular structure of gaseous Ti(BH4)3 was determined at ambient
temperature by electron diffractometry and ir and UV spectrometry [71]. The
structure was solved with a model of the type Ti{u-HJSBH]3 and is nor-planar
with c3v symmetry. Electron diffraction techniques wﬁre alsc used to define
the structure of TiF at 689 * 20K; Ti-F = 1.745(3) A [72]. The force
constants and v;bratlonal frequencies [u = 695{20), v, = 179(8), v_ = 78B7{15},

= 225(20) cm~ ] were calculated using the anharmonlc approx1mat10n The

evolution of crystal structure and chemical bond characteristics has been
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studied for a series of isotypical compounds Tix2 with X = S, Se and Te [73].
Structural studies of TiTe2 and TiSeTe confirm the existence of an increasing
trigonal cjv distortion of metal sites when the chalcogen electronegativity
decreases. ESCA experiments further showed that this distortion is
associated with an increase of the covalent or metallic character of the bond.
Structural and spectroscopic differences evident between TiS2 and TiSe2 were

interpreted in terms of an orbital delocalization in TiSe, and TiTez, ih

2
accord with the semi-metallic behaviour of these TiX, compounds [73]. The

nature of the chemical bonding in titanium hydrocarbides and carbides,
TiCU'ﬁ, TicO.GH' TiCO.S’ TicO.SH’ Tico.95 and TiC
from x-ray emission spectra of Ti and C [74].

0.95H has been determined

The unit cell dimensions of BaTiA£6012 were determined using x-ray
powder diffraction methods [75]. The compound pessesses orthorhombic
symmetry rather than the previously reported tetragomal symmetry; the space
group determined from powder patterns and by electron diffraction is either
Pnm2 or Pnnm. K2.385h3.62T10.38011 crystallizes in the monoclinic space group
P21/a with the structure closely related to that of K25b4011; this probably

results from having the same M building units [76].

8022
The system FES-xTix04 (1.0 2 x 2 0) is expected to form a continuous
solid solution over the entire range of x; Moessbauer measurements taken at
varicus temperatures between 300K and 77K reveal 2 complex behavieur [77].
The results are understood in terms of disorder and consequent formation of
super-paramagnetic clusters which are supported by earlier hysteresis and
susceptibility studies. It appears that with increasing Ti content, domain
wall formatien is inhibited, resulting in effectively monodomain clusters.
Moessbauver spectra of FeZ.QTiO.104 and Fez'sTio.QO4 are reported for the first
time [77]. The latter system shows hysteresis that is relatively independent
of temperature, with small Hc’ and that its susceptibility, ¥, is independeat
af temperature below the Hopkinsom peak; it has been inferred that
F82.8T10.204 exists in the multidomain state. From their studies, Nagarajan
and Murtz [77] concluded that:{1) Ti ions in magnetite cause magnetic disorder
even though the material may crystallographically be a single phase; {2} the
extent of magnetic disorder in Fez.?TiO.304 inhibits formation of multidomains
and the material behaves as a mixture of super-paramagnetic and single domain
clusters; {3} Moessbauver spectra of well-Formed multidomain material is
expected to show narrow, well-resoclved lines even close to its TN; and {4}
magnetic materials showing complex and unresolved Moessbauer spectra might in
some cases imply bulk super-paramagnetic behaviour and this could be checked

by hysteresis and susceptibility measurements at different temperatures.
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iron-57 Moessbauer spectra of monoclinic FozTiOS reveal hyperfine patterns
belonging to two non-identical iron sites; Fe3+ ions are distributed over 4a
and 8f sites [78]. The cations are octahedrally coordinated to oxygen with
cation-anion distances between 0.201 and 0.203 nm at 4a sites and between
0.189 and 0.226 nm at 8f sites.

Magnetic susceptibilities in the temperature range 3.8-295K of Ti?Cf,16 and
Ti?Br16
of oxidation states of the titanium ions and the exchange interactions between

reveal magnetic ordering peints at 15,9 and 13.5K [78]. Determination

them was complicated by the fact that, at room temperature, competing
antiferromagnetic intra- and inter-cluster exchange interactions are already
present; however, calculations using simple models show that thoe compounds

probably consist of Ti, clusters with Ti(II) and isolated Ti{IV} ions.

The ocrange compouid Ce,Til, has been prepared by reaction of
stolchiometfic amounts of £sI and TiI4 in evacuated silica ampoules at 450°¢,
and crystals were obtained after annealing at 560-600°C for 2-3 days [80].
The compound is moisture-sensitive, thermally decomposes above GOG°C to Cs¥

and Til,, and crystallizes in the K, PtCE structure type. Titanium copper

4°

phosphide, Ti Cu, P, where x = U 34, crystallizes in the space group Pbam;

1t+x™71-x"8

the structure consists of a complex arrangement of PTi, trigenal prisms and

6

distorted CuTi8 body-centred-cubic units [81]). Chemical transport reactions
of ]=T1305, B- T13 T T1407 and11203 were performed in closed silica ampoules

using TeCE4 as the transport medium; single c¢rystals of 1-T130 were obtained

for the first time [82]. Crystals of the titanium oxides Tlnozn_l {n = 2-9)
have also been grown by chemical vapour transport with chlorine proving to be
the best transporting agent [83],

EXAFS structural parameters have been reported for a- T1C£ and T1C£
Ti=—=Cf distances of 2.46 and 2.42 A were derived for G-TlCE and 11C€
respectively, and agree well with the crystallographically- obtalned values

of 2.46 and 2.50 A [84].

3.3 PROPCERTIES OF TiTAKiUM COMPOUNDS

Calculations of the electronic structure of octahedral clusters of
titanium.carbides, nitrides and oxides using the self-consistent multiple
scattering method Xy have been reported [85]. The electronic structure of
TiH2 has also been studied using the APW method and LGAO interpolation
methed [86]. The density of states and its orbital components show that the
conduction bend is Ti d-like and that the valence band is largely derived from
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the hydrogen orbitals with small Ti 3d hybridization, Moreover, electronic
energy levels in TiCE3 and Ticﬁq_ have been calculated and the effect of
ethylenc coordination on the d-orbital levels of Ti(IIl) discussed [37]. A
method for calculating the contribution of 7-bonding molecular orbitals to the
dipole moments of octahedral complexes of the type MIIIA383 M=Ti, ¥, Cr,
Fe, Co or Ni(Il); A= Qor N, B = N, S, or Gf) has becn developed [88]. It
appears that n-bonding molecular orbitals contribute less thanm the J-bonding
melecular orbitals, but the w-contribution may not be negligible even for
chelate complexes in which dcleocalization of m electrons is assumed.

Surface properties of metal oxides such as TiO, and Ti0,-ZrQ., have been

elucidated using a potentiometri¢ acid-base titratiin methodz[SQ]? A mixture
of a titanium compound, 2,7-dichlorochromotropic acid, amd a tetraphenyl
phosphonium salt in the ratic 1:20:120 in the aqueous phase shows formation
of a 1:2:4 complex extractable with nitromethane [90]. A hydrate-solvate
mechanism was proposed for titanium extraction from sulfuric acid solutions
by petroleum sulfoxides; the extracted solvate, HzTiO(SO4)2, tends to
polymerize in the organic phase [91]. Extraction of titanium with petroleum
suifoxides from fluoride-sulfate solutions reveals that separation depends
on the acid concentration and the relative phase veolumes; infrared and nmr
studies indicate formation of a series of titanium-fluoro complexes but very
little TiF62_ [92]. The kinetics of anodic oxidation of titamium in 1M
chloride solutions have been studied [93].

Bis{cyclopentadienyl)titanium dichloride shows significant antiwviral
efficiency 4{n vifro against representatives of a number of enveloped DNA and
RNA viruses [94]. (Inhibition of up to 100% of orthopox virus (vacciniaj,
herpes virus (pseudorabies), orthomyxoviruses {influenze A/ fowl plague [FPV],
influenza A/ Victoria 3/75, influenza A/ Jena 48/78, and influenza A)
Johannesburg)}, paramyxovirus {Newcastle disease), and thabdovirus [(vesicular
stomatitis [VSV]) has been observed after direct contact with CpETiCEZ.
Applicaticon of this titanocene compound during the replication of vaccinia
and influcnza vituses A/FPV in cell cultures produced an additional effect of
inhibition of virus multiplication §94].

Dielectric relaxation studies of the ionization (reaction 12} and

solvation (reaction 13) of TiCJE4 ester complexes in benzene indicate the

(TiCL, E), = - (TiC.Es‘E)') + (Tl B) (12a)
or
(TiCE,-2E), — (Tices-SE)" + (TiGe -E) (1Zb}

(Ticﬂs-E)+ v 2 CH T———— {TiCES-E‘ZCGHS)*' (13)
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existence of ellipscidal and spherical ester complexes [95]. The tendency of
the ellipsoidal forms toward association with stretching out of the
hydrocarbon chain of the ester increases abruptly as the chain length
decreases; the degree of association of these ester complexes varies from 2
to 9. Titanium(IV} chloride complexes with benzo-15-crown-5 or dibenzo-
18-crown-6 cthers show an atom ratio of ionically-bound Cf to Ti of < 4, while
the crown ether to TiCE4 ratio lay between 1,02 apd 1.62 [96].

The complex Ti(OH)(504)+ forms at 25°C and ionic strength 0.6M (H,50, +
HC£04) with a stability censtant of Bl =19 * 1 [97]. Complexation of azo
derivatives of pyrocatechol with titanium(IV) has been investigated in aqueous
organic mixtures (acetone, DMF, dioxane, EtOH}; stability constants for 1:2
Ti:ligand complexes in 40 vol. % aqueous acetone show correlations with ligand
ionization constants [98]. Standard enthalpies of formation of
(ﬂ-CSHS}ZTi{OR)2 complexes {R = C H_, 2-CH_C.H,, 3-CH. C H,, 4-CH C H, and

657 3768’ 364t 3764
2—C£C6H4) at 298.15K determined by reaction-solution colerimetry are: R =
C6 5s -379.2 £ 8.0 kJ mol_l; R = 4-QHSCGH4, -416.5 * 7.8 kJ mol_l; and for
R = 2-C£C6H4, -407.6 * 21,5 kJ mql-1 [99]. Enthalpies of complexation of the

o,B-unsaturated Lewis bases crotonaldehyde {23), methylcrotonate (28,
mesityl oxide (&&}, and crotononitrile (Kk} with the Lewis acid TiCE4 have
been measured in GHZCE2 solutions [100]. The enthalpy of reaction of Ti{IV)

0 (%) Ry = R, = H; M= 14.0 # 0.6 keal mo1 !
ﬂ () R, = OCH;, R, = H;
C/ \Rl :'_\.Hc = 12.6 + 0.7 keal mol !
\\\ R, AH, = 17.9 £ 0.3 keal mo1!
CIN

ﬂ

11.5 * 0.3 keal mol™}

(RA

with salicylate icns (sal) at 25°C and p = 0.1M is -2.60 * 0.11 kcal no1”1

{calorometrically); the standard enthalpy, free energy, and entropy of

formation of TiO(sal} are -301.8 £ 0.9 and -249.5 % 0.9 kcal mol™ ) and
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+29.4 £ 4.1 eu, respectively [101],

Storage of a solution of TiOz, 50 H20 for long periods (years) led to

formation of TiO(SOd)-ZHZO which dehyd:ates at 200-300°C, giving the amorphous
T10(804) complex. Heating this complex to 600-800°C forms anatase and at
temperatures > 800°C forms rutile {102]. when a mixture of aqueous Tin.4 and
aqueous Zan.2 {or CdCﬁz} is slowly added to a hot solution of oxalic acid,
zinc titanyl oxalate (IZTO) {or cadmium titanyl oxalate, CTO) forms [103j.
Thermogravimetric and differential thermogravimetric studies reveal that
thermal decompasition of ZTO and CTO proceeds through three major endothermic
steps: (1) dehydration of the oxalate, {2) decomposition of the oxalate to

the carbonate, and (3) decomposition of the oxalate to the respective metal
titanate.

Titanium dioxide {anatase]} reacts with A5205 to form TiAsZOT’ TifAsO

and 3 TiOZ-Asos, depending on the TiOZ:Aszos molar ratio; these decompose

thermally according to reactions 14a and 14b [104]. Beryllium titanyl oxalate

4)4’

. . . .
T1A5207 —’<860°C T13(A504)4 —_’940"(? ASZOS + T102(rut11e) {14a}

3 Ti0,"As 0 Sroe ¥ Ti0,(rutile) + As,0. (14b)

tetrahydrate thermally decomposes under inert and oxidizing conditions
{reactions 15a-c} via three major steps [106]: (1) loss of water in one step,
{2} endothermic decomposition of the dehydrated oxalate in one step, and {3}
endothermic decomposition of the carbonate at high temperatures to give the
corresponding titanate salt.

BeTiO(C204)2-4H20 — BeTiO(C204)2 + 4 H20 {15a}
. .

2 BeT10{8204)2 —_— BEZTIZGSCOS + 400 + 3 (ZO2 (15b}

BezTiZOSCG3 » 2 BeTiD3 + C02 {15c)

The magnetic properties of mixed ligand chlorotitanium(IiI} compounds with
composition TiCLy{C Hg0},(CHLCON), TilL,(CH,CN) (€ H0),, TiCle(C Ho0) (CHON) ,,
and TiCE3(C4H80)(CH3CN) were reported [1061. The first three of these are
six-coordinate monomers possessing a distorted octahedral geometry, while the
latter compound is polymeric with antiferromagnetic interactions between the
Ti{Iii} ions. Magnetic properties have also been used as a means of

characterizing the importance of non-stoichiometry in the dichalcogenide
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FeTiS4 in the preparation of the rigerously stoichiometric compound which has
well repreducible magnetic properties [107]. Magnetic studies and crystal
structural studies of CsVTiFﬁ have also been carried out [108].

Electronic absorption spectra of TiCﬁ3 and TiCE4 dissolved in alkali
metal chloride melts have been obtained as a function of temperature,
concentration, and redox potential. Relationships were determined which
characterized quantitatively the relations af the spectral shifts to the
concentration of the T13+ and Ti4+, respectively, as well as to their ratio
(degrec of oxidation) controlled by the value of the redox potential [109].
Optical spectra of the nickel(II) salt, NiTiF6-6H20 or -6D20, were taken at
77K; these reveal a supcrposition of asymmetric O-—H vibrational modes on the
excited clectronic states j110]. A progression of M—0O stretching vibration
is present as fine structure on the main band of the 3A2g —_— 3Tlg(l-‘)
transitions in the mickel(1I} salt. Addition of a Ti(504]2 solution in
i!zso4 {~9N) to a reaction mixture containing glucese oxidase permits the
instantaneous inactivation of the enmzyme and the measurement of its activity
by means of the formation of the coloured complex between Ti4+ ions and the
H,0, produced. The complex has an absorbance maximum at 415 nm and a
stability of at least 12 hrs. at 25°C [1lii].

The general quadratic valemce force field was applied to the octahedral
hexahalide TiCﬂGE' and TiBréz‘ anions using molecular constants and the
Wilson FG matrix method. These studies [112] reveal that the Ti=Cf bond
strength is larger than Ti—Br aﬁd that the ionic character of a bond is an
important factor in determining force constants. The normal coordinate
analysis of the adduct TiC£4'2P0C.E3 has been re-examined and the results
analyzed in terms of a potential energy (PE). distribution [113]. From this
PE distribution, the phesphory! ligand vibrations were found to be not so
effectively coupled with the TiC£402 skeletal vibraticns. This fact infers
that the ligand fundamental bands are less sensitive to the differences among
the metal halides as an acceptor. P[}E3 rocking modes of TiCﬂd'ZPOC{’,3 give
considerable mode mixing with Ti-—C&eq symmetric and Ti--CJEax asymmctric1
stretching modes. The Tiw O stretching force constant is 0.337 mdyne A
this indicates that the bonding interaction between TiC£4 and POCE3 is rather
weak even as a coordination bond |113]. Infrared studies on suspensions in
polyethylene mulls of precipitates from the system TiC£4/h£{EBu)3/T£C£3/
Hg(C6H5)2 indicate that Ti—C and T¢{—C bonds ave formed in the system;
W(Ti=C) occur at 540-549 cm™
the broad band at 437-600 cm_l [114]. The large width of this latter band

was attributed to Tf being present as mixed TE(I) and TE(III) oxidation
states.

and 420 cm_l, while v(Tf—~C) was assigned to
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Comparison of infrared spectra of crystalline IilTi.CA‘i:5 compounds (R = CHS’
CZHS’ i- C 3] ) over the range 1200-200 cm -1 at temperatures -70 to -30°C, and
spectra of RTlcﬂ3 in the vapour phase containing THF (-30°C), reveal the

formation of stable adducts of the type RTiCE *2THF [115]. . X-ray structural
studies of (n° ~CeH }n(n ~CgHg) and m°-C Do)

8
organic ligands 11e in parallel planes; the CSHS planar ring is n -bonded to

the central Ti atom {local symmetry C ) and the other coordination site is

Tl{n8 C ) indicate that the two

occupied by the n CSH ring (local symmetry CSV) [116]. A detailed
vibrational spectral analysis of these two organcmetallic compounds has been
made [117].

Complex formation between N-methylated lactams {L) with 1i- and 13-
membered Tings, which in the liquid state assume both the cis and the frans
structures of the amide bond, and T1(2£4 (M) in 1,1,2,2- tetrachloroethane and
CDCE solutions has been studied by analysis of H and E nmr and Raman
spcctra [11B]. Free energies of activation for the exchange processes in the
ciA-MLz complexes have been estimated from the temperature dependence of
Y-nme spectra and it appears that the barrier to rotation about the amide
bond is increased by complex formation., Also, the effect of TiC.E4 on the
oL -tnans isomerization equilibrium as well as the composition and structure
of the complexes have been established [118]. Raman spectra of solutions of
lactam with TiCE4 in CDCE3 were measured at molar ratios 2.9, 5.2 and 10.1;
the high intensities of the bands of the C= 0 group of complexed lactam and
of the band. at 348 cm'1 assigned to a Ti =— { stretching vibration indicate
that Ti is coordinated to the amide bond via the carbonyl oxygen [118j.

Ti0, powder, in the form of a pressed pellet, was dried and exposed to
silane vapour while mounted in a vacuum infrared cell;infrared spectra
indicate that the TiO2 substrate surface reacts with methylsilanes Me4_xSix
(x = 1-4, X = C2, OMe) and hexamethyldisilazane [119]. The surface is covered
by 2 monolayer of the silane, and, moreover, the surface terminal OH groups
appear to react more facilely than bridging OH groups.

The dissociative lonization of TiO and Ti0, gas into 7i* and Ti0" has
been studied by mass spectroscopic methods at high temperatures employing
either a single conventional diffusion cell or a multiple effusion cell [120].
The ionization efficiency curves of Ti* and TiOf were simultanecusly recorded
for melecules originating from different samples, namely solid TiQ, T1El1 965°
TiN, Ti and liquid T13 - The first Fragmentation threshholds correspond to

the processes shown in reections 16-18. Two other breaks that cccur at higher

Ti0 + e° — 4 Ti' + © + 2e7; 12.8 0.4 eV (16}
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TiO, + & =—mep Ti® + O, + 2e; 14.6 £ 0.5 eV (17)
Ti0, + & —b Ti0® + 0 + 2e7; 13.7 £ 0.5 eV (18)

energies (41.6 eV on the Tt curve and 36.7 eV on the Tio* curve} could not be
explained unambiguously as a single Fragmentation process. MNevertheless, at
energies greater than 50 eV, the principal fragmentation process for TiQ

2
appears to be (reactions 19, 20):

- + + -

Tig, + ¢ =——Pp Ti + 20 + 4Je {19}

Tio, + ¢ ——apTi0® + 0% + 4 (20)

Secondary icn mass spectromeiry was used to study defect formation in
TiO2(ruti1e) powders irradiated by electrons [121].

A study [122] of the electrenic structure of B-FeTiH and FeTill, by
Moessbauer spectroscopy using the augmented plane wave method has been
employed to interpret the Isomer Shift data of Swartzendruber and co-workers
i123]. 1In agreement with experiment, Gupta [122] obtained a decrease of the
s-like coatact demsity at the iron site with increasing hydrogen concentration;
the physical origin of the phenomenon was described in light of the band
structure results. Nuclear Quadrupole Resonance methods on Ssct nuclei have
been used to determine structures and features of donor-acceptor interactions
in the complexes TiC£4-nL, where n = 1,2, L = CH.CN, pyridine, poces, THF, DMF,
hexamethylphosphoramide, CL, and for n = !, L = MeND,, MeCOOEt, and for m =
2, L =Ph CO {1z41.

The proton nEr relaxation times T 1,..‘ were reported for hydrous

2

titania (T102-nH20] in the temperature range 135K < T < 336K at 60 and 20 MHz
[125]. The data demonstrate proton transport including exchange between three
envirconments: (a) surface hydroxyl groups, (b) "acid soluticn" in micropores
{dia. < 100 R), and (¢) "acid selution®™ in macropores (dia. > 1000 3).

Exposure of szTicﬁz in variocus media to 6(]Cq Y-rays at 77K gives the
corresponding titanium(IIi) aniomic complex, szTicﬁz_, which was characterized
by its ESR spectrum [126]. Warming the methanolic glassy solutions, szTiC£2"
changes irreversibly into a second titanium(iii} complex believed to be
Cp TiCl. A similar treatment of CpTiC-E3 produces the anion CpTiCﬂs_, the ESR
features of whlch suggest a major contribution from a d x2_ Yg conf1gurat10n
rather than a d 22 configuration as observed for the complexes Cp2T1C£ and
Cp, TiCE. Irradiatien of TlC& in the pure state at 77K forms T1C£d+ ions which
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have an ESR spectrum comparable with that for Cﬂz', together with Ticﬂd_ ions
which possess a distorted structure with the extra electron in a
predeminantly d. 7 orbital [126].

Titanyl oxalates decompcse with release of H,0, NH3 (in their ammonium

compound}, CO and CO2 in several steps. In the iiitial stages of the
decomposition process, there appears to be an important CG/CG2 proportion that
leads to formation of ome or two intermediate carbonates [127].
Thermogravimetric data confirm the formation of the corresponding alkali or
alkaline-earth titanates for TiO2 in the case of TiOC204-2H20 and
(NH4)2TiO(0204}2-H201 at the end of the decomposition, with deposited catbon
traces produced from CO disproporticnation. On the basis of electron
paramagnetic resonance and thermogravimetric results, Gabelica and co-workers
[127) proposed the following scheme {reactions 21-25) for the vacuum

decomposition process of alkali and alkaline-earth titamyl oxalates:
. . .
A} ATIO(C,0,),-yH0 ———— A TiO(C,0,), + yH,0 {21)

. .
AXT10(C204}2 — AXT103 + 20C0 + 2 CO2 {(22)

{in several steps)

B) 200 g =B co, (23)
€ —a 3+
/' \ + 0 =m—=zm>" « co, (24)
4+ .4+
Ti Ti
D} EPR signal: Ti(I111)
nl Lo + ¢ ¥ — oo ;  carbon (25a)
{0 Lot ot (25b)
Tithesero—1¢" ; o (25¢)

Low-valent titanium compounds prepared by the action of strong reducing
agents on TiCE3 or Tic£4 can reductively couple ketones and aldehydes to give
alkenes {McMurry's synthesis} according to reactions 26 and 27 {128]. Dams
and co-workers [128] have discussed a model (see model next page] for the
titanium species [M] and they present evidence for the presence of A(0) in
[M], generated in the Ti(:[leiAEH4 system. Reactions of [M] with alcohols
show .infer alia titanium{iII) signais with superimpesed aluminum splittings

in the EPR spectra, thereby proving the existence of mixed Ti/Af compounds in
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LiA£H4 THE
-Qr- -or-
A
TiCEs + Mg + glyme -—r.—._._.. IM]
-0Tr- -0OT~-
K, Li digiyme
[M] + ketone AT SoTvent —p {M,0] + alkene
HRARA RA A RRA NIRRT RAR AR M 4,
(iE H THF (iE
‘ ) formally Ti(I
) 1 . y Ti(I)
ce Ti Ti
THF Ti Ti Ti Ti
H Ti Ti

| |
formally Ti(ii}

the TiCﬂs/LiAﬂii4/R0H system; three stages have been distinguished

28-30) [128}:

(::) |
Ti
x|

formally Ti(0}

M + ROH AT H, Timx3
[ R
X 0
U 4
TiX, + AL0) + ROH = H, + eRRR Al
7 NN/ \
X )
L R
- R 1
X ) X
/Tin\l agtll (OR) + ROH — TiX; =
; ] ’,/’ ‘\\\ )

R

AfX

(263

(27}

{reactions

(28)

(0R) (29)

5 (30)
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¥hen sufficient aluminum is availabie, two Af nuclei can interect with one Ti

te form compounds of the type (£3).
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Electron paramagnetic resonance studies on sinple crystals of copper
hexafluorotitanate{IV) tetrahydrate, CuTiF6'4H20, have been performed between
77 and 485K in the frequency ranges 23-25 and 34-36 GHz [125§. The monoclinic
lattice of CuTiF6'4H20 has two magnetically distinct Cu2+ sites, but (except
a2t 4.2K) only one resonance line was observed at all the crystal orientations;
using a tetragonal symmetry at each Cu2+ site, the single ion parameters at
77K are gy = 2.403 * 0.005 and g, = 2.082 * 0.0D2. Linewidth data in the
ac plane of the monoclinic system were Tationalized in terms of the exchange
narrowing of the line broadened by the dipolar and unresolved hyperfine
interactions.

Twe types (It and I) of Mo ions were observed by EPR methods in Ti/Mo
heteropoliyacids (HPA)} supported on T102, these correspond to stabilization of
the hetercpoly blue with various degrces of interactions of the HPA with the
surface of the solid support [130]. Ions of the type I' possess wesak
moiybdenyl bonds and a stightly distorted HPA structure; in type I, there is
a significant distortion in the HPA structure with formation of stronger
molybdenyl bonds,

Calculations with the SCF-Xa-SW method indicate that the bonding in
TiC£4 occurs essentially between Ti d orbitals and C€ p orbitals [131].
Electronic structures, ionization potentials, and energies of electronic
transitions have been caiculated for TiCE4 and TiBr, by the Xy scattering-
wave method by Onopko amd Titov [132]. Moreover, SCF-X,-M0 calculations for
TiCE4 and Ti]4 teveal that ligand p —» titanium d orbital excitations will
generate metal core photoemission satellites having small intensities (n5-10%
of that of the main peak} and low energies (<5 e¥ from the main peak} [132].
The energies and intensities so calculated are in reasonable agreement with
experiment for TiC.t4 and Tiqu. The high intensity of the higher-energy

(>7 eV) satellites observed for the titanium compounds were not reproduced by
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the calculations, in which bound empty orbitals of Rydberg character were
employed. Gupta and co-workers [133} suggest that the final-state orbital in
the high-energy satellite case is actually a continuum orbital of ''shape-
resonance” type which is localized in the interier of the molecule.

The electronic structure of stoichiometric and sub-stoichiometric
titanium nitride, TiN, was studied by ultraviolet and x-ray photoelectron
spectroscopy [134]1. The valence-bond spectrum of stoichiometric TiN was
compared with calculations of the density of states; peak positions and widths
agreed well, while photon-energy-dependent intensity variations did not seem
to follow the trends expected from atomic photo-ionization cross-sectioms.
Photoelectron spectroscopy of titanium boronitride, titanium diboride, and
titanium nitride compounds has also provided binding energies of the Ti 223/2,
B Is and N 15 core levels {135]: 455.2 ¢V, 187.9 eV, and 397.3 eV,
respectively.

Both rutile and anatase have been the object of an extended x-ray
ahsorption fine structure (EXAFS) study at the K threshhold of Ti [136].

Using the theoretical phases, Ti=-0 bond distances of 1.93(1) R were derived
for rutile and anatase, as compared with the crystallographically-cbtained
values of 1.948-1.980(1) ; {rutile} and 1.934-1.980(1) ; {anatase].

3.4 REACTIONS OF TITANIUM COMPOUNDS

Insertion reactions of the carbonyl group into a metal-carbon bond has

been known for some time (reaction 31} [137). Selective insertion of carbonyl

R
R, I1
s
MeeC= 4 C=m0 ————% M=Q=Cm=(m (31)
7”5 I\
R, R,

groups of aldehydes and ketones, such as acetaldehyde or acetone, into the
Ti==C bond of CHSTi(ORJS, where R is CZHS’ i-C3H7, t-C4H9, produces mixed
tetra-alkoxy titanium complexes [13B]. Using stoichiometTic amounts of the
appropriate carbonyl derivative, alkoxy {R1 = CH3} or alkenoxy (R1 = vinyl}
groups have been generated in clean processes described by reaction 32.
Alkenoxy derivatives have also been obtained by a more classical substitution
reaction using vinylic alcchol {reaction 33} [138]. This reaction was

followed by measuring the volume of methane or by the disappearance of the
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R R

(RO) Timm T, + L0 b (RO);TE =0 = C = CHy (32}
R
R2 2

# = Et, JI;Pr, EB-..l;

R, = Me, vinyl;

1
R2 = H, Me,
H H
/
(RO) [ Ti == CHy CITCH=CigOH ——b (RO) (T3 == OCHgGH = c\ (33)
cH CH

3

Ti-= (H, peak in the proton nmr spectrum.

Reaction of szTiCE with one equivalent of {rans-2-butenyl-2-lithium
yields the preen crystalline Cp,Ti (U‘LQM—CH(CHS)= CHCH,) in 55% yeild, This
complex reversibly adds dinitrogen, and also reductively couples with acetone
to give an alkoxy compound as well as undergoing insertion reactions with (:02,
2,6-xylylisocyanide, phenylisocyanate, C52, CO and diphenylacetylene [139].
Reactions of C.Hz{l%ibaz}:2 (w, SiMez(NMez}z (,ﬂ), and CpTi(NMezjs (w with the
covalent metal halides MGZ, (M = Ti, Zr, Hf, 5i, Ge or 5n) and MCE3 (M= Ti,
V or Cr) fall into two categories [140]: {a) N-donor chelation leading to
complex formation and (b) halide--NMe, exchange. (32) gives 1:1 adducts with
TiC{, and SnCf,, while (3}) provodes 1:1 complexes with MO?.4 (M = Ti, Zx, Hf
and 5n). The compound TiCEd'SiHeZ{NMeZ}Z invariably decamposes ta TidS(NMez)

(reaction scheme 34) both in the solid state and in solution, Interestingly,

. Y . .
2 S1M52C£(NMe2) - S:!.MeZCE2 + SlMez(NMez)z
TiCE, rapid TiCE, adduct (30)
exchange formation
-

S}_HeZCZ,Z + T1C£3(NM92) —— T1C£4'51H32(NMe2}2
decomposition

[w does not react with metal{IIT) chlorides. Reactions of (.Tp'l‘i{l"a‘.!«iez,}3 with



118

MC£4 (M = Si, Ge, Sn, Ti, Zr or Hf) (reaction 35) consistently featured
halide—~NMe2 exchange rather than adduct formation [140]. The possible

CpTi{MMe,), + TiCL, ————= CpTiCl, =+ TiCEL(NMe,)

3 (35)

3

geometries of the six-coordinate MCia-ABB' and of the five-coordinate

geometry of MC£4-SiMeZ{NMe2) are shown in Figures 7 and 8, respectively.

A = CHZ’ B = B = NMez, M = Ti, Sp
A= CH2, B = B = Pth, M= Ti
A = SiMe B = B* = KMe M =Ti, Zr, Hf, &n.

27 2°

FIGURE 7: Six-coordinate geometry of the MC£4'ABB' compounds .

FIGURE 8: Five-coordinate geometry of the MC£4-SiMez(NMe2)2

compounds ,
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Alkyl lithium (alkyl = n-propyl, n-butyi, n-amyl, nee-pentyl, and
neo-hexyl} reacts with a suspension of (}pzTi(‘.{’.2 in Et20 at -78°C for several
hours to form szTiRz; these thermally decomposc in pentane and toluene
solutions at 60-80°C ta give, in addition to the expected alkanes and alkenes,
some CH,, H,CZCH,, and other hydrocarbons [141]. Formation of minor products
was rationalized in terms of &- and y-H elimination and metal-carbene
formation. The y-elimination is shown in the reaction sequence 36 for

szTi(neo-pentyl)z. The (ns—tisl\-ies)zTi(11ec>—1:;ent){l]2 was also studied [141];

EH3

CH2—§ — CHS

Cp
\ / Cli., y-elimination
= e —————
Ti

- nec-pentane

CH

2 3

cp CH
\Ti/ \c/
Cp/ \CH/ \CH

2 3
Cp CHE-(l:— CH
CH3
Cp Ch
Ti=H, + HO=C (36)
/ \
Cp CH,
H-abstraction l dimerization
(:H4 172 H2c= c;;z 5 [cpz-ﬁ]x

in this case, d- and ¥hydrogen eiimination are the only two possible pathways
besides homolytic cleavage of the Ti=—C bond. Alpha-hydrogen elimination

leads to the Ti-carbene intermediate (w. irradiation of solutions

Cp H
N _/
Ti e ©

yd \C/CH3

Cp
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containing szTi{CHS}2 oT szTi(Cﬁs)Cﬁ in the presence of another transition
metal compound leads to methyl group transfer from Ti to the tramsition
metal [i42]. Titanocene derivatives with an interannular ethylenme bridge
do not follow reaction paths cbserved for unbridged titaznocene in reactions
such as formation of a TiII-dinitrogen complex, isotope exchange of the
cyclopentadienyl ring ligands with deuterium, or formation of a Ti{IIlI}
hydride compound, and this in spite of strong resemblances to unbridged
titanocene species in transformation reactions invelving Ti(IV) or Ti({IiI}
oxidation stages [143]. Apparently, reactions of the interannular-bridged
titanocene compounds are blocked by the unavailability of a free titanocene
species, [{CHé)Z(C5H4)2TiII]n, as an intermediate in such systems.

The stoichiometry and kinetics of oxidation of Ti{III}/EDTA by HOCE in
the presence and absence of free radical acceptors (e.g., MeDH, EtOH, i-PrxOH
and methyl methacrylate) have been. studied by Kozlov and co-workers [144].
A one-electron pathway was proposed for reduction of HOCE by Ti{II11)/EDTA.
Reduction of TiCZ, by R AL, R,ALCE-Et,0, R1.5A£C£1.5'Et20’ and RA£C£2-Et20
{R = cyclohexyl) in dry argon at 20°C and at a molar ratio of A£/TiC£4 =0.5
gave 93, 26, 19 and 16% depree of reduction, respectively [145]. Also,

Et3A£ reduces TiCE4 to an extent of 48%, but EtSAﬁ-EtZO is ineffective. A
mechanism involving a bridged Af-=Ti complex was proposed. Reactions of
‘T‘ic£4 with silicas has been studied at 180-200°C in dry air saturated with
TiC£4 vapour; the surface was subsequently treated with water vapour and then
dried in air {146]. On cyclic repetition of this process, the concentration
of Ti on silica decreased until it reached é constant value. This layered-
type method of Tid, Film formation on Silochrome-type silica decreased the
film thickness, whereas it increased the thickness on Aerosil-hydrogel surface.
The high tendency of Silechrome-80 OH surface groups toward ionization
suggested that this silica can be used as an ion-exchanger at high pH values
[146] .

Diphenyl telluroxide reacts with titanium{IV) chlorides to give diphenyl
tellurium dichloride (reaction 37}, but with organctellurium trichlorides

. ,
(CgHz),Te0  +  TiCZ, __"'mcz3 (CHe)TeCE, +  TioCZ, (37}

(R = Me, p-MeOPh, p-PhOPh) it forms 2:1 addition products [147]. Reactions
of TiC£4 with RZP(S}P(S)R2 compounds (R = Me, Et} yield the hexa-coordinate
species Tiﬁ£4-R2P(S)P(S}R2; these were characterized by elemental analyses,
infrared, visible and EPR spectra which indicate the ¢is-chelating character
of these ligands {148]. In the compounds containing Et4P252, the infrared
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spectral data show that the gauche conformation of the ligand is implicated in
bonding to titanium.

Small gas molecules can be activated by transition metal compounds, the
reaction depending principally on the nature of the transition metal compound,
the atmosphere and the Mg/MCﬂn ratio [l45]. There appear to be many
characteristics common to all systems, such as in the hydrolysis of the
products of the reaction under an argon atmesphere to produce saturated
hydrocarbons (e.g., methane, ethane, propane, butane, pentane). Presumably,
the transition metal compound MCﬂn is first reduced to form the metal
clusters Mx {x ¥ 2), which then react with THF to form metallacyclic species;

hydrolysis of these species by HZO’ 0,0, DCE or NaCGD gave hydrocarbons

identifiable by mass spectroscopy. ’

Spectrophotometric and amnion exchange studies of Ti{IV} s¢olutions in
fSEEiZSO4 (84 = H,50, + HC£04] indicate that in [H2504] = 5-8M, 35% of the
titanium exists in dimeric form|[150].  The reactivity of titanium{iV),
determined by using H202, decreases upon addition of A£2{504)3 for ﬁEZOS/Ti
ratios ¥ 0.3 [151]. in dilute solutions (% 0.IM Ti), passivation of Ti{IV}
is almost independent of AL content; but for 0.1-0.7M Ti, passivation
increases as the AL/Ti ratio Increases. This passivation process is believed
to involve breaking Ti— $0, bonds and forming Ti— OH and Ti= O bonds [151].
The kinetics of hydrolysis of titanium{IV) sulfate in concentrated solutions
at the coagulation stage have been reported by Gornikova snd co-workers [152].
The yield of titanium hydroxide in precipitates after prolonged heating of
solutions at the beoiling point, aﬁd the influence of sclution concentration
and the amount of crystal nuclei of TiO2 on the kinetic parameters were
examined. The hydrolysis rate constant increases as the number of TiO2
crystal nuclei increases, and the effect appears more noticeable in dilute
solutions of titanium sulfate. In concentrated solutions, the coagulation
kinetics are determined by changes in the overall titanium concentration and
not by the content of colleidal titanium hydroxide {152]. A similar study
on the kinetics eof Ti(IV} hydrolysis in sulfate sclutions has been carried
out by Danenko and co-workers [153].

The hydrolytic precipitation of titanium{IV) in 2.0M (Na, H)C{ aqueous
solutions at 25°C has been studied by measuring the free H" concentration
potentiometrically and the aqueous concentration of Ti{IV) by a
spectrephotometric methed [154]. Under conditions where the solution is
saturated with regard to precipitated titanyl(IV] hydroxide, monomeric and
polycationic species such as Ti0,", TiO(OH), and [(T30)g(0H) 1% may be
present in the scluticn. However, in the presence of 1.3-5.4 times {mclar

ratio} as much phosphate, oniy the mono-orthophosphate complex, TiO(HPOd),
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forms [155]. A scheme of complex formation and precipitation equilibria was
presented [154, 155].

Reacticn of ammonium hexafluorctitanate{IV} with excess xenon diflucride
gives the corresponding xenon{1l) hexaflucrotitanate [156].

Diasterectopic probes have been incorporated on the X ligands of
Ti{bzac)zx2 complexes [X = i-CSH?O (44) and 2,6-i—Pr2C6H30 (Qg)] to follow .,
the course of configurational rearrangement processes [157]. (24} was
prepared by reacting stoichiometric amounts of benxoylacetone (ilbzac) with
Ti(iC3H70]4 in dichloromethane; (ék) was obtained from a reaction of (Qi) with
2,6-diisopropylphenol. Both complexes were characterized by variable
temperature nmr techniques which revealed that the complexes possess the cods
stereochemistry, although the studies did not delineate between bond rupture
and twist modes for the configurational rearrangement process, which scramblies

the methy) proups of the bzac ligand amongst all 4 sites {see ik-ig).

Ph
cds (X} -cis (Ph) -trans (Me) eds (X) -trans (Ph]-cis (Me)
I-Me site 1-Me site

(R (R4

X
]
;z\‘-1_1
Me
edis (X])-cds8 (Ph) -ois (Me)
2-Me sites

(8

8

infrared absorption spectra of methyisilanes, Med-nSixn {n=1-4; X
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CMe] and hexamethyldisilazane, bonded to a TiO2 powder confirm the presence of
a bonded silane layer [158]; termimal surface OH groups react more readily than
bridging OH groups. The various silanes show only smail differences in their
ability to sequester surface OH groups. Two Ti0, samples (anatase) were

treated with an2n+1NH2 (n =3, 4,06, 8, 12, 14,216 and 18) and with several
carboxylic acids (HOAc, CF;COOH and BzOH) at 80°C for 1 hr. in benzene [159].
Except for octadecylamine, the amounts of amine reacted with TiO2 heat-treated
at 300°C were 0.84-0.9% mmol/g Tiﬂz, regardless of the number of carbon atoms
in the molecule; the surface area of Ti(]2 occupied by amines, as a monolayer,
was ea. 1i0 mZ/g TiOz. The TiO2 treated with zmines possessing a hydrocarbon

chain longer than BuNH, was dispersed in benzene more preferentially than in

“20’ indicating that tie hydrophilic surface of TiO2 was changed to lipephilic
by the amine treatment. For the carboxylic acid treatments, only benzoic acid
was effective in modifying the TiO2 surface [159].

The phase compositicns of TiOz-nH
SrO/TiO2
x-ray phase analysis, and by microscopy [160]. At 1150°C, the mixture is
in 99.8% yield.

20, SrCOE-mHZO, and their mixtures at a

ratio of 1 at 100-1150°C were studied by differential thermogravimetrTy,

converted to SrTio3
in a study of the products from the reaction of zinc oxide with titanium
tetrachloride, Avrutina and co-workers [161] found that the amount of
chemisorbed Ti depends on the synthesis temperature and the Ti-containing
product contains a significant amount of CL™ ioms, while the maximum amount
of Ti in the sample of the reaction products was cbserved at 200-300°C.
Kinetic studies of the decomposition behaviour of A£2T105 have been reported
[162]. Also, in the reaction of hydrated TiO2 with sulfuric acid, it appears
that sulfuration of TiOz‘nHZO results from dissolution in H, S0, and may not be

259%
the result of a surface reaction [163]. Chlorination kinetics of Fe,0,, MgO,

Ti0,, and (Fe, Mg)TiO; have been studied using CEZ/CO and C£2/C at 4§0f500°8
fi64].

Formation of the non-active phase, NiTiOs, during the preparation of
NiO/Ti02 catalysts was prevented by impregnating TiO2 with a Ni{N03}2 solution,
drying and calcining for ¢ hr. at 600°C [165]. The catalysts were subsequently
obtained by reduction at 200-800°C in a HZ/Ar atmosphere. A mechanism of the

305, T1203, and TiO has been
suggestéd [166]. The higher oxides are reduced to lower oxides, whereas TiO2

initial stages of the carbon reduction of TiQ,, Ti

disproportionates to Tiy0, and Ti; disproportionation of CO on the oxide
surface was also propesed.

pH has a significant influence on the nature of the products from the
reduction of N2 by the hydroxide systems Ti{OH)S/MO(OH)S, Cr(OH)ZIHo{OH)j,

and Mg(OH)ZlTi{OH)3/Mo{0H}3 [167]. For weakly alkaline sclutions, dinitrogen
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is directly reduced to NH,; but in strongly alkaline solutions, NH4 acts as

an intermediate. For thesthree-component hydroxide mixture, direct reduction
to NH3 occurs only at large concentrations of molybdenum; a mechanism was
propesed [167] whereby N, is reduced through complexation to Me. The
heterogeneous reaction of Ti with alkaline-earth metal oxides in metal
chloride melts has been investigated [168].

Reactions between TiP,0, and CuQ mixtures containing 10-90 mel % Cu0 at
900°C for 200 hrs yield CuTi(P0,),, Cu,P,0., 5Ti0,-2P,0., Ti0,(rutile),
CuE(PO

) 5r 4Cu0°P,0., and SCu0-P,0, [169].

3.5 ELECTRODE REACTIONS AND ELECTROCHEMISTRY OF
TITANIUM COMPOUNES

in the last year the vast majority of electrochemical studies have
centred on the preparation and characterization of Tio, semiconductor
electrodes, owing to their potential application in photoelectrelysis of water
and as photocatalysts. Ahlgren [170] has made a theoretical analysis of the
current-voitage characteristics of photoelectrolysis cells; the analysis was
subsequently used to rationalize cxperimental data for cells incorporating
n-type titapium oxide and tungsten oxide semiconductor electrodes in acidic
media with a platinum counter-electrode, Optimum celi voltages, quantum
yields, maximum electrode efficiencies, kinetic parameters (valence and
conduction band transfer coefficients and exchange current densities),
minority current densities and diffusion lengths were derived.

Several preparative techniques have been evaluated. Photocurrent
spectroscopy has beem utilized to study the early stages of anodic film
growth on titanium., Photocurrent conversion efficiency data as a function of -
wavelength for films prepared at various potentials show that the film is
essentially pure TiO2 above "1.5 V vs SCE at pH O [171]. This technique is
also used te fellow changes in film structure and thickness during breakdown
at higher veltages. Themmally-formed polycrystalline T102 electrodes have
been prepared by heating titanium substrates im an oxidizing flame of a gas
bummer or in an electrical furnace. The open-circuit voltage of the
photoelectrochemical cell incorporating this electrode is 600 * 20 mV. Other
data were collected, including, among others, space-charge layer capacitance
at various pH and potentials, film thickness; a structure-type model was
proposed [172]. Titanium coxide electrodes can be prepared via the oxidation

of pure titanium laminae in a €0, atmosphere at 300-700°C, and used for the
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photodecomposition of 1,0.  X-ray diffraction and an interference indicator
method were used to characterize the initial stages of the oxidation of
titanium. The presence and influence of metallic interstitial titanium
suboxides were revealed and found to promote the efficiency of an overlaying
non-stoichiometric rutite scale [173]. A combined ellipsometric-
electrochemical study by Krasil‘nikova and co-workers [174] of the formation
of an anodic oxide film on Ti at 20°C in 5N KOH showed good agreement with a
two-layer model: 2 denser inner Ti(]2 layer possessing a highly defective
structure with semiconducting properties, and a less dense oputer layer of
hydrated TiO2 that is virtually nonabsorbent. Furthermore, most of the film
formation occurs rapidly up to a given thickness, followed by a slow growth
period during which the optical character of the film may change.

Doped pelycrystalline TiQ, films in metal substrates have been prepared
in various electrolytes by ancdic oxidation accompanied by sparking [175].
Cationic species present in the electrolyte are doped into the oxide film
during oxidation; the TiO, film thus prepared at 100 V proved a good
photoanode, with a relatively high photocurrent under visible irradiation.
1t was suggested that the dopant and the interstitial metal ¢ bands (or
states) which are responsible for the visible response of these films also
served as centres for recombination,

The method of preparation appears to have important consequences on the
elecirode’s behaviour. Titanium oxide-coated electrodes have been prepared
by {1} anodizing Ti substrates by vacuum heating to convert the surface oxides
into semiconducting material, and by {ii} chemical vapour deposition in air
on glass plates, followed by vacuum heating [176]. The electrodes prepared
in this mamner exhibit different degrees of photoanadic current, though the
decomposition was was the major ancdic reactian. FPhoteanodic current
densities were found to depend on the preparative method used: those electrodes
formed at 300°C and vacuum-heated at 600°C yield high photoanodic currents as
well as dark currents, while those formed at 700°C over shorter periods of
time also gave high photoanodic currents but much lower dark currents. The
temperature dependence of the electrical and photoelectrochemical
characteristics of Ti02 films, obtained by vapour decomposition of ethyl
titanate, have also been described [177]. It was shown that the electrical
properties of these films depend primarily on the deposition temperature, with
lower conductivity and higher photosensitivity exhibited by fiims deposited at
higher temperatures. Additicnally, the depesition temperature had an effect
on the anodic photocurrent-potential character and spectral dependence of
anodic photocurrents. Some doping effects {by Af, Cr and Fe} on these

properties were also described [177]. The effects of heat treatment and of the
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concentration of uncontrolled impurities on the performance of various TiO2

electrodes were investigated. For optimally heat-treated TiO, electrodes, 2a

1.2% conversion efficiency has been reported [178]. ’
A theoretical/experimental description of the time dependence of pulsc
photocurrents and experiments on detection of transient intermediates in
photoelectrolytic processes invelvipg single-crystal and polycrystalline
n-TiO2 semiconductor materials has been reported [179]. Controlled-potential
chronoamperometric techniques permit selective monitoring of various potential
regions, while photocoulostatic potentiometric techniques provide for faster
time resolution of photo-induced -events. The polycrystalline electrode
yielded better time resolution data because of lower chmic resistance. The
limitations of the time-resolved measurements and the nature and significance
of transient phototinduced events are discussed [178]. Handiey and co-workers
[180] have measured the interband transitions in single-crystal n—TiO2
semiconductor electrodes using a stress modulation technique based on optical
absorption., The modulated stress was applied to the semiconductor by
modulating the strain of an attached piezoelectric transducer. The
photoelectrochemical spectrum cbtained in the region of minimum inter-band gap
was given [180). A photoelectrochemical study of the reaction of valence-band
holes generated upon 347-nm irradiation of aqueous TiOZEanatase) solutions
with halide ions (I , Br , C& ) revealed that hole transfer occurs within the
duration cf the laser pulse employed (10 nsec), and yielded anion radicals
{181]. A comparison of the electroluminescence and photo-luminescence spectra
s GaP, CdS and Zn0) reveals
luminescence bands attributed to surface-trapped holes, which presumably act

of various semiconductor electrodes (TiQ

as precursors to the photoanodic reaction [182].

The presence of variocus species in solution has been investigated in an
effort to elucidate their effects on the electrochemistry of Ti02 electrodes
[183]. The presence of flaws in the surface of TiOz{rutile) electrodes in the
anodic oxidation of several reducing apents [Fe(CN)64_, 7, Br and C€}]
revealed the following behaviour: the current efficiency decreases with
increasing anodic potential up to a critical potential [183]. The results were
interpreted in terms of the different behaviocur of surface hydroxyl radicals
involved in the electrode reaction. Studies on the role of surface states on
TiO2 electrodes in the cathodic reduction of dissolved and/or photogenerated
0, at pH 3 and 14 reveal support for a model in which these bandgap surface
states mediate electron transfer from the conduction band to chemisorbed 02
moiecules [184]). The proposed models in acidic (reaction 38) and basic
{reactions 39-41) media are shown. In basic media, the surface states are
localized on the TEGHQ basic hydroxyl groups.
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i) at pH 3:
Ti—OH + & ——— & Ti—0%...H (38}
ii} at basic pH:
2 'I'i—DHt_’ 0y —————y 2 Ti=—0H-+--0 (33)
21‘1—-0}1;-.--0 + 40 ———p 2Tim 0" + 2 CH (40)
2Tim 0% + 28,0 ——e 2 ThemOH + 2 OH (41)

The photoprocesses which occur on n-TiO2 and n—SrTiO3 electrodes in the
presence of reducible species generated by pre-illumination under reverse bias
conditions have been discussed by Sprfinken and co-workers [185). The amounts
of such species formed were found to depend on the negative charge needed to
reduce them, which is related to the voliage at which the anodic-cathodic
photocurrent transition occurs. The occurrence of the cathodic photoprocesses
was interpreted in terms of an electron-tunnelling mechanism. A recent report
on the effect of electrolytes and electrolyte concentration on the flat-band
potential of n-TiO2 electrodes has appeared [186]. Using a photoresponse
method, it was shown that the presence of compounds such as NaCf, KC&, Nal,
KNOS, Na2804, K2504 and NaCf.O4 do not affect the Flat-band potential; however,
the presence of EDTA and B8-hydroxyquinoline appears to have a pronounced
effect, ascribed to complexation with surface ions. The adsorptive
characteristics due to the presence of HSO4*, cL, H2P04‘ and 6804_ acid
anions on TiO2 electrode surfaces have been investigated with respect to their
dependence on electrode potential, anion concentration, adsorptiom time and
solution pH[187]. The sclution pH was found to play a major role in the anion
adsorption process. The proposed adsorbability sequence is: 8204_ < 7 ¢
HSO4 < H P0, . Enterface energetics of n—TiO2 and n-SrTiO3 in acetonitrile
containing IM (n—BuQN}C!LO4 and various redox reagents have been studied by
cyclic voltammetry [188]. Reversible dark electrochemistry was observed for

redox couples with sufficiently negative E®? values {«-1.3 ¥ for 5rTi0, and

<-0.9 Vv for Ti0,). Results of photocorrosion studies were also discuszed.
The characterization of mixed metal oxides as well as platinized TiO2
electrodes has received increased attention. A dynamic potential sweep method
has been used to investigate and compare the photoclectrodic processes of TiO2
and platinized TiO2 materials [189], The results indicate that the surface
energy states of TiO2 are greatly enriched upon deposition of platinum, which
promotes electron transfer across the electrode/solution interface and
facilitates catalyst-reactant interactiomn. Also, cyclic voltammetric and XPS

techniques have been employed to characterize the electrochemical and surface
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behaviour of polycrystalline TiOz{anatase) which was partially or completely
platinized -[190].

Anode coatings composed of Rqu {30 mol %} and 1&02 {70 mot %) show
increased service life in NaCf solutions, as monitored by polarization curves
obtained during chlorine evolution experiments [191]. The effect of 5042_
and pH on the selectivity and corrosion resistance of this electrode system
in NaCf at B7°C has been reported [192]. The operating effectiveness of active
layers of Rqu in potassium biphthalate, alkali and H2804 solutions, and that
of Rqu/TiO2 mixtures iam chiloride solutions have also been evaluated [193].
Oxygen evolution occurs on RuOZ/TiO2 anodes in l@_HCﬂO4, 0.54 sto4 and 1M
NaCZO4 on rotating disc electrodes, in IM HCJEOd on plate electrodes, and in
NaQH solutions [194]. The results of this study have allowed for the

evaluvation of the number of clectrons taking part in the GH -—* 0, conversion,

of the order of reaction with mespect to [OH"], and reaction mechinisms in
both alkaline and acidic media.

Ti/Au/PbO2 elecirodes can be prepared by etching Ti with 20% HCE,
foliowed by electrcplating of a Au film and deposition of PbO2 [195]. The
electrochemical decomposition of MnSO4 using the Ti/Au/PbO2 electrode system
revealed a decrease in electrode resistance ascribed to the presence of the
gold layer, as well as to temperature and to electricity yield effects on
electrochemical stability. ESR studies of the effect of phase transition
(50-250°C) in Mn2+ containing BaTiO3 on adsorption of oxygen and carbon
monoxide and on the kinetics of CO oxidation were reported and interpreted in

terms of changes in the electronic band structure of BaTiQ, during phase

transition [196]. Results of surface doping experiments siggest that TiD, and
5rTi0; crystals doped with Cr,0; (but not Lalr0.} may have increased
efficiencies for photoelectrolysis with visible radiation, as compared to
undoped crystals [197]. The photoelectrochemical response of a nwnber of
perovskite oxide anodes has been evaluaved [198]. Titanium-supported
photoancdes, prepared by heating Ti-coated discs with a paste of La,04 with
each of the oxides Crzos, Ru02, Ptoz, Au203 and C0203, showed reasonable
photoactivity for oxygen evolution. The specific La203_cr203/Ti photoanodic
system was also studied by high-resolution x-ray photoelectron spectroscopy.
Photocurrents of n—TiO2 in aqueous electrolyte solutions can be improved by
deposition of an oxygen-evolution catalyst, such as Pt or Rh, onto the
semiconductor surface [199].

Gutierrez and co-workers [200] have investigated the electrochemical
character of the mixed metal oxide, NiTiDS, for possible incorporation in
solar energy conversion schemes. This oxide system undergoes irtreversible

enodic oxidation and exhibits stirring-independent {ottrell behaviour owing
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to the current limitation by diffusion of a reaction product far removed from
the NiTiO3 surface, Also, l\'iTiO3 was foﬁnd to age, most probably due to porous
film formation of an irreducible higher oxide. Photoelectrolysis studies at
Fe203/T102 hetercjunction electrodes Tevealed that an energy barrier to the
movement of holes from the Fe,0, to the TiO

273 3
the conduction bands [201]. This energy barrier may be reduced by using a

is created by discontinuity at

thin TiO2 film (1000 R), thereby favouring movement of the holes in Fe203
toward the heterojunction v{a upward band bending. Application of a small
anodic bias may aid the holes in overcoming the energy barrier at the
heterojunction. and contribute to the electrode reaction at the TiOZ/
electrolyte surface.

Scmiconductor materials with appropriate band gap energies are currently
the focus of a great deal of attention with regard to the photo-assisted
splitting of water to produce dihydrogen and oxygen. Photodecomposition of
HZD occurs in a photocell equipped with a semiconductor {n—TiOz)/redox
electrolyte/semiconductor junction. Considerable gas evelution was observed
at both n-TiO2 and Pt counter electrodes, though the system is sensitive
only to ultraviolet light [202]. Hydrogen production (¢ = 0,088} was
observed [203] upon ultraviolet irradiation of a suspension of TiO2 and Pt
in 1IN H,80,. The system was also studied in the presence of electron domor
species (Coz+, Fez+, hydroquinone and a Fez+-EDTA complex), as well as in the
presence of various dyes (eosin, Rhodamine and Rose Eengal} and an electron
donor species {EDTA or oxalic acid) [203].

Ruthenium{I11) polypyridyl complexes have been shown to act as good
photosensitizers in the photo-assisted decomposition of H20. The
photoelectrolysis of HZO’ employing single-crystal SrTiﬂ3 as the photoanode,
has been investigated [204]. The photosensitizer species utilized were thin
films of water-insoluble ruthenium(II) surfactant dyes of the type
[Ru[bpy}z[a,d’—ﬁz—bpy)]2+, whete R = n-GigHqyg 0r C00-n-C, H., and bpy =
2,2'-bipyridine, or the binuclear type complexes {22). These films are capable
of electron donation to the SrTiOs, producing an anodic photocurrent of
60-100 nA/cm2 [204}. A similar system incorporated the photosensitization of
n-TiO2 and n-SrTiO3 with chemically-attached [Ru(bpy}z(bpca)] {bpca =
2,2'-bipyridine-4,4'-dicarboxylic acid} {205]. The photolysis of a natural
agueous system with platinized TiO2 suspended in a Rh(bpy)33+ solution has also
been carried out [206].

The anodic and cathodic behaviour of sintered TiN in acidic and alkaline
wedia under anodic polarization, as well as cathodic H evolution, have been
reported [207]. TiK films deposited on Si were prepared by reactive

evaporaticn and rf sputtering methods, and were characterized by optical,
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electrochemical, chemical and structural techniques.

The characterization of the potential dependence of alkali metal ion {Li+,
Na+, K+3 intercalation has been carried owt by ¢yclic voltammetry of titanium
disulfide electrodes in nonaqueous media [209]. The non-Nernstian behaviour
of the intercalation reaction in these systems was attributed to slow solid-
state diffusion, as indicated by MPSDC experiments. Long-time
chronoamperometry experiments have further elucidated the solid-state
diffusion coefficient, as well as heterogeneous rate constants and effective
electrode area [210]. The intercalation reaction 42, where M = Lt, Na or K,

accurs in a K-TiS2 battery cell in dry dicxalane [211].

- + -
MSCN + B{C(HJ) 4 Sersios $ M [(CHg) (BSCN] {42)

A scelid g"-alumina electrolyte was employed in the electrochemical study of
TisS, and Tis3 electrodes in a2 Ma cell at 230-280°C [212]. The reaction of
TiS2 is reversibie, while T'iS3 decomposes. Side reactions of the electrode
were winimized by use of a s0lid electrolyte.

Electrochenical reduction of TiCE4 in DMS0 was carried out in an effort to
determine the effect of solvent type oﬁ the reduction kinetics and mechanism
[213, 214]. Two techniques were employed: {i} cyclic voltammetry [213] and
{ii) rotating disc electrodes [213, 214]. These methods suggest a two-step
cathodic process, reduction of Ti{IV} to Ti{Iil} followed by a secondary
chemical reaction to produce Ti{II) and Ti{0} [213].

The formal redox potentials of several quinone/hydroquincne couples in
HER, H,80, and HOAc media were reported; the quincnes include teirachlore-1,2-
benzoquinone, 2,3-dichlero-5,6-dicyano-1,4-benzoquinone, 2,6-dimethyl-1,4-
benzoquinone, and methyl-I,4-benzoquincme [215]. This study incorporated both
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potentiometric and visual titration methods using TiCE3 in HCE and H2504 media.
Electroreduction of aromatic nitre compounds {nitrobenzene, dinitrobenzenes,
nitrotoluenes, phenols, nitrochlorobenzenes and nitroxylenes) takes place
using a Cu cathode, a Pb anode and a porous pot diaphragm {216]. The

diaphragm consisted of a 2-3 % Ti(50 catholyte and a 30-48 % I~1250’:1 anolyte.

4)2

Reduction of nitrate ions in a variety of solvent systems occurs on a
rotating disc electrode of VT-1 titanium in a cell with separate anodic and
cathodic chambers {217]. The relation between the nature of the reactions
products, their concentration and the change in specific rate of dissclution
(effective valency} of Ti was established.

In 4.iiu formation of polymeric phthalocyanine coatings results from the
gas-phase reaction of 1,2,4,5-tetracyanchenzene with metal sheets of Ti, Cu,
Niy) Co,and Fe [218], 'The coatings have been characterized with respect to
layer thickness, electrical resistance and electrochemistry (cyclic
voltammetry) .

The electrochemical synthesis of szTi(CO)Z was accomplished with a
titanium metal anode, cyclopentadiene monomer and CO [219]. The same method
was used to prepare Cp M {M = Fe, Coj, [CpFe(CO)Z], CpCo(CO)2 and CpV{CO)4,
although attempts to prepare the analogous Ni complexes proved unsuccessful
[219].

High yields of bromoanisole were obtained in the photo-assisted
bromination of anisole with an n—TiO2 electrode at 0-0.7 V, while no
appreciable bromination at a Pt electrode was observed at such potentials [220].
Furthermore, at potentials less than Q0 V, product yield decreased due to Low
Br2 production efficiency; whereas, at potentials greater than 0.7 V, the
current efficiency decreased because of preferential H,0 and anisole
oxidative processes.

Reaction 43 was investigated voltammetrically with n-TiO. and Pt

2
electrodes in aqueous electrolytes under dark and iliuminated conditions [221].

Fe(on) >+ e > Feem (43)

in the dark, the reacticn is reversible at the Pt electrode and irreversible
at the n-TiO2 electrode. The rectifier nature of the latiter electrode was
attributed to the bonding of H' to surface O atoms. Photo-oxidation of
Fe(CNjaq' occurs at ea. -0.9 V (us SCE) at the n-TiC, electrode [221].

The electrosynthesis of a sebacic acid diester was performed wsing Pt and
Pt oxide/Ti oxide anodes in methanolic and agueous methanolic media [222].°
The results indicate similar kinetics and mechanisms for both electrode

systems, with a somewhat higher product yield for the Pt oxide/Ti oxide
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electrode, Photoelectrochemical reactions of HCHO in aqueous SrTiO3
suspensions containing transition metal oxide deposits reveal that oxidation

of HCHO to HCO,if and then to C02 predominates [223]. Reduction of HCHO to
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than 15% of the reaction products [223]. The products and their mechanisms
of formation were similar to those of the photo-assisted water-gas shift

reaction.

3.6 TITANIUM COMPOUNDS AS CATALYSTS

The use of titanium compounds as catalysts continues to be an active
field of study. A kinetic study of the polymerization of acetylene [224] and
of the polymerization of ethylene [225) have been reported. The kinetic
curves for pelymerization of CZHZ using soluble Ti(OBu)d—MEt3 as a catalyst
showed a rapid consumption of CH, followed by 2 slowing of the rate as a
polyacetylene film formed. The polymerization rate was a maximum at an AL/Ti
ratioc of 4:1., The kinetics of the polymerization of ethylcne in the presence
of chlorobis{C}'clopentadienyl)propyltitanium-EtAECE2 suggests that the
polymerization active species is formed in two successive dynamic equilibria.
A complete reactive scheme for the polyreaction was suggested [225].

Polymerization of butadiene in the presence of Ticig-AiEtECE-Hgth at
Ti:Ad:Mg molar ratios of 1:10:5 and 1:20:3 produced butadiene rubber with 30-
38% 1,4-cis- and 56-62% 1,4-trans- units [226]. Addition of catalytic amounts
of iodine increased the polymer with I,4-cis-configuration toc 77%. The
rubber produced by this catalyst has good physicomechanical properties without
vulcanization. The effects of lubricating oil, carbon black and Neozine D
antioxidant on polymerization wecre examined. Lubricating oil decreased the
physicemechapical properties of the rubber. Carbon black and the antioxidant
stabilized the rubber without affecting its quality [227].

The effect of the composition of catalysts of the type iso—BujA£-ketone-
TiCE4 in the structure of the alternating copolymer of butadiene-propylene in
toluene at -40 * 2°C has been reported [228]. 1Infrared studies indicated that
in toluene Tin.4 forms 1:1 or 1:2 complexes with the ketone, but only the 1:1
compounds werc active in starting polymerization. The content of the 1,4-cis-
butadienc units ranged from 85% in AcPh to 94% in MEK. TiCﬂ4 alsao forms
complexes with Et
MeQPh [228].

20, iso—PrZO, THF, dioxane and PhCHO, but not with Ph20 and

The polymerization of propylene at 70°C and 20 atrospheres in ligroin,
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containing EtzAECE-TiCE3 modified with 10-15% EtSAE, in the presence of
hydrogen increases the polymerization rate by a factor of 1.6 to 1.7 [229].
The use of EtZAECE—TiCE4 in hexane to polymerize dimethylbutadiene and

Mc2C = CH, for 8 hrs at -60°C gives 73% copolymer {230]. In the presence of
EtAﬁC&z-CpTlEtcﬁ, the polymerization of ethylene is activated by the presence
of Lewis acids (AECES, Aﬁzﬂcﬂd) formed from the reaction of EtAECEz with doner
molecules or with H20 [231].

A Te-evaluation of the experimental data produced in the last twenty
years on the number of active sites in'TiCZs-propylenc polymerization
catalysts has led to the conclusion that the number of active centres is in
the range of 2-10% of the total TiCﬁ3 after an initial reaction peried [232].
The number of active sites increases with increasing temperature.

New linear and cyclic isoprene dimers have been prepared using Ti
complexes with AﬁEt3 activators [233]. Treating ligands (42] (R=H, Z=0,5;
R = Br, Z = 5) with TiC.E4 gave the complexes (QA). (QA) fR=H, 2=0, 5;

R = Br, Z = 8) with A&Ets and isoprene in an ampoule at 120°C for 20 hr gave
a little g-limonene and traces of 1,4-dimethyl-4-vinyl-1l-cyclohexene and 10%
polymer. For R = H, Br, and Z = §, (i&} gave mostly dimers; specifically,
when R is Br and Z is S, ({A} gave 55-62% dimers [233].
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The rate of hydrogenation of cyclohexene is 10-70 times faster with
titanocene on polymer supperts than with homogeneocus titanoccene [234]. The
rates with supperted catalyst differed with the polymer support employed, the
degree of cross-linking and the physical state of the heterogeneous catalyst.
The rate of hydrogenation increased when better site isolation was provided.

Even unncrossed-linked polymer supports increased the hydrogemation rate over
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the homogenecus catalyst. The enhanced activity may be due to protection of
the titanocene sites [234].

A study of the structure and growth of polymer chains resulting from the
polymerization of {raa2nd-1,3-pentadiene in the presence of trimethylaluminum-
tetrabutoxy titainium catalyst shows the stereoregularity of the macromolecule
is a growing function of the molecular weight. Long times cof polymerization
or high concentrations of catalyst apparently tesult in gel formetion [235].

The kinetics of the oxidation of di-n-butylsuifide, p-methylphenyl-
methylsulfide, and p-chlorophenyl metal sulfide with t-butylhydroperoxide in
toluene with catalytic amounts of TiO[acac]2 and Ti(OPr)4 indicate the reaction
is first order in hydropcroxide and catalyst and a positive but fractional
order in substrate. It was suggested that the sulfides coordinate with Ti{iV}
in sclution; a mechanism is propesed [236].

A study of the oxidation of some dialkyl sulfides and some aryl alkyl
sulfides with hydrogen peroxide in ethanol catalysed by TiO{acac]2 shows a
rate law which is first-order in catalyst and almost zero-order im hydrogen
peroxide. A side-bonded peroxytitanium{IV) species was proposed, formed from
H,0, and T&{IV) [237].

The support material for Pd acting as a catalyst for the formation of
methane from hydrogen and CO causes a wide variation in the specific activity
of the catalyst. TiQ,-supported Pd is the most active catalyst reported, and

Z
Pd on 5i0., the least active [238].

2
4n investigation of reaction 44 catalysed by 10% by weight metal oxides

——y
4 NG + 4 NH3 + 02 4 N2 + 6 H20 (443

(V,05, Cr 0., Fe,0;) supported on Ti0, and A£203 showed Ti0,-supported
catalysts to be more active than the Aﬁzos-supported one. Catalysts
impregnated on TiO2 were less effective than chemically-mixed catalysts at
125°C )239].

The kinetics of the catalytic oxidation of CO over perovskite oxides have
been: studied [240]. Thc oxidation of hydrogen on T102 is described by the same
rate law for both continucus and pulse flow conditions. The reaction involves
a Langmuir-ilinshelwood absorpticon mechanism and not surface reduction of the
catalyst [241]. A kinetic analysis of the effect of promoters on vanadium-
titanium catalysts used in the oxidation of ¢-xylene has appeared in the
Russian literature [242]. The addition of 0.3% TiQ, to a palladium-aluminum
catalyst used in the hydrogenation of benzene does not appear to affect its

activity after calcining at 500-700°C under one atmosphere of hydrogen [243].
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The physical characterizaticn of Fe/TiO2 model supported catalysts has
been extensively studied by electron microscopy. X-ray photoelectron
microscopy and conversion electron Moesshauer spectroscopy following hydrogen
and oxygen treatments at progressively higher temperatures from 608-707K were
employed. Initially iron overlayers underge reduction to metallic iron at
temperatures from 608-707K. At 875°C, iron facilitates the reduction of Ti02.
Subsequent treatment with oxygen at high temperatures converts iron to
FeTiZUS [244-246].

Fast pyrolysis of COZ(CO]8 on TiO, resulted in the formation of dispersed

supermagnetic cobalt particles charactzrized by a narrow ferromagnetic
resonance signal. The catalyst thus prepared showed an increased activity
in the hydrogenation of CO [247]. The use of TiO2 as a support material
enhances the specific activity for the hydrogenation of CO over metal catalysts
which tend to possess more completely filled d bands, such as Ni, Pd, Pt, Rh
and 1r [248].

TiCE3 has been shown to poison Ru/Fh catalysts used in the hydrogenation

of benzene., The poisonous species have been shown to be TiO, and titanate

ions [249]. Metalloporphyrins show catalytic activity for tie reduction of
nitric oxide intd nitrogen, N20 and ammonia. The activity of the cobalt
porphyrin CoTPP is enhanced greatly if supported on titanium dioxide [2501].

An investigation of Ti(IV} catalysts,; carrying the chiral ligands
menthyi- or ncomenthyl-cyclopentadienyl (MCp}, used in the homogeneous
catalytic reduction of a prochiral olefin such as 2-phenyl-1-butene,
hydrogenated to (R)-{-)- or (8)-(+)-2-phenyl-1-butane with acceptable optical
yields, has been reported [251]. Bis-CpTi{IV) derivatives of the type
(nS-C5H5)2T1X2 {X = halogen, OPh, OR} act as homogeneous catalysts for the
reduction of olefins in the presence of co-catalysts. The higher optical
yields were obtained by complexes carrying the {R}-{-)-MGp ligand when two
ligands are bound to Ti. Optical yields were lower with neocmenthyl-
cyclopentadienyl ligands. Optical vields differed only slightly when one or
two ligampd units were bound to titamium. This, plus the fact that the
absolute configuration of the hydrogenated hydrocarbon is determined by the
absolute configuration of the carbon atom directly attaching the chiral
substituent te the Cp ring, was taken as an indication that the asymmetric
induction is related to the crowding about the metal atom im the Ti(iV)
monohydride catalytic intermediate (42) [251].
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Infrared spectroscopy on titanium-molybdenum oxide cataiysts, prepared
from ammonium paramclybdate on TiOz, has rovealed the presence of heteropoly
acids [252,253], while catalysts prepared by the addition of ammonium
paramolybdate to titanium hydroxide show, in their ESR structures, the
presence of a solid solution of Mos+ ion in Tioz, a ~highly dispersed phase
of Ma0,, and a partially dehydrogenated titanium-molybdenum heteropoly acid

bound to the Ti0, surface [254]. FPurther studies on this system could be

2
of interest.
Other studies have becen made on the characterization and effect of

various supperts for catalyst systems. Many indicate that TiC, as a support

tends to increase the activity of a catalyst. Charactcrizatioi of the support
has been studied by infrared spectroscopy and ESCA [255], x-ray photoelectron
spectroscopy, strong metal-surface interaction behaviour [256], and by using
C0 as a probe molecule for chemisorption [257]. The in¢reased catalytic
effect due to the presence of the suppert has been interpreted in terms of
interaction between the catalyst and the support [258-261}.

A rapid method for evaluating the amount and reactivity of surface
hydroxy groups on Ti02 surfaces has been reported. It is based on the
determination of the extent of reaction between propantrimethylsilane and the

TiO2 surface carried out in an infrared gas cell (reaction 45) [262].

H3C

+ 2CHOH (45)
8§

0
\s./OCHS 0\ /DCH3
* = 53
N
H3€0/ \R ° R
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Sb04-T102 catalysts for the ammoxidation of propylene appear to be most
effective when the two oxides are presenmt in equimolar amounts [263]. TiOz,
TiC.E4 and Ti(OR}4 {R = alkyl) have been reported as sfficient catalysts for

the transesterification of (4}) with minimal amounts of pyridyl ether

ce

N 0 OCHMeCO, Me

EF)

cleavage [264]. The interacticon of szTiH containing catalyst with CID and
C12 cycloalkadienes yielded n-cycloalken-1-y1 bis{cyclopentadienyl)Ti{IIL}
compounds (n = 2-6} [265]. Only stable ally! compounds were characterized by
ESR and electronic absorption spectra. Al} of them cooperate in the

trans formation of the substrate by stepwise double-bond shifts into the
equilibrium mixture of isomers. Conjugated cycloelkadienes were minor
constituents in the Clu and C12 equilibrium mixtures. In the Cs-diene, it was
the only product. The catalyst appears to be a mixture of szTiH and A!iH3

in agglomerates of unknown structure. The catalysis of stepwise-double-bond
shifts was reported to proceed by an olefin displacement mechanism {reaction

46) rather than by a dissociation equilibrium {reaction 47} [265].

Cp,Ti-C-CH + €=C — e CpTiC-C-H + C=C (46)
*
Cp,TiH + C=C &=L Cp,Ti-C-CH F= Cp,TiH + C=C (47

The use of titanium-comtaining catalysts in a variety of specific
reactions have been studied: oxidation of 2-propanol {267}; dimerization of
ethylene [268]; the water-gas shift reaction [269]; and the oxidative
dehydrogenation of l-butene [270].

The catalytic activity of titanium oxide-vanadium oxide catalysts was
reported by several workers. The nature of surface vanadium oxygen bonds has
been examined and some reactions were found to be structure-insensitive, while
others were structure-sensitive [271}]. The oxidation of 50, was reported to
be controlled by the oxygen adsorbed onto the catalyst surface [272]. Other
workers Teported that the oxidation of 50, in real flue gases was more

efficient if vanadium were present in the stack exhaust [273}.
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The addition of a-TiCﬂS to VOCE3 or VCE3 catalysts for the 1,4-Laans-
polymerization of isoprene resulted in increased catalytic activity by causing
changes in the catalytically-active centre [274].

Preparation of a catalyst with a monclayer of vanadium species on anatase
for selective oxidation of ¢-xylene has been described [275}. An ion exchange
method for preparing highly dispersed rhodium on amatase has also been
reported [276]. The effect of the nature of various ions on the catalytic
properties of L.nATiCuO6 (Ln = La, Pr or Nd; A =Ca, Sr, or Ba} has been
investigated [277], and it was found that the compounds where Ln and A have
large radii have high activities.

The ortho-para conversion of hydrogen and the oxidation of CO in the
presence of titanium carbides and nitrides was found to be more effective with
increasing defect concentration in either the carbon or nitrogen lattices
[278]. The selectivity of vanadiuwm-containing catalysts of the type Tixvoz_x
{x = 0-0,2) in the selective oxidation of methancl has been correlated with
the relatively facile elecctron exchange between active-site cations,
Variations in activity in oxygen adsoxption do not appear to explain the
selectivity [279].

A study on the possibility of quantitative characterization of the
catalytic properties of ionic pairs of halides of Group III and IV elements
in complex esters has beem carried out [280). The catalytic activity of
cation csterates is a maximum with [TiC£3'3EtUAc]+, while the inhibiting
efifect of the anion is a maximum with [TiCﬂs-EtOﬁc]_.

Reports of adsorption and desorption on catalysts have appeared: hydrogen
[281], hydrogen and carbon moroxide [282), and formic acid [283].

Mclecular orbital energy levels and wave functions have been calculated
for the HeTi(OMe)nC£4_n/ethy1ene (n = 1-4} catalyst systems [284]. An
increasing difference between the highest occupied MO and the lowest
unoccupied M0 occurs with increasing n. This results in a more difficult
d ~—p d transition and decreased catalytic activity, as verified by
experimental Tesults.

Titanium compounds as catalysts in photolysis reactions continue to be an
active field of investigation. Current studies have dealt largely with
preparation and properties of the catalytic material. For the photolysis of
water, highly dispersed platinum on TiO2 produced by the photocatalytic
deposition of platinum was effective if the platinum content were maintained
at 2-5% [285]. A highly efficient catalyst consists of platinum or ruthenium
dioxide supported on colloidal TiO2 {286]. This showed high activity in a
cyclic system using tris(2,2'-bipyridine}ruthenium(iI} as the sensitizer. The

mechanism probebly involves an electron transfer from the excited-state
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sensitizer to the conduction band of the semiconductor material. The electron
is then channeled to A Pt site where hydrogen evolution occurs; N,N'-dimethyl-

4,4*-bipyridine was utilized as an electron-relay species {286].

in the presence of Ti02, oxygen evolved from aqueous solutions of BrO3

and 103_ on irradiation (> 300 nm) at room temperature [287]. No 02 was

formed in the absence of Tioz. The reaction probably occurred through the
electrons in the conduction band and the holes in the valence band, generated
by photo-excitation of the 1102. The reaction was presumed to proceed by

the reactions 48-50 [287].

T30, hy » 6e + 6p (48)
6 e o+ xoz' + 30 —» X+ & O0H (49}
6p + 600 » 3H0 + 320, (50)

Platinized SrTiD3 catalyses the dissociation of water. The rate of
dissociation increases in alkali hydroxide solutions [288]. The decompasition

of water on SrTiQ, impregnated with Ni0, increased by pretreatment via

reduction of the zatalyst followed by re-oxidation with 02. In the gas phase,
the rate of decomposition depends upon the water vapour pressure, indicating
that the adsorption of water molecules is necessary for the decomposition inte
hydrogen and oxygen. A plausible mechanism was described and is summarized

in reactions 51-55 [289].

+ -

H,0(g) — Hy0(ads) S=——= H (ads} + 0OH (ads) {51}
SITiC, + hv » h' o+ o (52)
On NiQ:

2 Hads) + 2e —s 2 H (ads) —s Hy(ads) —  H,(g) (53)
On SrTiOS:

hYos M —— o (54)
4 0" ———%  O,{ads] + H0(ads} —— 0,(g) (55)

A development of a practical process for the photocleavage of water into
hydrogen and oxygen has been reported [290].

A comparison by x-ray photoelectron spectroscopy of Pt/TiO2 and Pt/In0O
catalysts for the decomposition of methanol by irradiation with a mercury
vapour lamp showed no action with the Pt/ZIn0O catalyst. A comparison of the

x-tay photoelectron spectra showed no difference in the valence band structure
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of the two catalysts. The suggestion was made that the ancdic oxidation
process on the semiconductor side, and not the cathodic reduction on the
loaded platinum, is responsible for the large difference in activity between
the two catalysts [291].

The photocatalytic production of hydrogen from linear C, to €

1 4
alcohols and propan-2-ol using a 4.85% Pt/anatase catalyst has been studied

aliphatic

[292]. Both constituents werc necessary fTor the reaction to be
photocatalytic. In the absence of platinum, the anatase became inactive and
turmmed blue. Relatively high quantum yields were obtained: n0.45 for
methanol, 0.2 for ethanol, and .1 for other alcohols [292].

The ultraviolet irradiation of NQ over anatase produces N, and M,Q. In

P
the presence of an aicchol, decompesition is increased and an aldehydc or
ketone is produced [283]. The photocatalytic decomposition of Z-propancl
over a series of TiOz—loaded catalysts resulted in the activity order Pt/TiO

> Rh/TiO2 > Pd/T’iO2 > Ru/TiO2 > Ir/TiO2 > TiO2 [294). Irradiation of some

2

alcohols in the presence of TiCE4 yields producis with carbon-carbon formation
between two molecules. The reaction between formic esters and alcohols
results in Formylation of the a-carbon of the alcohol J2957.

The kinetics of the conversion of propan-2-ol and butan-2-ol to ketones,
lower aldehydes and alkenes on Ti{]2 has been investigated. The proposed
mechanism for the dehydropgenation process accounts for the dependence on the
square root of the incident light intensity, alcohel pressure and oxygen
pressure [296]. The suggested overall mechanism was proposed to take into
account the elementary processes within n-type semiconductors or at the
interface between them and the (alcohol + 02} reactant.

Ditraviolet irradiation of a mixture of oxygen and oiefins over porous
Vycor glass resulted in the formation of dienes and oxygen-containing
compounds. On the basis of ESR measurements, it was suggested than an 03-
species was Tesponsible for the photo-oxidation. With a TiOz—butene system,
the formation of 1,3-butadiene predominates [297].

By a combination of the photoelectrochemical production of H,0, on TiG,
with the Fenton reaction, it has been possible to photocatalytically oxidize
aromatic hydrocarbons. By contrelling pH and adding Cu2+, both the HZOZ and
HO produced are used more efficiently [298]. The effect of pH and added Cu2+
ions have been studied further. At low and high pH, the total amounts of
product inc?eased. In aqueous H,50,, side-chain exidation prevailed over
cresol formation. Benzaldehyde was formed selectively at pH 1. Oxidation
of the side chain also occurred at high pH. In the presence of Cu2+ at pH
1 and 2, the yield of benzaldehyde increased and cresols, benzyl alcohol and

bibenzyl were formed. At high Cu2+ concentrations and pH 2, cresol formation
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occurred in preference to the side-chain oxidation. Addition of large amounts
of chloride to the Cu2+—HZSO4 aqueous system resulted in no oxidation of
toluene [299].

The oxidation of taluene has been studied using TiO2 powders under
nitrogen and air, Four forms of Til)2 were employed: {a) anatase, (b) updoped,
(c) doped and (d) photochemically platinized. The results were: in the
presence of oxygen, selective oxidation occurred with the platinized anatase
and the undoped anatase;in the absence of water, the main anodic reaction was
the one-electron oxidation of the aromatic hydrocarbons te corresponding
cations; in the presence of water, the main anodic reaction was the oxidation
of (H™ or H20 to OH"; in the absence of oxygen, the cathodic reaction was the
reduction of protons to hydrogen. An explanation was preposed, and suggested
mechanisms for the reactions of benzene and toluenc were also given [300].

EPR studies of the radicals invelved in the photo-oxidation of ethylene
on Ti02 indicate the presence of two radicals, depending upon whether the
rutile is chlorinated or chlorine-free, The nature of the alkyl portions of
the radicals was discussed [301]). Titanium oxide species prepared on silica
gel have been found to be active for the photocatalytic oxidation of iscbutene
to agcetone [302]. The reaction is more selective with TiO2 grafted on silica
gel than with bulk T102 [303]. Infrared datas have indicated that the photo-
oxidation of CZ-C4 hydrocarbons on TiOz does not proceed by surface
carboxylate intermediates. The data suggest that the rate-determining step
in the case of alkanes is photoadsarption, and product desorption in the case
of alkenes [304].

Various titanium coxide-iron oxide catalysts supported on Y-aluminz were
tested by a nitrogen-water mixture. All the catalysts used resulted in the

formation of ammonia according to the reaction sequence 56-58 [305]. Also,

6 Tid— o™ ehY . 6 mE—aon (56)
6 Tidh— on » & Ti°T3 *+ 3 H)0{ads) + 1.50, (57}
s iV - N,(ads) + 6 H,0(ads) o 6 TiE—0n + 2 N (58)

the role of the irradiation and of the water was discussed [305].

A number of free radical reactions have been observed upon iliuminatien
af TiO2 50ls with mear-ultraviclet light [306}. Halide ions are oxidized to
radical anions and propanol-2 to the l-hydroxy-1-methylethyl radical. An
analysis of studies on the photocatalytic oxidation of various compounds has
been neported that included mechanisti¢ information., The main conclusions were

that such oxidation reactions proceed in an adsorbed phase and that dissociated
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oxygen species play an essential role [307].

The photo-reduction of silver ions on a TiOZ sruface in aqueous solutions
has been attributed to transfer of electrons produced in the conductien band
of Til)2 to silver ions adsorbed on the TiO2 surface [308, 305]. Studies on
isptopic exchange reactions invelving TiO2 have also been reported [310, 311].
Radiation-induced reactions of carbon monoxide and hydregen gas mixtures [312],
the TiC£4—cata!ysed photoreaction of 2-acetyl-1,3-dicarbonyl compounds in
methanel [313], and the photecatalysed oxidation of polyundecanamides on Tio2
[324} have been investipated,

A possible pathway to phote-oxychlorinations has been suggested [315].

The interaction of CC-C4 vapour with dehydroxyleted anatase leeds to chlorinated
surfaces on which photoadsorption of oxygen is enhanced; the formation of CL00°
radicals was detected by ESR spectroscopy. The photocatalytic properties of a

powdeTed semiconductor loaded with metal have been discussed [316].

3.7 APPLICATIONS OF TITANIUM COMPOUNDS IN ORGANIC REACTIONS

Carbonylation of szTi(ﬁ—allyl}(gﬂg in pentane gave szTi(CD32 in 65%
yvield and triallylmethanol in 30-50% yield {reaction 59) ([317]. The methanol

4. co (59)

1/3 (CHy=S CHQH,).COH + Cp,Ti(CO},

was thought to be generated via diallyl-ketone formation by alkylation of the
acyl intermediate {iﬁ) by CpZTi(ﬂ-allyl). This is the first case in which
inserticn of CO into a Ti—— C bond is followed by reaction of the intermediate
nz-acy'l with other Ti— C bonds to give C#® C bond formation. The methyl
substituted analogue of (1&}, CpZTi{ﬂ-methylallyl) (44) behaved similarly; some
of its reactions are summarized in reactions 60a-f [317]. These insertion-type
reactions are highly regioselective and proceed essentially quantitatively.
Ancther type of reaction between (ig) and ligands like CS2 and PhC = CPh is
a}llyl-elimination {reaction 6la,bj. Cs, induces allyl coupling to hexa-1,5-
diene to give szTi(nz-CSZ) (33}, whereas diphenylacetylene reductively
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cs
2 sz']‘i/ + 1/2W {6la}
s
()
Ph
L
Cp,Ti + /\ (61b)
2 PhCZCPh
Ph
(1)

coupled to Cp TiC,Ph, to form propene. Reaction of szTi (CO)2 and freshly-
distilled dimethylacetylenc-dicarboxylate {77) in dry hexane at room

szTi.{CCl]2 + 2 MeG, C—C= C—CO Me

2 2
(R
(62)
MeQ.C
z €0 Me
\
2 Co +  Cp,mi (&)
Co,Me
Me,C

temperature gave the red metallocene (zf) (reaction 62) {318]. The same

reaction as 62 but in excess H,0 led after 1 day to the evolution of 1.9 mol

2
CO/Ti atom and to the formation of the yellow compound (37a); other

derivatives {m’f\:} have also been prepared {reaction 63}. Further treatment

1 2

2 Cp,Ti(CO), + ZR — = C =R *+  H0 (63)
h .| 2
exane q: R" = R” = COZMe
. gl - p2 _
Rl\ /Rz R: R =R® = C0,Et
/-_— &: Rl = R2 = Ph
78] 2T\ g: ’R! = mn, R® = H
N
f /TiCp2
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of (1) in dichloromethane with excess aqueous HCE led to formation of cdis-
olefins; for example, (37h) afforded szTi(CEJC(CDZEt]Z CH(CO,Et), (215} save
Cf;uz'l‘i(.'.l’.2 (50%) and cis-stilbene (60%), and (37d) gave the red product (%£)

from reaction with HCE. A possible pathway for these reactions of sz']“i(CO)2

Ph . ce
N7
Cp Ti/ \Me
"N\

Ce

)
has been discussed [318]. Carbon mopoxide can also be activated by Ti(III}
metallacenes, szTiR_. to give szTi (COJR, where R = CE, C()FS’ as well as the
2 . . —
fi°-acyl complexes CpZT:{COR, where R = C6“5' cJ'-CH3(26!'I4 and CH(CHSJ.— C(H}CHS
[319]. Formation of the ketones RCOR and diketones RCOCOR reveal formation
of new C—C bonds in these systems, probably through the radical character
induced on the ligands by back donation of the unpaired electron of titanium
in Ti{iil). 1interestingly, szTiR (R = aryl) reacts with cyanides R'CN, in
which coupling of the ligands occurs via the cyanide C atom (m}; with

Cp,Ti TiCp,

z
]
E-E ]
i
=

E-E o ]

(R

isocyanides, R'CN inserts into the Ti=—C bond to give the nz—iminoacyl
complex () {319].

R

e

¢
q
szTi
\
N

~N

Rl

(£
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An attractive altermative to the use of Li/MeNHZ, thexylborane, or
bis{4-methylpiperazinyl)aluminum hydride has recently been reported for the
reduction of carboxylic acids to aldehydes [320]. This involves treating
carboxylic acids with a mixture of 2 mol of isobutylmagnesium bromide and
catalytic amounts of szTin.2 in ether for 4 hrs at room temperatuTe under an

argon atmosphere; subsequent hydrolysis leads to the aldehyde (reaction 643.

i - -_—
RCOOH + 2 “CgH,CHMgBr *== o, TicE, # RC(HI=0 (64)

b) 1,0

A mechanism was alsoc proposed to account for this reductiom,

The preparation of conjugated dienes from their 1,5-isomers using two
easily obtainable titanocene-derived catalysts has been described by Mach
and co-workers §321]. 1In the first instance, the catalytically active species
szTiR (R = allyl, alkenyl, alkyl} was generated by reduction of szTin.2
with lithium alanate in the boiling oclefin to be isomerized. In the second
method, the catalyst was obtained by the decompesition of pre-formed
(n°
(CIGHS)(H)Z(CpTi}z, at 150-180°C. PBoth catalytic systems were found to

possess comparable isomerization selectivities in spite of marked differences

H ns-fulvalene)-di-u—hydrido—bis[cyclopentadienyltitanium(III)],

in the required reaction temperature [321]., The synthesis of the five-
membered heterocycle (g]} containing Ti in the ring has been described by
Zakharkin and Shemyakin [322].

/ N\
Cp,Ti B1oto
___V
%L

Various titanium enclates, accessible using cheap reagents and which are
distillable and miscible in ether, THF, dichlioromethane or pentane, display
pronounced erythro selectivity in Aldol condensation reactions with aldehydes
(reaction 65} [323]. Diastercoselection appears to be better than when using
IZr or 5n enolates. Titanium alkoxide tartrate is a highly effective
epoxidation catalyst and shows a high degree of sensitivity to pre-existing
chirality in allylic alcohol substrates [324]. The cutcome for racemic

{E}-cyclohexylpropenylcarbinol (QK) using L-(+)-diisopropyl tartrate (DIPT)



148

OLi iXS
a) CETi{0—¢ )3
»
b} BrTi[NR2)3
ARANAANNPIN ARPARARAPRANAI + RCH
]
= 0, NR2 G
OH o
0 H 0
x
+
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erythro threo

is shown in reactions 66 and 67 for the (S)-enantiomer of ({7} and (R)-

enantiomex of {§7), respectively. Clearly the titanium alkoxide tartrate

.t
L—[+) GIFT (66)
fast

erythro : threo
|
(+) BIPT et?
. (1) 67)
~slow T
8,
erythro 38:62 threo

strongly favours erythro products. [t was also noted that preference for a
attack and erythro selectivity are consonant for the {S)-enantiomer, but are
dissonant for the (R)-enantiomers. Increasing the size of the alkyl group
in the tartrate ester significantly increased the rate differemce for
epoxidation of the S and R enantiomers [324].

Stable six-coordinate complexes of MeTiC£3 are diastereoc- and enantio-
selective methylating reagents [325]. Reaction of tetramethylethylenediamine,
glyme, THF, or (-}-sparteine with an equivalent amount of MeTiC£3 in
dichloromethane produced the compounds (QR'QQ)’ respectively. When these
compounds reacted .{n 4.{fu with 2-phenylpropionaldehyde (4]} at -50°C in
CH2C£2 for 2 hrs, product [éﬂ) formed preferentially {(reaction 68) [325].
Addition of (éﬁ) to heptanal yields a mixture of R- and S-Z2-octanol with the
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R-enantiomer dominating. The mechanism of addition appears to involve a

ligand exchange reaction (reaction 63} in an octahedral complex in which the
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methyl group in the meridicnal position is displaced by an alkoxy ligand prior
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to aqueous workup [325]. Rearrangement of the O-acylated dienolate (If) in
the presence of Tin.4 in CH Cﬂz at -40°C takes place cleanly to give the

diketone 1,3-diacetyl-2-methylcyclopentene {I]) (reaction 70) (326]. The

u]
iy OAC

TicCe

0
o) L

possibility of an intramolecular process was ruled cut by a cross-over

experiment with propionyl chloride (reaction 71j. However, when the reaction

was carried out with 1.5 mol equivalent of crotonyl- chloride ({Z}, then {7])
was the major product. MNo rearrangement was observed for A mixture of

0-acetylated dienclates of (+)-pulgeone () and (JI} (reaction 73).
g + ci® ccl

24 TicZ, - 71
0 20%

0 (w 0%

"y \\r e (ééi Lﬁ (72)

(Zﬂ) 15%

0Ac a) Tice
6 6 ﬁ —3 g o
b) H 0

(%) (

% sEbERU

o0y
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Condensation of propionylchloride and 4-acetoxy-2-methyl-1,3-pentadiene {Jf)
in the presence of TiC.E4 gave the &-diketone (72} (reaction 74) [326].

G CH, COCE g
__'T_.Tl 0 {74}
AL

an

Addition of allyltrimethylsilyliithium at -78°C in THF to ketoacetails (50
produces vinylsilanes f_w in 67-91% yield after column chromatography on
silica gel (reaction 75) [327). Turther treatment of (§]) with T:'.CP.4 in

3 TMS
M LIAATHS N
A Hy ——— ocH
R H 3
(£2)
Ar OCHS TiCE
R _
75
&L {73}
_ T
W—————
H
Ar
R AT CH30
(&2) R

dichloromethane solution containing ~I0% ether at -78° C followed by gradual
warming to 0°C, gave the biphenyl compounds (§5). Ti {-—Prc)d and CE T1{—-Pr0)2
were less effective than '['i(:£4 {327}.

Reductive coupling of methyl-vinyl ketone with Ticﬁ4/Hg gave the pinacols
(83a..8) [328). Also, reduction of mesityl oxide (§4) with low-valent ferms of

A } =
/\1/ ) Me _COH HO (53 \JH
T + Ti 684/Mg P Y 2ar) {76)
THF -
4,__(.
Ho oH

R
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titanium and vanadium leads to pinacols {ﬁ) as the major product, whereas
with low-valent forms of chromium, iron and zirconium, the ketone (Eﬁ‘) is the

major product. The nature of the low-valent titanium species has been

'_ =
e v

aH

oH

Ay =

)\
47
,_,/
%)
O

48

investigated by electron paramagnetiC resonance spectroscopy [329].

The effect of the electronic structure of substituted phenols on the
kinetics of reactions in Ti{III)-HEDZ—alipheitic atcohols-phencl systems has
been reported [330]. Molecular orbital calculations suggest that a 7,w
, With R*CHOH in which the latter
species is the electron donor; in the reaction of RC . H, 0" with R'CHZOH, a g,n

64
complex forms in which RCGH4O‘ is the electron domor. Treatment of the

complex forms in the reactiom of RC6H

cluster compound [TngZC-EZ"I‘HF]Zx, prepared by treating T:MLE4 with Mg in THF
with PhGZCPh, produced PhOH (25.4%), PhMe ({24.9%), PhCHO (19.2%), deoxybenzoin
{16.7%), benzoin (5.5%) benrzil (3.9%), PhCH= CHPh (1.6%), PhC=CPh (1.0%},
PhCHZCIiZPh {1.0%), and hydrobenzoin {0.6%) [331].

A variety of fatty alcohols Me(CHZ)nDH fn=7,9, 11, 13, 15 and 17} have
been prepared by hydration of Me(CH2)n_2CH=CH2 over '1‘32[‘.(14/1(BH4 i332]. Thus,
addition of Me(CHZ)ASCH =CH2 to a mixture of Tin.‘.\i and KBH‘i dissclved im
MeOCHZCHzOMB gives Me(CHzJHOH in 94% yieid. Also, a mixture of Ti(bﬁ4/LiH
{l:4) converts alcohols, glycels, amino alcochols, and glycel moncethers to



complex hydrocarbon mixtures, the major components of which possess the same
nurber of carbon atoms as the starting material [333]. For example, RCH (R =
MeZCH, Bu, Mesc, n-Q6H13) gave propylene, butane, Me3CH/Me2C:=(H2 and
C6H12/C6H14 as the major products; 1,3- and 1,4-butanedicls gave 1- ard
2-butenes and E.'Hz-_- CHCH = CHZ'

Deoxygenation of 7-oxabicyclo[2.2.11hepta-2,5-diene systems occurs in the
presence of TiC£4/LiA£H4 to give substituted benzenes [334]. Equimolar
reaction of azoxybenzene with TiC.E4 gave azobenzene; in the presence of excess
TiC£4, 4-chlorcazobenzene was obtained [335]. Use of TiC£4/Et3N in the
synthesis of chalcones from metallocenes and tetrathiafulvalene has been
described by Besancon and co-workers [336]. Titanium tetrachloride forms a
1:2 adduct with SN2C2C£2 {prepared from {CN)2 and 52C£2) [337].

The initiation of the dimerization of 1,i-diphenylethylene by A.EBr3 and
TiC£4 in heptanre at -30°C has been studied spectrophotometrically [338]. The
possibility of co-catalysis by residual impurities was not precluded; TiC£4
alone is not an initiator for the polymerization of iscbutylene [338]. The
factors affecting the molecular weight of altermatin copolymers of propylene
with butadiene were investigated in the presence of TiC&dfacetophenone/
Aﬂ(iau)3[339]. Kakuge and co-workers [340] have tested the accuracy of 13C
nmr measurements to examine the monomer sequence distribution in ethylene-
propylene copolymers prepared from delta TiCﬂsttzAECK.

A new method of reductive homolytic alkylation of methyl vinyl ketcne
with ethers via a redox free-radical reaction 77 was recently described [341].

&3 21 B3
—_— = — = Ci{=Cm _— - (- -_C -
RImO=C—H + CH,= CH=C-0lg Ry= 0= C=GH Gy~ GGy (77)
R, 0 (CH,) ,CO0H R,

The source of t-butoxy radicals was the redox couplé EBuOG—[/T13+. Rates of

hydrogen abstraction were high (> 106 - 10? gflsec'l) and these reduce
parasitic side reaction 78 involving reduction of the t-butoxy radical by Ti3+;
Bawor o+ 1YY 4+ Y ———a fmuw o+ T (78)

a high concentration of T13+ salt favours reduction of the a-ketoalkyl radical
RIOC(RzRB)CHZﬁHCOCHs. Aqueous TiC£3 reductively removes CN and halc groups
from substituted pyridines by a two-electron transfer process and promotes
reduction of pyridyl ketones and aldehydes to glycois by a one-electromn

trans fer process {342}, For example, 2-cyanopyridine decyanates in the



presence of aqueous TiCAZ3 in acetic acid to give pyridine, and 4-CHOpyridine
(‘va gives the glycol [ﬁ). Electron withdrawing substituted carbonyl

o4 ?H
H 4] 3 T o e Y 1}
o N N
N H H
7)) &R
compounds, when allowed to react with two equivalents of agqueous TiC&S in the
presence of acetone, acetaldehyde or benzaldehyde, afforded unsymmetrical

1,2-diels in high yield under simple experimental conditions {reaction 79)
[343].

X R X R
} ] I+ * 3l 4+
Re=(C + IC—RZ + 2 Ti + 2 H R-—E-(II_RZ + 2Ti

|

¢ [! OH OH
X = CN, COOH, CUOCHs, py {79)
R= g, H
R1 = R2 = C!-is; R1 = H, R2 = CH3; R1 = H, R2 = Ph

Low-valent titanium compounds have been found to be effective
deoxygenation reagents because of the high affinity of Ti for cxygen (reaction

80) i324]. Under identical conditjons, benzaldehyde gave poorer yields of

R SIH > S (l:H > R 4:1 TiCEleiAEH4 R CH == CHe== R {80)
0Si= 05i=-
A A THF
&
stilbene than the conversion of R1 = RZ = Ph- to stilbene. Thus, reaction of

the a,a-bis{trimethylsiloxy)}sulfide (ﬁ) with low-valent titamium does not
proceed by reversion to aldehyde first, but rather probably proceeds wig an
episulfide intermediate. To test this, mm—l,2—diphenylepisulfide (m)
reacted with Ti{II) to give frans-stilbene {reaction 81). Mixed olefins may

—man N
/ N /
H Ph H Ph

QR

Ph\C/S‘\C/H Ti (i1)

c==cC (81}
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be obtained from unsymmetrical compounds of (ézg [344].

Richardson [345] recently reported a method by which it is possible to
prepare an olefin containing the m-trifiucoromethylphenyl substituent, thus
opening up McMurry's synthesis to a wider range of substituents than
previously thought. The haloaromatic substituted olefins prepared by this
method include (21} in 67% yield and [2&) in 60% yield., The Ti(0} coupling

p-BrCH,C(CH) 5= C(CH ) C H Br-p

G

3)

m-CF 3C.H, C(TH ) == C(T5) CH CF oo

366 3

&7
agent was prepared from the reduction of TiC£3 with Li, the excess Li was
filtered and the filtrate used to effect the ketone coupling. The above
yields were in the range of that reported for hydrocarbon olefins, and this
suggests that reduction of halogen substituents was not an impertant side
reactien [345].

A semi-empirical analysis was reported for the kinetics of exchange
reaction of Ti(III) binuclear carboxylates [346].

Molybdenum oxide, MoOx (2.9 > x » 2.3), supported on B—TiO2 is a uaique
catalyst on which olefins undergo metathesis without hydrogen scrambling at
Toom temperature. A 1:1 mixture of ¢is-but-2-ene-d; and cié—but—Z—ene—dS gave
mainly I&an&-but-z-ene-do, -d4 and —ds, and cié—but—Z—ene—d434?]. By contrast,
the metathesis of tﬁaﬂé—but—Z—ene—doand I&an&—but-Z-ene-dB gave only frars-
but-Z-ene-d,; initially. Thus it appears that metathesis of cis-olefins
preferentially yields &4{4-olefins with some frans-olefins, but metathesis of
thans-olefins yields entirely faans-olefins. The stereoselective metathesis
of propene, as well as the structure-retaining metathesis of ¢{s- and Zrans-
2-butene, was raticnalized from structures of metallacyclobutane intermediates
[347]. Earlier, Engelhardt [348] had studied the isomerization.df cisz2-butene
over reduced and unreduced molybdena-alumina catalysts. He reported that over
unreduced catalyst, iSomerization vi2 a carbonium ion intermediate was the
prevailing reaction in the early stages of the process but later suppressed;
hence, ci4-Trans isomerization proceeded almost exclusively via metathesis.

The assumption that metathesis of cis-2-butene over HQOX/B-TiO2 {x = 2.3-2.9)
takes place without either intermolecular hydrogen transfer or isomerization
via carbonium or alkyl intermediates was questioned f348]. In this regard, the

mechanism of the iscmerization of selectively deuterated o4d-butenes over TiO2



158

at 120° and 250°C has been investigated by Lemberton and co-workers [34%]. On
catalysts pretreated at 250°C and 350°C, ci4-trans iscmerization and double-
bond shift proceed through a non-stereospecific carbonium ion pathway; whereas
on the catalyst pretreated at 550°C, this reaction competes with reactions
ipvolving allylic species or o-bonded carbonium ions.

The synthesis of light olefins using Ru/TiO2 i350] and light hydrocarbons
using Rh/TiO2 [351] from hydrogenation of carbor monexide has been reported.

EPR and mmr metheds and quantum mechanics have been applied to study the
reaction mechanism of the dehydration of formic acid on TiO2 [352]. The
specificity of T:'LO2 to act almost exclusively as a dehydration catalyst appears
to be due to the existence of surface electron donor centres [352] over which
HCOOH loses its planar structure upon chemisorption [353). The number of
these electron donor centres was determined by adsorption of tetracyanoethylene
or trinitrobenzene and ESR analysis of the paramagnetic anions formed {[354].
These centres are Ti3+ ions and O =—Ti~=0li groups for high and low
pretreatment temperatures, respectively.

Titanium dioxide teversibly chemisorbs 02 and weakly adsorbs MeCOl, which
is partially and completely oxidized [355].

Oxidative ammonolysis of p-tert-butyltoluene over TiOZ/VZOS gave B3-87%
of p—(CHJ)BCC%H4CN, which under harsher conditions, converts to terephthalo-
nitrile [358].

The electron Auger spectra of samples of TiI4 heated at 20-1170°C
indicated that the main surface contaminants are S, C, and Cf; at room
temperature, carbon is present as graphite and is oxidized to CQO with
increasing temperature and at >600°C CO is desorbed [357]. In the presence
of oxygen on the Ti surface, CZ is lost during heating whereas S forms surface
compounds with Ti during heating to <800°C above which the Ti== 5 surface
compounds decompose,

In contrast with nitrogenase, Ti{Iil)/pyrocatechol nitrogen-fixing
systems reduce CN or acetonitrile to methylamine or ethylamine, respectively,
by a four-electron reduction process [358). In model systems containing
Ti(OHjS, some hydrocarben products were also formed.,

The selectivity of classical carbanions can be increased by first
converting them to titanium reagents [359]. Varying the nature of the
hetercatom at Ti leads to control over the chemo-, diastereo- and enantio-
selectivity. Four new developments were disciosed by Reetz and co-workers
i359]: {a) organo-titanium reagents derived from stabilized and non-stabilized
carbanions discriminate not only between aldehydes and ketores, but alsoc
between isomeric aldehydes; {b) enolizable ketones that react poorly with

Rii or RMgX, owing to undesired protonation, undergo a smooth addition



reaction; {¢) unusually high diastereoselectivity in structurally different
systems is cbserved, even in reactions involving awinc derivatives,

RTi{NRz) and (d} emanticselectivity using chirally-modified reagents is

3;
possible.

3.8 ADDENKDA

Surface treatment of aluminum piates with organic titanium compounds to
improve the quality of printed images and the durability of pre-sensitized
plates have shown that the properties of the coating depend on the composition
of the treating solution, heating and ultraviolet radiation [360]. A
theoretical model, based on the extent of reaction as a function of time, has

been applied [361] to reaction 82.

BaCOS(s] + TiOz{rutile) — BaTiOB(s} * C02(g] (82)

A compariscn of the powder products and films produced by the hydrolysis of
ethancl and n-butancl sgluticns of Ti{OEt}4, Ti(DBuJ4 and polybuto;ytitanium
showed the powders to be poorly crystalline [362]. A concentration dependence
of boiling point change of NbC£5 and TaCﬂs solutions in ‘['iC.t4 has been
observed. At concentrations of 0.0 to 0.2 mol of pentachloride per kg of
TiC&A, dimers are present with a degree of association of 1.16 to 1.18 [363].

Vapour phase growth of TiO2 crystais formed by the hydrolysis of TiF4
produced anatase below 1000°C and rutile above 300°C. A temperature of 1000°C
is best for producing Tutile. The formation of TiOF2 is suggested as an
intermediate gaseous-phase species [364]. The synthesis and properties of
barium and calcium titanyl oxalates as inorganic ion-exchange materials has
been reported in the Russian literature {not translated)} [365]. The partition
of Mn{I1}, Fe(III} and Ti{iV] in the bis{2-ethylhexyl)phosphoric acid/benzene
system has been reported [366]. Distribution coefficients for tantalum,
nicbium and titanium between aqueous sulfate and kerosene containing
tributylphosphate and thiuram have appeared [367]. A reactor filled with
titanium can selectively remove the P2 impurity which builds up in xenon
fluoride lasers [368]. Alkylamine intercalation compounds have been pripared
from l‘vlazTi:‘,)O:‘r [369]; -alcohol intercalation compounds were prepared from
TiDC.P.-BuNH2 intercalation compounds [370].

Several n-alkanols, n-alkylamines and n-alkyldiamines have been

intercalated in the layered structure of Y-Ti{HPO4)3; the properties of these
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compounds were reported and discussed [371].
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