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INTRODUCTION

The chemistry of titanium contines to be an active area of research.
While this review attempts to provide as coumprehensive a swrvey as possgible of
developments during the 1981 calendar year, the emphasis strictly reflects the
interests of the authors.

Unlike the previous review by Fay [3]1 in this series, which was subdivided
in terms of the chemistry of the various oxidation states of titanium, this
review presents it in terms of subject matter. The areas which are covered
are the preparation and properties of coordination compounds of titanium,
photocatalytic reacticns involving Ti0., and the use of titanium campounds as
catalysts in polymer and organic syntheses. Solid-state aspects are not
treated directly, but are treated in connection with other areas of interest.

Since the review by Fay [31, amother review by Pez and Armor (4] has
appeared. This latter article deals with the synthesis, structure and
properties of famally divalent and trivalent titanium metallocene campounds.
The aim of the review was to describe and critically evaluate the confusing
data reported for these low-valent titanium and zirconium metallocenes.

The present review article covers the materlal in the major journals far
the 1981 calendar vear and the foreign and less well known journals for the
period covered by Chamical Abstracts fram Volume 93, mmber 13, to Volume 353,

Q0010.8545/84/%12.90 © 1984 Elsevier Science Publighers B.V.
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mmber 24; however, articles dated 1980 and abstracted in these volumes
{190-260] have not been considered.

8.1 PREPARATICH AND CHARACTERISATICN OF TITANIUM COMPOUNDS

Reaction of [{cp):TiCls] with o-CgHy [CH{SiMe)Li (Me,NCH,CH,NMez}]1 in
diethyl ether is stereospecific, generating the meso-metallacycle
[ {cp) 2 Ti{CH({SiMe;}CeH,CH (SiMe;)-o}] in high yield [5]. Cyclic voltammetry in
tetrahydrofuran shows a reversible one-electran reduction yielding a
relatively persistent tikaniumi{II¥) anion. Reacticns of
dicyclopentadienyltitanium{Iv) dichloride with dibasic tri{sBN;} or
tetradentate (S'B'H;) Schiff bases have yielded the monomeric (in hoiling
chicroform} penta- and hexa-coordinated camplexes [{cp).TiSB] and
[fcp)Ti{S*B'}] {6i. Coordination of azcmethine nitrogen and phenolic and
alecholic axygens to titanium atoms has been substantiated by infrared (IR},
nxclear magnetic resonance (NMR)}, and mass spectral studies.

A series of campounds of the type [ABTiL1'X™ (where A = cp, B = n°~MeC:H,,
L is the conjugate base of acetylacetone, and X is ClO, , BFy , ZnCl; (Hz0) ,
SnCly , ©dCly , PeCly , Br , or T } has been prepared and characterised [71.
The ligand L appears chelated and the titanium atom is essentially
tetra-ccordinated. The preparation of [{cp):TiOD{PF3;}1 by the photolysis of
[{cp}2Ti{0O0Y 2] in hexane in the presence of excess PFi is reported to be the
first trifluorophosphine derivative of titanium [8]. Properties of the
compound are included. The trimuclear complexes [(cp)TiAlzcla_zEtx] {x = 1-4)
have been prepared by the reaction of [{cp)TiCl;] with two equivalents of
ethylaluminium compounds [9]. The camposition of ethylated titanium
camplexes formed in the system [(Cp)TiAlsCIs—Et3_:A1ClI] iz =0, 1, 2) wvas
determined fram electron paramagnetic resonance (EFR) spectral data and fram
the position of d-d absorption bands, In the system
[C5H5°TiAlzcla—Et3_IA1C1:], only [CsHg-TiAl,ClEt] and [CsHg+TiAl.ClsEte] could
be detected. In both titanium{IIT) and titanium{II} series, the stability of
the carplexes decreases with increasing content of ethyl groups. Properties
of the {(cp)Ti(III) trimclear camplexes are compared with those of the
bimuclear camplexes [{cp) zTiAlCl‘I_xEtz] {xr =0, 1, 2). Results are alsc
reported for a series of braw camplexes.

When [{op)2TiCl] is reacted with lithium alkyls, the product cbtained is
[icp)2TiR] (R = CHs, C:Hs, n—CyHs, e—CuHs, or :—CsHe) [101. Reaction of this
product with 2,6-xylyl isocyanide, phenyl isocyanide ar carbon dioxide results
in the inserticn of these ligamxds into the titanium-alkyl bond with the
formaticn of imincacyl, amide, and carboxylate derivatives., With ketones,



303

a pinacol-type dimerisation takes place.

Reduction of [{cp}.TiCl.] with LiAlH, in boiling methylbenzenss ar
tetralin yields (n®:n°-fulvalene) —di-—u-hydiido—bis {n*—cyclopentadienyl) titanium
in yields of »90% [11}. Reduction ocours via the
bis {n°-cyclopentadienyl) titanium(III} chloride dimer which is further
transformed into the unstable [{(cp),TiH) species. Thermal decarposition of
this ocours with lrydrogen evelution and the formation of
p= (n® :n°~fulvalene) -p-hydrido-p—chloro-bis-{n*-cyclopentadienyl} titanium.  The
first fulvalene containirgy carpound cbserved in the system is formed by
hydrido—chloro exchange of this latter compound with [{cp),TiCl.] and aluminium
chlorohydrides.

Dicyclopentadienyl (trimethylsilyl)titanium chloride has been synthesised
vy the reaction of [{cp),TiCl,] and tris{trimethylsilyl)aluminium coordinated
with diethyl ether, or lithium tetrakis(trimethylsilyijaluminate [12§.
CGondensation of sodium atoms at ~100 °C in tetrahydrofuran solutions containing
[{cp}.TiCl,] and ewcess trimethylphosphite produces [{cp):Ti(P{tMe)s}.] [13].
The reaction of chlorodiphenylphosphine with [{cp} (n”-CrHeLi}Ti] gives
[ {cp} {n’—C7HgP (CsHs) 2)Ti] in good yields [14). A new ring campound
{{{cp)TiCl0}4] is reported to be one of the probable products of [{cp).TiCl.]
in tetrahydrofuran {15]. The tetramer [{{cp}TiC10};] is known to form in the
hydrolysis of [{cp)TiCl;]. The preparation and properties of
[{cpi »TiCH; iMe;51-0CPh} ] have been described [16]. The synthesis and
structures of [(Cp)TiMos0:e) [MO0C11°~ and [(cp)TiMosO1s] (Mn{(00) 3] %~ were
reported [17). Preparation of [n®*-Cs (CH3) sTi{CH=CHTH:) 2] and the analogous
n*-tutadiene and n-methallyl cawpounds are reported; the compounds appear to
be very reactive towards 0 and cther small molecules [18].

A study of the magmetic exchange interactions of bimuclear
dicyclopentadienyltitanium(III) ccmplexes propagated by wunsaturated and
aramatic dicarboxylate dianicns has been reported [19]1. One curlous
dbservation was made. The magnetic susceptibillity versus temperature data
for the supposedly monomeric benzoate complex [(cp). 2T1{0:CPh}] are
characteristic of the strongest antiferromagnetic interacticns in all of the
dicarboxylate-bridged camplexes.

{{cp) 2 Ti-X—Ti{cp}s] {where X is the dianicn of thymine,
3,6-dihydrexypyridazine, 2,3—dihydroxyquinoxaline, etc.) was prepare? by the
cxidative addition of a heterocycle to two mols of [{cp}aTi{QD}:]. Each
bridging species 1s bis-bidentate and chelates each metal ion in a
four-merbered ring [20].

The preparation and characterisation of eight bimiclear titanium{III}
metallocenes [{cp) 2T1]2{02C(Giz)n002] {where » = 0~4, 6, 8, 10) have been
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reported [21], The cxalate anion {# = 0) hridges in a bis-bidentate fashicn
and forms five-membered chelate rings with each titanium icn., In other cases,
the anion bridges in a bis-bidentate way forming only four-membered chelate
rings. An investigation of the propagation of magnetic-exchange interacticns
by the methylene groups of these aliphatic dicarboxylate anicns was included.
Six bimiclear titanium{III} metallocenes of the type [{cp).Til:B (where B is a
cycloaliphatic dicarboxylate anion} have been synthesised and characterised
[22]. The dianion bridges the two titanium(IIT} in a bis-bidentate fashian
with the formation, also, of four-menbered chelate rings. Magnetic-exchange
interactions by the methylene groups of the dianicns are also reported and
discussed.

Metallocene compourds of the form [{cp).TiRR'] (where R is CH:M"Me;

M* = C, 5i, Ge, Sn, or (H{5iMe;}:] and R' is an alkyl group or Cl) hawe been
prepared {231. The reaction of HC1 in diethyl ethex with

[{cp} . Ti{CHSnMe;)Cl] gives mainly the products of CH;—SnMe:; scission rather
than that due to Ti—-(H; scission. The dialkyls containing one or two CHSnMes
ligards give largely RH and R'H, The relatlive abllity of R as a leaving group
decreases in the sequence (HpSnMe, > Gi,(Me; > (HpSiMes > CHxGeMes; » (H;.

Preparation and characterisation of the compounds [{cp}.Ti{CO).] [24],
[{CsHuMe) 4TisSe]1 [251, phenolic derivatives of [(n®*—CsH.Me),TiCl.] [26],
hydroxy-coumarin camplexes of [{cp)2TiCl:] [27), and [icp)Ti{CH;)-{0C) sMo{cp) ]
{28] have been published.

The campound [{p-0;)- (u-{n*:n*~Cs {CHz) {CH3)+) Ti(n*~Cs {CH:) 5) ) has been
characterised and is the first to contain a [n':n®—CsiCH,) (CHs),] ligand. One
methyl group of a C. {CHi)s ring attached to one titanium has become a methylene
bridge to a second titanium atom [29].

Pentasulphide and pentaselenide complexes of
bis {methyleyclopentadienyl) titanium{IVi and {cyclopentadienyl} imethyleyclo—
pentadienyl} titanium{IV) have been reported [30]. The compaamds are monomeric,
rar-electrolytes. A chair canfiguration was assigned to the TiS; and TiSes
rings in these camlexes on the basis of proton NMMR spectra.

Tris{¥,¥-diiscoropyldithiccarbamato) campourds of the type
{{Cp)Ti (S2CN'Pr,) 5} and [{CsHyMe)Ti(S,CN'Pr;),) have been synthesised by the
reaction of [{cp)oTiCly) or [(MeCsHi)2TiCl,) and anhydrous Na(S,QN'Prp) in
refluxing dichloramethane or tetrahydrofuran ([31]. The compounxds are
moncmeric, nomrelectrolytes, Infrared data suggest seven-fold coordinationy
proton MMR spectral data show the compounds to be stereochemically rigid. The
suggested structure for these camplexes is the rare mono-capped trigonal prism.
A crystal structure determination would appear to be in order to verify this

suggestion,



Monosubstituted 1,17-disubstituted and 1,1'-bridged titanocene
dichlorides, [{RCsHy) {CsHs}TiCl;] (R = Me, Et, SiMi; I-3), [{RCsH.}2TiCl,]

{R = Me, (Me;, SiMe:, SiMe,Bu, GeMes; 4-8), and [2{CsHs),TiCl,]) [Z = {H)a,
CY,, CHMe, SiHMe, SiEt,, GeMep; 9-15] can be prepared by metallation of
cyclopentadienes RCsHs and Z{CsHs)p with Buli and according to reactions (71-5)
with [{CsHs)TiCl: or TiCl:), respectively {327, The resulting compounds {7}
thraogh {15), as well as the indenyl and tetrahydroindenyl derivatives,

R R
‘n/ i \n/ i /@ 7
O Y N
R
' ' C/°

~ ~ cl

(16} 17 {18)

[{CqH7}2TiCLl2], [(CoHy:}-TiCl,1, and [{CoHy:) (CsHs)TiClal (16-18) have also
been imvestigated with respect to thelr anti-tumour activity against Ehrlich
ascites tumour in mice [32].

Exposure of [{cp);TiCl,] in various media to ®*%o y-rays at 77 °K yields
the corresponding titanium{III} camplex, {{cp).TiCl.] , characterised by its
EFR spectrum (33). At >77 °K in methancl solutions, this species changes
irreversibly intc a second titanium{ITI} complex suggested to be [{cp),TiCl).
Similar treatment of [{cpiTiCl:] gives [{cp)TiCls]™, the EPR spectrum of which
suggests a major contribution from a dxz_yz canfigquration rather than a dz"’
canfiguration as found for the previcus complex [33). Correspondingly, TiCl,
in the pure state at 77 K forms TiCln.+ ions, having an EPR spectnum camparable
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with that of Cl, together with TiCl, ; the latter lon possesses a distorted
structure with the extra electron in a predaminantly dzz orbital {33].

Inwestigation of titanjum{IiI} scluticns in molten alkali chlorides by
Raman spectroscopy has shown that the solvent cations affect the nature of the
complex anions formed [34]. A detajled study of the effect of LiCl on the
anion [TiCig]?”, the only species present in a titanium(ITT} sclution in CsCl
at 700 °C, is presented. At twenty mpl percent LiCl, a new bard appears in
the [TiCls]1*" spectrum. This band appears not to be associated with any
vibration of [TiCleg]®” or [TiCl,] . Tt is prcbably due to [TiCle]?™ [34],
The following ecuuilibria were suggested in molten chloride solutionm.,

ITiClel13™ === [TiC1,]” + 2 C1~ (6)
2 [TiCle] ¥ === [Ti,C1,]%" + 3 C1™ (N

Solid TiCl; can be transported by Al,Cl: via TiAlCl; in a temperature
gradient as shown by mags spectrometric studies {35]. No indication of
TiAl,Cly was found as is often assumed in the literacure. Transport of TiCl,
with A1,Cl¢ involwves disproportionaticn. This can be prevented by the
addition of titanium, and the compound Ti;»Clis can be prepared. TiizBriz
can also be formed. Thermal decanposition studies of these are reported.

Baman and infrared studies of [CH3:T1X:] amd CD;TiX;] {where X = C1, Br,
or I} have been carried ocut [36]. Studies at one atmosphere between 4000 and
20 o' are reported as well as at a pressure of 4 atmospheres and 350 °K.
Raman spectra of the solids at 4.2 °K are incluéded in the data.

A series of complex cyanides RbsTi{CH)s, CS,Ti(CN};, and K.Ti((N)¢ have
been prepared [37]. Reduction of KjTi{MN)s with cne equivalent of potassium
in liquid ammonia yields KeTi{(W),. The extremely reactive K,Ti(CN), was
prepared by potasslum reduction of TiBr; and KGN also in liquid ammonia.

KsT4 () g, RbsTi{(CN)s, and Cs,T1{Q); are believed to have seven-coordinated
titaniumn, while K;Ti{(N)s probably contains an octahedral anicm,

The formaticn of camplexes between TiCl, (M) and the lactam
2-methyl-2~azabicyclo~(2,2,2}—octa-3—one (L) of compeosition ML, ML, and ML,
have been reported [38]1. The characterisaticn of the complexes was concluded
from analysis of Raman gpectral data and proton and C-13 HMR data. Two forms
of the ML; complex are reported. Hexaopvalent titanium is found in M:L and ML
compounds;  in MLz titanium is probably five-coordinate. 'The report proposes
structures for the four compounds and characterises the dynamics of the
exchange of lactam between the ML; camplexes and the free lactam.



The reaction of Ti({CR}, with amidoximes under different canditicns
results in the farmaticn of crystallisable amidoximates [39]. Rates of
reaction and degree of molecular association are influenced by the nature of
the alkyl group; a tertiary-butyl group results in a monomer, an ethyl group
yields a trimer, while an isopropyl group yields an equilibrium mixture of
moncmer and dimer.

Preparation of [TiCl{N{SiMe;).};] by the reaction of TiCl, with an excess
of Li[NiSiMe;}.] is reported by other workers [40]. Structural and
spectroscopic data are discussed in terms of steric effects and the nature of
the metal-ligand bond, There is evidence for fluxianal behaviour of the
bulky ligands.

Reaction of TiCl, with P{NODY 3 and P(CH}; in anhydrous benzene yields
fTiCl,P{NCC) 2} and [TiCl.P{CN).]) [41}. IR spectral bands have been assigned
on the basis of Cy, Symmetry. A detailed investigation of the reaction
between TiCly and 8-quinclino]-N-oxide has also been published {42).

Novel titanium chelates with azo ligands have been synthesised and their
dyeing properties investigated [43]. 1In attempts to prepare such chelates,
2-hydroxy- and 2,2'-dihydroxy-azo compounds were respectively allowed to react
with titanium tetraisopropoxide; with the 2-hydroxy-azo ligands, the products
ware not isclated but with the 2,2'-hydroxy-azo campounds the reaction gives a
neutral 1:2 titanium chelate. Amorng these chelates, water-soluble cnes hawve
good affinity for Fibres of wool, silk, and nylon but dyeing tests reveal that
these chelates possess an inferior fastness to light, potting, and washing
than the conventional chromium chelates. The water-insoluble chelates
cbtained for polystyrene show that these colour the resin black and also show
excellent properties on staining power and light fastness in campariscn to the
Vali Fast Black {a chromium chelate). Reaction of MCl, (M = Ti, 5n} with L
and Q {L = Me;NCH;NMe,, Me NCH,CHNMe., Bt NCH,CH;NEt:; Q =
1,3,5trimethyl-1,3,5-triazacycichexane) yields the monomeric MCl,-L, dimeric
TiCl,-Q, and the polymeric Q-3TiCl,, characterised by infrared spectroscopic
methods [44).  Ionisation constants and heats of camplexation have also been
determined.

The compound [C2,TL{0,PCl:),] was reported to be farmed when TiCl, reacts
with either Cl,P0,SiMe: or with P»0sCl, [45]. vibrational and P-31 NMR
spectral data are alsc reported. Red chelate componmnds [(RpPS,JTiCl,] are
obtained when TiCl, is reacted with RyP(S)SH where R is a methyl or ethyl
group [46]; the campounds are very sensitive to hydrolysis, The crystal
structure of the ethyl compound shows a twisted TiS,Cl, octahedral chramoghore
with a c¢s configuration.



Structures involving linear, ligand-bridged polymeric species are
reportedly formed when {MeQ}Ph(Me)P=0, mpp, is reacted at elevated temperatures
with varicus metal trichlorides, including TiCl; {reacticn 8). The structures
were suggested on the basis of IR and magnetic data [47]. The reaction
proceeds by the formation of adduct (18) followed by the coordination of the
oxygen atoms in the Me0 group to the metal ion to form the polymer {20).

l"I.‘,ln + m[ {MeO)FPh iMe) P=0] ——— H[O=P(I-i°.)Ph(G‘E)]mC1n {8)

€19)

———* [M{mmp) 1_ + nCHsCl

Elimination of methyl chlaride results in the precipitation of polymer
-[M{n'pp)n]x material.

Reaction of AgO(N with bromine in dichloromethane at -70 °C ylelds a
solution of (ON}.. Additdicm of an equimolar amoumt of TiCl, produces
TiCl, (MO0} . [48]. Infrared and Raman spectral data indicate the NOO ligand
is bonded to the metal through the nitrogen atoms. Usirg alcohol interchange
techniques, metal derivatliwves of fmethallyl alcohol with the formala
TiJOCH,C{CH;3)}=CH,], have been prepared {49). Molecular weight determinaticns
in benzene indicate the compound to be a dimer, characterised by infrared and
MNME spectral methods,  Complexes of titanium{IVi and 2-methoxyethanol hawve
been reported, and their probable structures discussed {50).

Reaction between TiCl, and PhuyAsN; in dichloromethane yields orange
crystals of [PhiRs], [TICLy {N3}.] [51]. X-ray crystal structural data
imrdicate the solid to crystallise in the space group C2/c.  The [TiCl, (N3),i2™
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anion has C; symmetry with the two azido groups in trgrns positions. IR data
have also been reported and band asaigmments made. Complexes of the general
type TiCl,-B have been reported, where B 1s N, ¥ '—dimethyloxamide,

¥, ¥ '—dimethylmalcnamide, ¥,#'-dimethyldithicoxamide, and ¥, ¥ —diethylcxamide
[52). Infrared and HMR spectra reveal chelation involves either [0~0] or
[55} coordination to the metal ion with the S donors more strongly bonded to
the metal than the O donors; the compounds are covalent.

Two camplexes of composition Til, (where L are the lactams
1-methyl-1-azahepta-2-one and l-methyl-l-azacyclonona=-2-one) have been
described [53). Analysis of proton and 13C ¥MR spectra in
1,1,2,2—tetrachloroethane-d; and CDCl; solutions at mole ratics L/Ti > 2
indicate TiL, to have different gecmetrical arrangements.

The synthesis of polydyes of titanium using interfacial technigues has
been reported [54].  Application of the polydyes that takes advantage of
their potential permanent non-leaching nature, in contrast to the momomeric
dyes, has been emphasised, The polydyes are flucrescent and can be
impreqnated into paper, cloth, paint, and doped into plastics; dyes used were
Congo Bed, Nigrosine, Bramphenol Blue, Bromthymol Blue, Indige Carmine, and
Ericchrame Black T.

Calorimetric and cryoscopic studies of SnCl, and TiCl, cawplexes with
dibenzo=24=crown=-8 (L) reveal the formaticn of L-25nCl, and L-2TiCl,; the
heats of formation are, respectively, -203.0 and -228.9 kJ/mol [S5].
Complexing of 1,2-diethoxyethane and 1,2-dimethoxybenzene with the Lewis acids
SnCl,, TiCly,, AlBr;, and CFP;00:H have also been investigated and their dipole
moments determined. In addition, in mixed fluoride-nitrate melts of
LiND;~KNO;~KF, tetrahedral compounds of TAF, and QoPF, are formed at
150~250 °C [56]. Electranic spectral studies indicate the crystal field 10Dg
1s 10,000 em™® for TiF, under such melt conditions.

MeSiCl; reacts with Ti0: in a fluidised bed at a temperabure of €00 °C amd
leads to homolytic cleavage of Si-C and Si-H bonds anmd formation of
polysiloxane—modified T10: [57]1.

The nemameric tetrathiocyanato—bis {ligand}titanium{IV} species are farmed
when TiCl, and [TiCL (NCS) L.] are reacted with alkali thiocyanates in
tetrahydrofuran ar acetonitrile (z = 1,2,3; y = 3,2,1; and L is CH,ON or
C,Hs0) [58]. Desolvation of [Ti{NCS),{THF):] leads to polymeric [Ti(mSh]x
materials. The compounds were characterised by analysis, conductivity
measurements and IR and electronic spectra.

The diphenoxybis (dithiccarbamate)titanium{IV) complexes,

[{CsHsO) :MiS,ONR;] and [ ({CsHsO)2M{S:(NFR") ;] {where R = Me, Et, "Pr, and R’ =
cyclohexyl} have been prepared by the reaction of stoichicmetric amnmts of

i
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diphemoxytitanium{IV} dichloride and sodium salts of dithiocarbamic acid in
reflm{h'lg THF [5%]. Infrared and electronic spectral data shxw the
dithiocarbamate portion behaves as a hidentate ligand. Conductance
measureents indicate the compounds are nom-electrolytes; magnetic data, MR
and visible spectral data are alsc reported.

Hew S—-(methyl or benzyl)-f-N-{2-hydraxyphenylimethylene dithiocarbazate
complexes of titanlum{IV) have been reported [601. Data are glven for IR,
NMR and electronic spectra upon which, along with electrical conductarnce
measurements, probable structures are suggested. The thermograms for the
methyl campound are reported.

A new simpler method for preparing tris{dithiolene) titanium compounds has
been described, using standard anaerobic teclhmiques and light petroleum as
solvent [61]. Soluticns of the dithicl and the amine are mixed and stirred
at ambient temperature overnight; after filtering under nitrogen, yields of
products are in the 90% range. The dark green solid [EtyNH], [Ti{S.CsHiCH3) 3]
and the black campound [Bt,NH:] . [T1{S.CsH3(Hj3} 3] are diamagnetic solids, and
inscluyble in benzene and chloroform.  Both yield deep vieclet solutions in
acetone and acetcnitrile; both are stable to atmospheric moisture in the solid
state, but are sensitive to moisture in sclutions,

The systems titanium({IV}-catechol-3,5=disulpuric acid {(Tiran) and some
aminopolycarboxylic acids were studied in acid solutions (621, and evidence for
the existence of chelates with components in the ratio 1:1:1 reported.

Two new campounds have been reported starting with freshly precipitated
titanium hydroxide, selenic acid, and hydrogen peroxide under oontrolled pH
corditions [631. At pH 0.5, a solid of campositicm Kp [T1{02) {Se0y}:] -3H,0
forms and at pH 1.5 the product has the composition K [TiO(Q;)Se0,]+3H:0.

Both show characteristic perexo and selenato IR bands. The solid cbtained at
PHE 1.5 shows the presence of {Ti0)%* with a band observed at 1040 o t.
Reaction between TiCl, and {Se(N):; in CS; produces the oompound TiCl s (NCSe)
i64]. Vikrational spectral data indicate the selenccyanate group forms a
bridge between metal atoms via nitrogen atams.

The ligand 3-{(2-hydroxyphenyl) -2-mercaptopropenoic acid, H:R, has been
used to extract titanium{IV} and manganese{IT} from prepared stock solutions of
their chloride and nitrate salts, respectively, in a proper solvent [65]. The

,cn=i:-coou

SH
“SoH

(21; HoR}
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effect of pH, reagent concentration in the organic phase, presence of
electrolytes ard masking agents, on the equilibrium has also been studied [65],
For titanium{IV), the compound of the extracted metal icn is probably

Ti {OH) 3 (HR} determined from the method of ecuilibrium shift. New methods
have also been developed for the spectrophotometric determination of titanium
in the concentration range 0.05-0.5 g {66]. A mechanism is proposed on the
kasis of a kinetic stidy. In 3M KC1, the titanium species is [Ti{OH),] 2%,

at pH 2.5, where the reaction with the extracting agent, bromopyrogallcl red,
has been studied, titanium{IV} exists predaminantly as Ti{CH) 3+ formed as per
reaction (9) that precodes camplexation. The predominating form of

K
[TL(OH) .12 + K0 =M 7i¢om),* + B (9)

brampyrogallol red {H,DG} at pH 2.5 is HDG ; it undergoes a deprotonation
equilibrium (reaction 10} fellowed by complexation with Ti{OH) 3+ according

Kl

HiDG == HDG'™ + 2 H'

(10

to reaction (11). The “cpmplex" compesition was determined to be 1:1 and 1:2

X
TL{CH) 3 + BDG?T ——— "camplex” {11

by Job's method [66].
8.2 STHXCTURAL STUDIES

Two Dew ternary compounds, BaNd,TiaChe (1:1:3) amd BaNd,Tis0p4 (1:1:5),
have been identified in the Ba0/Nd.0;/Ti0; system [67]. The former compound
crystallises in the orthorhombic space group Omom or Cme2, while the lLatter
crystallises in the orthorhombic space group Pham or Fha2. Single crystals
of the binary compound Nd,TisOz. are also orthorhombic, space growp Fddd [67].

Feaction of {{cp).Ti{CF3503)2] with (Et;}M}NO; in tetrahydrofuran yields
[{cp}Ti{MO3}2]; the crystal structure has been determined [681.

[{cp} Ti{N0;}1 and water react in acetcne to form the diaquo complex

[{cp} 2TL{H,0) ;] (B3}, which crystallises in the orthorhambic system [63];
hydrolysis in THF yvields [{cp):Ti{ND3}]1:0 for which the structure reveals that
the NO: groups act as monodentate ligands [701. The preparaticon and the
structural parameters Eor CsHIITiHIE's iwhere HII is Mg, Ni, Zn, Co, V, Fe, or
Mn, and CsMi,Ti1llF, ( is K or Rb)] have been reported [711, as well as the
crystal structures of Ti;Clis and Ti;Brie [721.
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The colourless cxonium compound IOz]z+{Ti7F3 3]2” has been synthesised by
reacting Ti0; with a mixture of F,/0, at a pressure P{F;/0z) of ~ 300-3500 atm
and at a temperature of n 300-400 °C; the campound crystallises in the space
group Py [73]. The crystal structure reveals that [0a2]1:{Ti+F3s] possesses
isolated columna of partially distorted TiFs; octahedra (the colum structure)
which are comnected only quite loosely by (disordered) [0.1% cations; v | is

Ozt
at 1857 cn b and u_gp = 2.35 B4 (295 °K) as expected for a "spin-only" case
[73]. The structure of the canplex Ti{CyHgO):C1l;, apace group P2 /c, was

reported [74]; the complex is neutral with octahedrally coordinated
titanium(TTI) an? possesses the meridional oonfiquration. The two independent
molecules in the asymmetric unit are similarly oriented with exception of the
THF ligands which are irzns to the Cl atoms. 'I'he Tl_oth.E bond distance for
the two THF ligands #rams to &'ach other is 2.08 h, whereas the Ti-0,; ¢ bond
trens to the C1 atom is 2.18 A ascribed bo the presence of a frany effect..

The compound Ti{THF) ;Cl; thermally decamposes according to reaction {12) where
the released THF 1s the one ¢runs to the Cl atam [74].

Ti{THF) ;€13 ———» Ti(TF)Cly + THF {12}

Reman data on MT"(H,0) ;SiFs (M = Ni, Fe, My, Zn) and MIL{H,0) ¢TiFs (M =
Ni, Zn} have been given [75]). Results allowed a positive identificaticn of
the symmetric MO stretchirg frequency for the firet time in these salts; the
rage For \JB(H—CI) is 374-405 cm t. Also, the following spectral frequenciea
are given: v__(Ti-F) at 450 cn * far M = Wi; v {Ti-F} at 613 om * and 610
an ! for M = Ni and 2n, respectively; 6 (P-Ti-F) occurs at 272 em! for M = Ni
and at 262, 300 cu * for M = Zn [75]. Crystal structures of the
unsymmetrically bridging imido complex [ (CH:), (¢-BuM)W]; in—t-BuN) ; and the
symmetrically bridging imido complex ({ (CH;) oN3.Til: {u—t—BulN):; have heen
determined {76], both compounds crystallising in the space group P2,/n with
two molecules in the unit cell. The campourd {(cp) »Tt [ (n—CsHy) {CO) sMnl 2} has
been prepared according to reaction {13} and its etricture determined by X-ray

THF/Et ;0
{Cp) 2 TICLly + Li [Mn{n—CsHy} (D} 3] — s {cp} 2 Ti] {n-CsHy) (00) sMn] {13}
methods [77]. As well, the crystal structure of [u={C:0x4)]1[{cp)>Til»+0.5Et.0
has boan reported {78].

The synthesis and the structural characterigation of titanium poLycwimes
derived from [({cp)eTiCly] has been described [79]. Dioximes were selected cn
the basis of gecmetrical dissymmetry, potential biological activity, and the
potential for exterded conjugation through the polyoxime chain. The product
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ylelds and chain lengths seem to depend an the electronic character of the
axime, with the product chain length also dependent on polymer solubility.
Two polyoxime forms (22) and (23} can be cobtained [79] according to reaction
{14) and (15). While the reaction is kncwn to occur almost exclusively only

HO-N. ‘isHS
Ny R_C/N-OH
{op) 2 TICL, + C- —_—TiON N-O---- {14}
HQN/ \NH i \C—R—c/
2 CsHe / \
H;N NH»
{22}
HO-N R-OH CstHs
{cp} . TiCl, + \c—n'—c‘< _"'-Tl"O-N /N—O (15}
SHS R/ \R
{23y

at axime sites, reaction at amine sites does cocur with excess {{cp)TiCl;]
leading to branched and crosslinked products. In the case of reaction {15),
however, branching and crosslinking is precluded.

A reaction between diphenyltitanocene and phenyl ipentaflucrophernyl)-
acetylere in refluxing benzeme produces, in 44% yield,
1,1-bis {n®-cyclopentadienyl ) 2-phernyl-3- {pentaflucrophenyl) benzotitancle {80].
Degradation of the product with HC1/CHCl: affords titanccene dichloride and
2-1,2-diphenyl-1- {pentafluorcphenyl}ethens. Reaction of [{cp),Ti{CeHs)») and
CeHsCwOCgFs in benzens, under photolysis conditions, results in the exclusive
formation of 1,1-kis{n®-cyclopentadienyl) 2,5-diphenyl-3, 4-di {(pentaflucrophenyl)-
titanole {80]. This latter product was alsc obtained in 77% yield from a
reaction between [{cp}.Ti{(0).] and CgHsCECCFs in hexane sclution.
Structural elucidation of these and related metallacycles was accamplished by
13¢ MMR spectroscopy and from degradation studies [80].

An X-ray analysis of the product of reacticn (16) reveals that titanium
is tektrahedrally ocoordinated [81].

THF
(ep) o T1(C10y ) 2 + HpO —[ {cp) 2T {H20} ] {C104} 2 * 3THF {16}

The methyltriphenylphosphonium hexachlorotitanate {TV) compound,
{MePh;P] [TiCl4], crystallises in the momoclinic space group P2;/n with
[TiC1s] 2~ occupying an imversion centre and having a slightly distorted
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octahedral shape; Ti~Cl distances are 2.33-2.35 A {82]. A co-precipitation
technique was used to prepare the rare earth titanates Ln,T1.0; (Ln = a rare
earth), Ln;Ti,0s and Ln,Tiy0;; (Ln = La, Nd) from mixtures of titanium salts
and rare earth salts in agquecus ammonia solutions at pH 8.5-%.5; the crystal
structures of these titanates are also reported ([83).

Webster amd Wood [84] report that the compound previcusly thought by
R.E. Collin {1969) to be Ti{acac)OCl is really SniacaciCl, on the basis of
X-ray crystallegraphic and analytical evidence; apparently, the error (1969}
resulted from the fact that 5n had been added te the reacting system during
the preparation. The synthesis and characterisation of a “long chain”
alkylidene-hridged heterobimetallic complex (24} has been reported bumt not
isolated; it was identified by spectral measurements [85].

Et

]
CH
(cp)zTi/ Al
\c1/ 1,

{24)

8.3 PROPERTIES OF Ti OMPOUNDS

The enthalpies of formation of solid { (cp).Ti{C.CPH}».] and
[{cpd »Ti{0,CF:)2] are —775.2+8.1 kJ/mol and —2219.028.0 kJ/mpl, respectively;
Ti-0 bond emargies were estimated to be ~ 432 kJ for Ti—-00CPh and ~ 417 kJ for
Ti-00CCF; [86]. Heats of solution of some Lewis acids and bases in acetic
anhydride have been determined and the following ordar of their relative
stremths was proposed [87): ShCls > 80327 > 8nCly » TiCl, > AsCl;
plperidine > n-butylamine > KOOOCH: > NaOOO(H; > a—plicoline > quincline.
Heats of meutralisation of these Lewis acids and bases in acetic anhydride
suggest that the major enthalpy change in these neutralisation reactions is
due to the combination of a protom and the (CH;C00COCH»)  ion, resulting in
the formation of acetic arhydride. _ ’

The compound  (n-cyclooctatetrasne) (n*—fluorenyl) bitanium has been studied
by electron paramagnetic resonance in fluid and frozen solutions, and in
addition by near-infrared and uv-visible spectrosoopy [88].

Spectra and studies an the coordination chemigtry of titanium chlorides
in sce fused salt solvents have heen reparted [89]. . These spectra of
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titanium{III) and titanium({II} were obtained in AlC1,-KCl melts

{1.00 > xA].Clg > 0.49) at temperatures 471-894 °K and in the LiCl-XC1 eutectic
melt at temperatures £58-1185 °K., Titanium(III} was found to be octahedrally
ccordinated in pure AlCi,; {liguid and in AIC1;-KCl melts for xA1C13 > 0.67
while octahedral-tetrahedral cocrdinaticn equilibria seem to be established at
lower RICl; comtents. On the other hard, titanlum{il) possesses octahedral
coordination at compositions (mole fraction of AlCl;) between 0.51 and 1.00,
but a disproportionation equilibrium cocurs for xAlCla % 0.60, culminating at
xAlCls z 0.49 where titanium{II) is unstable and the spectrum of titanium{IIT)
in an octahedral-tetrahedral coordination equilibrium is observed {89]1. In
the LiCil-KC]1 eutectic melt, citanlum{IIT} is also present in an
octahedral-tetrahedral coordination ecuilibrium; however, titanium(ii) has
octahedral coordination in this melt but a disproportionation equilibrium is
established [89]. Electron paramagnetic rescnance, Raman, infrared, and
visible absorption spectroscopic, as well as megnetic circular dichroism and
magnetic susceptibility measurements have been performed on CsiTiCly [90].
Infrared and magnetic data proved umambiguously that, for each of the [TiCkg)3”
wnits, the trigonal field is very large, with %A; lying about 1500 cm ' (A)
below 2E.  The lowest lying terms in [Ti:Clg] ¥ are suggested to be Ay and
A% arising from the exchange interaction between two ?A; states; the energy
gap A} - °AY 18 J = -525 cm™* [90]. These above values for the trigonal
field A and J were cbtained using a static model, but a discrepancy between
the susceptibility data and the model predictions led Briat and co-workers [90]
to improve on the theory. They showed that vibronic cougpling might be
responsible for the observed increase of |J| when temperature is lowered from
298 °K to ligquid heliwm temperature.

Crystals of LaTi0; and CeTiOs; show metallic resistivity behavicur between
200 and 125 °K {LaTi0O;) and at 60 °K for CeTiO; [91]. Below these
bemperatures, materials act as semiconductors with activation energies 0.01 eV
(LaTi0;) and 0.001 eV (CeTi0,}. The susceptibility of LaTiO; (300-125 °K} is
temperature independent, but below this temperature evidence for weak
fexromagnetism was found, pgn = 7 x 107%u, 4.2 °K).  CeTiD; orders
magnetically belcw 116 °K, but above this temperature, the susceptibility data
can be fitted to a Curie-Weiss plus a TTP term yielding Cm = 0.55, SC =5, and
Xpgp = 850 x 10""cm3/mc_:1 91].

Reduction of Ti{O*Pr}, by LiRlH, at room temperature gives the mixed
valence complex [Ti,{GiPr):,0] shown by electron paramagnetic rescnance
spectroscopy to contain titanium{III} and titaniwn(IV); the solid exhibits
singlet—triplet states arising from interactions between two titanhum{IIi}
atoms [92]. The results of a study of the redox reacticn between [Rufem)i]?*
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and titanium{ITIj has provided dstailed information on the outer-sphere
mechanistic path; the acid dependence of the rate indicates Ti{OH)2' is the
reductant species rather than Ti®* [93].

The significance of the absence of chelation in the functioning of
salicylate ion as a bridging ligand for electron transfer betweemn
rutheniuwm({III} and titanium{III} has been assessed [94]. It had been
suggested previcusly by Martin and Gould {1976) that chelation of titanium{III)
to the bridging ligamd occurs pricor to electron transfer in reactions between
titanium{III} and several salicylato—-Co{III} complexes. Recemnt data by Bose
amd Earley [94] demcnstrate that a different mechanism operates in the
reduction of the corresponding (salicylato)pentaammineruthenium({III) ocomplex.
The results were interpreted in terms of the mechanism described by reactions
(16-19); the first-order rate constant for outer-sphere ruthenium(ITI}-

ki
AsMSalH2* + Ti’t =———=FA MSalHTi** {16)
ks
ks
AsMSalHTL Y Gee—————= A MSalHTi"* + H' an
K~z
"rimg closure”
kz
AgMSalHTi? = products {18}
.
A;MSaIHTE "'~ products 19

titanium(III}) electron transfer is n 60 s ! [94]. Ercinopentasmmineccbalt (III)
reacts with Ti{H}?* (k; = 0.18 M !s™!) while the fluoro analogue reacts with
Ti** with k; = 1 x 1073 157! [95], For reacticns of Cofen)g (H,0)0H?* icns
with Ti®**, k = 50 M ¥s™? (tranc) and 20 M is™? {eis); for the same oxidants,
rate constants for the reacticn with Ti(OH)2* are 3 x 10° M sl (ofs) and
4 x 10 Ms™! (trans}. Reactions with rate constants close to 10° M ig™?
were interpreted as substitution-limited inner-sphere processes [95]. The Br
ion is a poor bridging ligand for Co{III)-TLi{III} electron transfer, while CH
amd particularly F are efficient bridging ligands; cross bridge imteractions
are most important for reactions of bitanium{III) than for reactions of
Co{III} [95]).

Apsorption and reflectance spectra of cZs—dihalobis (2,4-pentanadionato}=-
titaniun{IV) complexes aml cther group IV metals have been measured under
water- and aloohol-free corditions [96]. The majority of absorption spectral
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bands in the uw-visible regicn arise fram 7—m* transiticns of the
acetylacetonate ligands which are subject to the effect of different degrees
of metal-ligand r—electron bonding. Significant r bonding, as is the case
for titanium compourds, leads to electron delocalisation over the complex
melecule and increases the splitting of the varicus w—1* band components [96] .
Ligand-to-metal-charge—transfer transitionz are ]likely only for the iodo
camplexes: however, m-bonded acetylacetonats intermiwes ligand-to-metal
charge—transfer states intc m7* excited states, that is particularly effective
in titanium(iV] cumplexes. Halogen ligands are capable of perturbing this
mechanism effectively when s—electron delocalisation is large [96].

The complexes Tifacac) XY (X = Cl or Br; ¥ = O CiH7 or 2,6—{ C;H-,-)QCE.H;O,
acac = anicn of 2,4-pentanedicne) have been characterised by NMR spectroscopy:
the diasterectopic probe was placed on the monodentate ¥ ligand to follow the
oouree of configurational rearrangements in these amd analogous cumplexes [97].
Where Y is isopropoxide, the isopropyl methyl NMR signal remains a sharp
doublet down to —63 °C:; dlastcrectoplc splitting is ohserved when Y is
2,6 (1CsH,) ,CeH0.  On the basis of earlier work, it appears that
rearrangements probably occur via twist processes [97]. The oomplexes
Ti (tibm} »071,, Sn{tikmj,cl,, and Ti(thd},Cl; havwe alac been characterised by
NMR technicues in dichloromethane and 1,1, 2,2-tetrachloroethane solutions;
the tibm ligand {anicn of 1,1,l-triflucre-S-methyl-2, 4-pentanedione} contains
a diasterectopic prube [98]. These camplexes, which contain wnsymmetrical AB
bidentate ligands, adopt the thres ~i{g-X; diastereameric configurations.
Terminal group exchange in the bidentate ligands ocomurs in parallel with
imversion of the molecular configuration; these changes are described by an
averaging seL A;'' which was shown earlier to scramble the terminal groups and
the CH= protons of the diketonate ligamd anongst all possible non-edquivalent
sites of the o{z-X» diastersamers, and in addition leads to A2 interconversion.
Here also the rearrangements ocour via twist prooesses [98].

A 1iC apd 1F MMR stwdy of difluorobisil,l,l-trifluoro—4-{2° th.‘n.em(l)—
butane—2, 4-dionato) titaniun({I¥} has been carried cut in CDCl; and CDQW (99].
4 value of u of B.26 D indicates a <48 structure. In CD;CH, the carbonyl
carbon at 182.5 pom showed splitting indicating a non—rigid cis structure in
solution; at rodn tamperature the process appears to involve R group exchange.

Protem and fluorine NMR spectra of methoxypentafluorophenyltitanocene
complexes indicate a posaible coupling hetween the methyl protons of the
methoxy group and the two orthe Fluerine ators of the pentaflucrophenyl ligand
[10071. Also, anisochromy of the two optho amd the two msta fluorine atons
has been detected in some cases [100].
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The character of experimental absorption spectral bands and several
calculated parameters have been campared for camplexes of titanium{IV) with
the phemolic ligands, chroootropic acid, a-naphthol, g-naphthol,
1-hydroxy-2-naphthoic acid, 2~hydrosy-3-naphthoic acid, 2-hydroxy-l-naphthoic
aldehyde, pyrocatechol, amd salicylic acid [161l. Complexes of titanium{IIT)
with several hydroxy and polymeric acids have been studied by EPR techniques;
formation of polynuclear complexes with variocus multiplet states has beem
proposed to account for the umisual spectra when the acid is mandelic acid
[102). EPR methods have also been employed to study the oxidation reaction
of the Ti{ITI)-EDTA system with hypochlorous acid in the presence of maleic
acid {103). Formation of CH radicals was noted in the single electron
oxidation reaction of this system.

Infrared spectra of the products obtained from the interaction of TiCl.
with acetone, methyl ethyl ketone, acetophenane, benzophencne, diethyl ether,
and tetrahydrofuran have been cbtained and assignment of absorption bards in
the spectral reglons 475-450, 411-402, and 390-385 am™! to Ti~Cl stretching
modes carried cut [104]. The first two bands belong to the adduct TiCly-D
and the third bard to TiCly+2D. Bn increase in the domor content displaces
the ecuilibrium towards formation of the TiCl,-2D adduct.

Oxidising properties of [TiCl3-3L)" show a linear dependence on the sum
of Taft comstants of functional groups of L; L 1s penty! chlorcacetate,
butyl formate, isopropyl formate, ethyl acetate, butyl acetate, isopentyl
acetate, isopropyl acetate, ethyl isovalerate, pentyl proplonate, and ethyl
capronate [105]. Acid dissociation constants of HSO, at 25 °C have been
determined as a function of icnic strength to calculate the compositions and
stability constants of titanium(IV} complexes [106). For example, values of
By for TL{(H){(SOs)" decrease from 19.0+1.0 at an ionic strength of 0.6 to
3.420.2 at an ionic strength of 3.30. The mechanism and the thermodynamic
factors influencing the reactions of coordinated percxide complex Til® (07) with
the reducing agent titanium{ITY} and with OH radicals have been analysed
theoretically, based on new and published kinetic data [107].

Adsorptian of Rh®'-chloride camplexes on hydrated Ti0, and ZrQ; from
dilute solutions reveals that the kinetics amd the equilibrium of sorpticn
depend on the concentration of Rh* in the solutions, on ageing of soluticns,
and on the nature and concentration of the supporting electrolyte [108].
Muaticn of Fh’t complexes retards adsorption: chloride complexes are
believed to be sorbed by an ion-exchange mechani=m. The adsorbed Rhit
oamplexes undergo aquation in the sorbent phase.

The X-ray emission of the KBz-s- and L -bands of titanium have been

studied in the nitrides TiNg g, TiNg 9, and TiN; _; along with the KB2 5~ and
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La-bands of titanium and Ka-bands of carkon in the carbides TiCy.¢, TiCo.e,

and TiCg.ss as well as the X-ray photoelectron spectra of base levels of
carbides and nitrides and the photoelectron spectrum of the TiC,,¢ valence zone
[109). The energy bond of the Ti 2p;/;-level in carbides is greater than in
pure titanium, and the energy of the s-level bond of C in carbides is lower
than in graphite, This indicates an increase in electron delocalisation in
the C atom and a decrease in the Ti atom sphere in carbides in comparison to
the charges in the initial titanium and graphite. A similar situation is
cahserved for TiNg.s. The carbides and nitrides of titanium possess an ionic
caponent of the band, but its value would presumebly not be great owing to the
low value of transferred charge. The specific surface of titanium nitride,
prepared by evaporating Ti particles in a high temperature plasma, can be
altered by varying the oconditions of quenching of the reaction products [110].
With an increase in the specific surface of titanium nitride, the temperature
for the start of oxidation is reduced and the amount of adsorbed oxygen is
increased with contact with air.

8.4 (HEMICAL REACTIONS OF Ti CCMPCUNDS

Reaction of [{cp):;TiCl;] with 1 or 2 molar equivalent of LiN{SiMe;)»
yields [{cp),Ti(CH:5iMe,NSiMes}] [111]. Both [{cpiTiCl,] and [{cpiTiClO],
react with dilute END; to glve [{cp)Ti{N0;);] via the
monocyclopentadienyltitanium{IV) aqua complexes [112]. Tetrabenzyltitanium
and its dicyclohexylamine adduct react with @ to form acylbenzyltitanium
campourds;  infrared spectra reveal [{PhCH,).Ti{lD);] and
[ {PhCH;) WT1{C0) {aminej | as potential intermediates {113]. Interestingly, OO
inserts exclusively into the Ti—CH, bond of [{cpi,Ti(CsFs)CH;] while
cyclohexylcyanide inserts enly into the Ti—C¢Fs bond to give
[ {cp) s Ti{{C:H 3 )O3 Fs 1CHa] [114). This represents the first example of an
insertion reaction into a transition meta—perfluorocarbon iigand bond.
However, starting with the non-fluorinated compound [icp)Ti{CeHsICH;] one
obtains only {{cp} Ti{(N{CsH11)CsHs}CH;] [114]. Insertion of S0; into two
Ti—C bonds of {{cp}.TiR;] camplexes gives a mixture of the two diasterecmeric
forms of the disulphinates [{cp}.Ti{SO;R}2] [115]. 1In the case of the meso
form, inversion of one chiral 5 transforms this mgsc form to racemise, and
vice—versa. The cyclopentadienyl groups are diasterectopic and the R groups
are enantiotopic in the mese disulphinate compounds, whereas for the
enanticmers of the racemic mixture {E + E') both cp and R groups are equivalent
[115]. The E mesc iscmerisation results from rocking of SO;R groups on the
Ti. atcm, This can oocur in two ways as indicated in reactions (20) and {21).
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Reaction of [{cp).TiRl {R = alkyl} with 2-substituted-pyridines and with
quinolines leads to a-metallation of these ligands with formation of triangular
titanocycles containing titanlum{IIT} (reacticn 22) [116]. Evidence of the
metallation at the a—position is afforded by veactions of the titanocycles
with icdine and D-0/DC1 which yield the corresponding iodo— and
dentercpyridine and —quinoline derivatives, Reaction of [(cp).TiR] with the
structually related ligand benzalaniline leads to a side—on coordinated
benzalaniline complex of titanocene (reaction 23) [116]. Reactions of the
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R
Qe
— - (cp}zTi‘@ R* = CH3,CqHc,C H,
{cp},TiR — R (22}
.@ RY

= H,CH

\ P .
CgHs /C Ty if R = CHy
{cp).TiR + R=C —_—{cp) 2Ti\| + (23}
HsC, H N
5-6 l C,H4, and C;H¢
CeHls if R = CHs
(28}

diamegretic complex (29} formed from reaction (23) with icdine, C0» ard H, are
described in reactions {24}, {25}, ard {26}, respectiwvely.

I o (CP}2Tily + CeHsN=CHCHs (24}
i sHs
1A
{cp) zTi\_l D2 1/4[{ (cp) ,Ti}, 0051, + 1/2 €O (25)
' + CgHgN=CHC¢Hs
CeHe
(29) 1. H, _
| e [Ti] + CzHsCHoNHC:Hs {26}
2. HCl
3. NaoH

The dititanium compound [{(CpHeTiCl-THF) ;] reacts with acetylenes RC CR',
where R = R' = Ph, R = R’ = p-tolyl, R = Ph and R' = Me, ‘Pm4xC], to give the
bimclear complexes [C:HsTiRC=CR'], [117]. Infrared, MMR, anx mass spectral
data are reported. Thermel heating of these acetylenic bimuclear compounds
produces [CsHsTAC,—R:R3]. [{cp)M{sB);] (M = Ti ar Zr) react to form
[ {cp) :M5} when treated with mono— and di-sulplur transfer agents; treatwment
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of [{cp}sTiCl,] with Li,S; gave [(cp}sTiSs] in better yields (118]. The
interaction of t-hutylisocyanide with [{cp).TiMe;] leads to insertion products
in which methyl groups are transferred to the isocyanide ligand [119].
Heterometallic coordination polymers containing alternating Ni and Ti
metal ions have been synthesised by the reaction of titanium{IV) iscpropoxide
with WL{II) bis-chelates of sore ortho-hydroxyoximes [120}. Dinitrogen
compounds of poly {1-[4-{chlorcdicyrlopentadienyltitanio)phenyl]ethylene—co—
1- {4-brancphenyl ) ethylene—co~1-phenylethylene} have been synthesised [121].
An equilibrium exists between the mmomiclear and himuclear species. Yields
of NH;, formed after hydrolysis of the reaction mixtures resulting from the
above poly compounds and lithium naphthalide in a nitrogen atmosphere, increase
dramatically with decreasing content of titanocene in the polyner [1217.
The most rapid reaction in the soluble Ziegler catalyst system
{cp) »TAEECL/AIEEC], is the formation of the primary caimplex equilibrium (1221,
Kinetic data and thermcdynamic data for this equilitwivin were obtained via
1?C WMR and quantitative lineshape analyses. Formation of the primary camplex
is a diffusion-controlled process 101°-10'! M 157! at 240 °K, the equilibrium
constant 15 5 x 10® M ¢ K< S x 10* M. The aluminium isotherm proved to
be Al/Ti = 1:1 [122]. Elementary prucesses of the soluble Ziegler catalysts

/C'p\ /'T
P e fim —m c1----\--»m._\..._ £t

PN g

Et <1
(30}

of the type (cp).TiRCI/AlEt C1 have also been investigated by °C NMR
spectrsocopy [123].  Using °C enriched GI,CH, in the NMR experiment it was
possible (for the first time} to directly follow the reacting and polymerising
system.  There appears to be no pre—coordination of the momomer on the primary
caplexes and insertion cocurs unambiguously in the Ti—C bond [123]. The
following systems were studied in toluene—ds solutions:

{ep) R TAELCL/ALELCY> /1 °CoHy, (p) 2 TiCL/ALEE;/" *CoHy, and

{cp) : TiMeCL/ALEECY ; /1 3C,H,  [123).

Nitric oxide rapidly cxddises dicyclepentadienyltlicanium{III} oomplexes
according to reactioms (27-29) [124]. Reaction {29) is oomplicated by
formation of small amounts of the NOO complex; for example, [({cp)2Pii0),] and
NO react in toluene to give [{cp).TiRC0] and [{cp) zTiojn with traces of
{cp) 2 Ti(III} products. EPR, infrared, and product analysis suggest that
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[(cp) 2TiCL] s + 2 NO = [{cp) 2 TiCl]:0 + N0 2n
2 (cp},TiNCOO + 2 NO ——=[{cp) ,TiNCO) ;0 + N30 {28}
[{{cp}2Ti}y (D3} 2] + 4 NO ———w4 [{cp).TiO) + 2N0 + 20D, {29)

[fcp) »TL{CD) 2] and MO initially give an equilibrium hetween [ (cpd o Ti{COINO]
and [{cp}.TiNC]; a subsequent cxygen abstracticn fram [i{cp).TiNOl gives
i(cp).TiNCO] [124]. The modety (cp).Ti reacts with excess NO to yield
[{cp}.TiNC] which appears to contain titanium{IV} and bridging N:0;, and
bridging and non-bridging cp ligands.

Bis (n"*l,é—cyclope.ntadiene)nickel(o) , Ni{ODD) ., reacts with
flcp)Fe (00} :C1), [{n’-CsHs}Fei0)sCl]l, [(Mn{0D)sCll, and [MnP{Me);{0D)4]: to
give metal-metal bonded coupling products [125].  Partial reduction with
Ni{00D) ; was observed with Ti{acac),Cl, (acac = anion of 2,4-pentanedione} and
[{cpi »TiCl:] which gave {[Ti{acac).Cl]; and [{cp)Ti(py¥}Cl], respectively, in
pyridine {125]. Phosphine oxides, with at least cne aryl-phosphorus bond,
are reduced to the corresponding phosphines by stoichiamebric amounts of
Mg/ {cp) . TiCl; in boiling THE [126]. Titanocens dichloride is reduced by Mn
powder in some 1,2-dialkoxyethanes at room temperature; the reduction times
are mach shorter under N; than under argon {127]). The effect arises because
nitrogen stabilises the reduced species [{cp):TiCl] by cccupying the fourth
coordination site; reduction under an atmosphere of OO was also reported [(127].
The reducticn of EDTA-Co{III) by titanium{III} species indicates that reduction
proceeds via an cuter—sphere mechanism [128]. The possibility of the
thiocyanate ion as a bridging ligand in the reduction of ruthenium{ITT} by
titanium{III) and by [N-{hydroxyethyl}ethylensdiaminetriacetatoltitanium(III},
Ti{HEDTA}, has been reported by Lee and Earley [12%]. Titanium{III) reduces
Ru{NH;) sBCS2* with a secand order rate constant of 840 M 's™! in 2M LiCl; the
activation parameters are AH = 35 kJ/mol and AS™ = 70 J.rol. The Ti (HEDTA)
complex reduces the same oxidant, Ru{NH;)sNCS®¥, with k = 2.8 x 10* M 1s™t
{25 °C and 2M LiC1) {129]. Camparison of the results with previously
available data led Lee and Earley to conclude that hoth reactions involve an
inner-sphere electron transfer process, that NCS™ is more efficient as a
bridging ligand in these redox processes than in Co{III)-Cr{II) systems, ard
that titanium{III) is less sensitive to labilisation by amino acid ligands than
are Ru{ITI} and Cr{IIT}. The oxalate iom is an efficient bridging ligand for
electron transfer between transition metal ions:; however, the detailed
mechanism of the electron transfer step seems to depend on which metal ions
are involved. The results of a recent study of the influence of axalate ion
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as a non-bridging ligand on the rate of Co{III)-Ti{III) electron transfer
reactions, which also imwlve oxalate as a hridging ligand, have been reported
130} .

Formation of V({III})-Ti(IV} and Ti{ITI}-Ti{IV) binuclear complexes in the
cross-reaction of Ti(HEDTA} and VO(HEDTA) has been noted by Kristine and
Shepherd [131). It appears that a twist mechanism or a disscciative process
involving rupture of a carboxylatotitaniun{IIT} bond in Ti{HEDTR) (H,0) limits
the rate of oxidation of this complex by VO(HEDTA) . Electron transfer cocurs
via cuter sphere, and subsequent to electron tramsfer a substitution reaction
occurs giving a binuclear species containing Ti{(IV} and V{IIT) [131]. The
limiting redox process was found to be first order in [Ti(HEDTA) (H,C) alone
with k_, = 73.6£5.0 s~! at an ionic strength of 0.50 M (NaCl), oH = 5.0,
acetate buffer, and a temperature of 25.2 *C. Relaxation studies irdicate
[121] a ring cpening of a glycinato fragment of the HEDTA®™ ligand for
T4 (HEDTA) {H,0) {CH) ~ which proceeds by an inverse H' pathway
(ky = 1.92 x 10" M *s™) and by reverse ring closure (ks = 6.2 s~*). ‘The
magnitude of the kinetic parameters support a proton—scavenging pathway
inwolving a monohydroxy-tridged, strained intermediate with a rate-limiting
bond-breaking process of 0.33 s™!.  Formation of the new Ti{III}Ti{IV}
binuclear complex occurs with a k = 3.12:0.42 x 102 M 157! and competes with
the daminant ocuter-sphere cross reaction involving Ti{HEDTA) (H.0) and
VO{HEDTA}) . This new species has a spectral band at ~ 800 nm {£ = 47 M lewm !);
the identical Ti(III)Ti{IV) (HEDTA), camplex can be prepared by autocoxidation of
Ti{HEDTA) (H20}. The redox-active isomer of Ti(HEDTA) {H.0} can be produced
through a first order process {k v 0.14 s ') above pH 4.0 {at pH 4.0, the
Ti{III)T1{IV} ion is thermodynamically unstable) by dissociation of
Ti(III)Ti{IV}. The initial products of the Ti{HEDTA) (H,0} /VO(HEDTA) cross
reaction are TiO{HEDTA) and V(HEDTA) {H,0), which subsequently can corbine
fk v 23 M157Y) to yield a third binuclear species Ti{IVIV{III} (HEDTR}, having
a charge—transfer spectral band at 453 mm {¢ ~ 380 M lem™!). A binuclear
canplex containing the reverse oxidation states Ti(ITII)-V(IV) has been detected
oanpetitively early in the cross reaction {k ~ 1,23 x 10° M !s™!}; however,
this species is not the precursor complex to the Ti{IVIV{III} {HFDTA), complex
{131i. TIn fact, the Ti{IIT)-V(IV} is non-preductive for inner-sphere electron
transfer,

In a subsequent paper, Shepherd and co~workers [132] report on the
structural mature of TiQ{EDTA)?*~ in scluticon and on the reaction of TiO(EDTA)2~
with H,0; in the pH ramnge 2.0-5.2 that gives Ti(0;} {EDTA}?™. The former oxc
camnplex exists as an equilibrium mixture of at least six isomeric and
protolytic forms which vary in whether a water molecule is bomnded or whether
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the EDTA ligamd cccupies five coordination positions at titaniun(IV). Twe
distinctly different primary coordinaticn spheres in terms of spectral
properties and reactivities toward H;C», were observed for TiC{FDTA} 2~ solutior
in the above pH range (132]. These are the aguated forms (A},
TIOEDEAH ) (H0) n—?  having two carboxylates and two ethylenedizmine nitrogen
atams of the EDTA ligand and one coordinated water molecule, and the fully
chelated (B) forms, TiO(EIJI‘M-In] "~2  with three carboxylates and bwo
ethylenediamine nitrogens of EDTA attached to titamiumiIV). The displacement
of the owo ligand by peraxo is first arder in [H,;0.] and [TiO(EDTA}?1; kA =
5.2540.25 x 10° M 2s5™! for the A forms which have a [H,0°]%-% dependence, but
the B forms have only an acid-independent path, kyp = 4945 M is™? at 25 °C.
The mechanism has bean interpreted [132] to be the associative displacement of
oxo by peroxo in which the available pendant functional groups assist the
reorganisation of the titaniwm(IV} cocrdination sphere. The formation of
Ti(0;) {EDTA} 2~ by the reaction of O, with Ti(EDTA) (H,0} has been examined;
substitution and intramolecular electron transfer occur by an H' -independent
path [132]. In additicn, the superoxo transient Ti{0,} (EDTA)  is rapidly
scavenged by Ti(EDTA} (H.0) {k ~ 10° M ?s™!), via presumably an outer-sphere
process. & camparison has also been made for the reduction of 0, and 0%
ooordinated to CofIII} and Ti(IV) by one—electron reductants and the affinities
of the 0, ar 0;8?" radical toward these centres [132]. _
MeTiCl; reacts with the compourds (37) and (32) (where R is TiCl, and Me)
to give a 1:2 MeTiCl;—(31) camplex which initially forms and decompeses in the

0- OR

{31) (32)

rate—determining step to yield Me radicals; these in turn react with the
caplex ard with the reactants and sclvent [133], The mechanism of complex
Ecrmation of titanium with disulphophenyl flusrene (A} and N-cetypyridinium
chloride (B) giving the complex Tin:B, has been elucidated [134].

8.5 EBELBECYROCHEMICAL STUDIES

A few electrochemical studles of titanium ocmponds have been reported.
These include a cne—electron study of [icp).TiCla] in various solvemts by
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polarography and voltammetry [135), as well as the electrochemical oxidation
of [(cp).TiClL) {L = tetrahydrofuran, dimethylphenylphosphine) by voltammetry
and contrelled potential electrolysis {136]. A ocne~electron reduction of
[{cp)2TiCl;] in tetrahydrofuran has been examined in detail and found to be
reversible; this contradicts an earlier report [137]. A study of
[{cp)2TiCl:] in 0.8:1 molar ratio of ANC]:-butylpyridinium chioride melt
reveals a reversible one-electron reduction of the cation in a process
dependert upon chloride concentration [138]. Half-wawve potentials as well as
the equilibrium constant for reaction (30) have been determined [139). A

[TiCl¢1 3" + AlOCl, === BAICl, + [TiOC1,}%" {30

potentiometric and spectroscopic study of the reaction between fluorescein
isothiocyanate with an amine, chemically bound to a titanium electrode, has
been reported [140].

TiCly gives four polarcgraphic reduction wawves with equal height in
dimethylsulphoxide soluticns containing Et,ClC, [141). ‘the limiting current
of each wave is diffusiomcontrolled and proporticnal to the concentration of
TiCly; controlled potential coulametry at a potential an the plateau of the
fourth wave shows an uptake of four electroms per molecule. These four
raeduction waves were attributed to reduction of Ti(IV) to Ti(ITI}, Ti{II},
Ti{I), and Ti{0) {141].

8.6 PHOTO-ELECTROLYSIS

Titania, anatase, or simply, TiO, powder as well as other titanium oxide
species have been used extensively in photocatalytic systems. Mercury lamp
irradiation of Ti0, powders mixed with RuQ; leads to the continucus production
of H, and 0; from gaseocus HyO at room temperature; the rate of evolution of
H; per 100 mg TiO;/Ri0; and 20 howrs is 11 pmols at a steady state [142]. A
mechanism of water deccmposition on TiO, was proposed from the dependence of
the reactivity an the surface treatments. The photochemical decomposition of
hydrocarbons in cxygen—comtaining solutians at platinised-TiO, yields
predominantly OO, as the reaction product alorg with the Intermediate
production of hydroxylated campounds §143]. A mechanism has alsc been
proposed for the reaction based on the photo~regeneration of CH radicals at
the TC; surface [143].

Irradiation of aquecus-ethanolic soluticns of titanium{IV} with light of
A < 310 nm yields Ti{III) and hydrogen [144]. ‘The initial rate of formaticn
of Ti{III) during the first 3 hours of photolysis is 2.5 x 107° mol/hour and
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is 100 tiures greater than the rate of hydrogen formaticn. Use of C.Ds0H
indicates that the composition of the hydrogen produced is A 50% Hz and v 50%
HD,

Experiments by Sato and white [145] demonstrate that the decampositicn of
water is catalytic at 23 °C when a platinised powdered TiO, catalyst,
jlluminated with band—gap radiation, is used. The reaction of gas—phase H,0
with active C over illmminated platinised Ti0, has also been studied at room
temperature ard 60 °C [146]. The products are H;, 0z, and a small amamt of
Oz. As the reaction proceeds, the rate of product formation decreases because
of an accoumlation of Hy and the loss of good contact between the catalyst and
carbon; the reaction 1s zerc—order in Piwater} and the activation ensrgy is
v 5 kcal/mel [146]. The qualitative wavelength dependence of the reaction
rate shows an anset a little shorter than cobserved in the water—gas shift
reaction and the H;0 decamposition reaction over the same catalyst. At room
temperature, the quantum efficiency is ~ 2% at the beginning of reaction; when
the reaction is carried ocut in liguid water, the oxidation of C is inhibited
and O and H; are evolved [146]. Photocatalytic decomposition of water vapour
over platinised Ti0, also takes place when the catalyst is cocated with NaOH
(v 7wt %) {147}. The quantum efficlency reaches n~ 7% (20 pmol Hy/hour) at
the beginning of the reaction but decreases with accumilation of products owing
to thermal back reaction over Pt. This effect of back reaction can be reduced
by increasing NaOH loading, Photocatalytic activity of platinised TiO, for
the water—gas shift reaction increases with increasing NaCH ocating and rates
of such catalysed reacticn are independent of temperature in the range 18-50 °C,
bot are pH-deperdent [147]. Reaction kinetics for the catalysed interaction
of gas-phase water with carkon moncxide over platinised TiO, under ultraviolet
irradiaticn hawe been examined from O to 60 °C [148]. At 25 °C, the reaction
is zerco~order in [0)] and [H:0] when P{CD} > 0.3 torr and P(H;0) > 5 torr:
activation energy is > 7.5 kecal/mol and the quantum efficiency is ~ 0.5%.

When TiCr and H;, or 00, 1s placed in an anbient of gas-gphase water and
11luminated with hamd—gap radiation, H; is evolved [149]. Addition of small
amounts of O; retards completely this reaction. At temperatures > 200 °C, a
dark reaction between reduced TiO; and H,O to produce Hr also oocurs. These
results indlcate that H: evolution is mot the result of catalytic H.Q
pPotolysis, but a photo-assisted reaction of B0 with Qp vacancies produced by
the reduction [149].

A transparent Ti0; colloidal scluticn (particle radius ~ 200 A) can be
produced by hydrolysis of titanivm tetraisopropoxide in acidic aqueous
solutions [I50]. When simultaneously loaded with ultrafine Pt and Rod.
deposits, these particles display an extremely high activity as H,O
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decomposition catalysts. Bard-gap excitation of the TiQ, generates Hy with

a quantum yield ~ 30:10% with 0, produced in stoichiometric amounts (150]. If
either [Ru(bpy)s12F (bpy = 2,2'-bipyridine) or rhcdamine B are used as
sensitisers, H,O0 is decampesed by visible light., Addition of methyl viologen
(Mv?*) increases H, yields significantly. Laser photolysis experiments were
performed with the [Ruibpy):]?*/Mv?? system and reveal the high rate and
specificity of the catalytic reactions leading to H: and O, production from
H»0 [150]. Sustained cleavage of water by four quanta of visible light has
been achieved in agqueous soluticns by Graetzel and co—workers [151,152] using
a bifunctional redox catalyst composed of Pt and RO: co—supported on oollceidal
TiQ; particles. A photochemical model system containing [Rulbpy}:]1?* as a
sensitiser and MV2* as an electron relay species has been used to test the
effect of catalyst composition, sensitiser, concentration, pH amd temperature
on the efficiency of light-induced H;0 decamposition [151]. An electran
relay-free system also exhibits high photoactivity (152}, and direct band-gap
irradiation by ultraviclet light leads to efficient H,0 cleavage in the absence
of sensitiser and relay [151}. Arphiphilic surfactant derivatives of

[Rulbpy) :]12% also exhibit an extremely high activity in promoting the water
cleavage prooess [152]. Asorption of the sensitiser on TiQ, particles -
water interface, and electron ejection into the Ti0; conduction band (chl were
evoked (see reactions 31-33} to explain the abservations [152].

hy

(0, /RUO, } e *{Ti0, /RO, ) ——rmem(T10, /RUOz YT + € (31)
(Ti0;/Ru0,)* + H,0 —=2H' + 1/2 O, (32)
_ Pt _ H:0 -

e ——— (PL;E }Surface__’l/z Hp + CH {33}

Irradiation of a TiQ. suspension (grain size < 0.06 mm, 3-15 mg/ml) in
acidic soluticns containing 107°% ¥ Ce"* leads to enhanced evolutiom of oxygen
[153), with the yield of O, dependent on the amount of TiO; in the suspension
and cn temperature. A suspension of Ti0, (band gap ~ 3.1 &V, X < 400 nm} in
dilute H;504 leads to Hp; and O» e\.blutlm in the ratic 2:1. In both systems,
TiO; apparently acts as an efficlent electron donor [153]. Reaction
mechanisms {34 to 42) for the two systems have been proposed by Vanach and
Getoff [153). Reaction {36) can occur according to reactions (36 a—d) where
H,0" transients are presumably formed on the particle suwrface where OH®
radicals are also oxidised. An increase in temperature yields more oxygen
in this above system. It was alsc found that at the higher temperature
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T40, —;h—-ﬁoz* — (0, € ) e (34)
(T30,", € ) e + Ce¥’ ———eTi0," + et (35}
4 Ti0," + 2 HyO ————=4 Ti0, + 4 H + 2 0, {36)
H;0 + Ti0;  ——————a=Ti0, + Hy0' (36a)
HyO' + Hp0 —em—wB,0° + G {36b)
OH' + Ti0,  — = Ti0, + H + 0 (36c)
20 0, (very fast) {364}

{60 °C} the oxygen evolution process is photocatalytic and thermochemical, but

at the lower temperatures (10 “C) the photocatalytic process is predominant
[153]. For the H;50,/H:0 agquecus system, the H; and 0; yields increase wi
increase in H;S0, concentration, and the mechanism was described [153] as

th

begimming with reaction {34} abowve, followed by reactions (37-39) with oxywen

evolution as shown in reacticn (36}, Without Ti0; in this secand system,
(Tio,", ) + H;q ———H + TiO;
H+ H ———H; k=1.15x 10*° Mg~}

H + HyQ ——wH, + 0H"; k = 10 Mig™?

N

{38}

(39

very little Hz and 0; is produced becanse of direct photolysis of HpS0, through

reactions {40-42) which can be suppressed using light of A > 350 rm.

hwv _ - _
SO:;Z— 'ED:..Z 50, "+ eaq

e;q N H;q ——=; k=2.3x 101° M 1g™?

2 80y

B —- T 2=

{40}

(41)

(42}
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TiO;—supported noble metal catalysts such as Pt—, Pd-, amd Rh-Ti0, are
much more active for the NOCD reaction in the presence or absence of H;O, H;,
and O; than the corresponding Al:0s or other supported catalysts [154]1. They
are effective even in an oxidative gas coiposition range for the
RO-00- {H,0}-H,—0; reaction producing ne ammonia.  Camparison of the catalytic
activity and properties of Pt-TiO; with those of other supported catalyst
suggests that the higher activity of the TiQ,~supported catalysts could be
attributed to their ability te activate N0 molecules by dissociative
adsorption at lower temperatures [154].

The heterogeneous photocatalytic decamposition of benzoic acid and adipic
acid on platinised TiO; powder has beenh investigated by Bard and co-workers
[155]); the photo-Kolbe decarboxylative route to the breakdown of the benzene
ring and to the producticn of butane were followed,

Measurement of photocurrent versue TiQ; electrode potentials at different
electrolyte pH shows that the quantum efficiency for H;Q photo—oxidation is
pH-deperdent {156]. The results were interpreted in terms of surface OH
groups and physisorbed OH idns acting as intermediates in a double mechaniem
of hole trapping and charge transfer at the semiconductor/electrolyte
interface. The experimental data were analysed according to Wilson's model
for electrochemical behavicur of semiconducting photcexclted electrodes that
introduce as new parameters, surface electron transfer and surface
recombination rates, Mechanlsms of charge transfer were described to explain
generation of photocurrents cn absorption of uv light by Ti0,, with the
preferred mechanism being one in which surface CH groups and Ti'* ions act as
hole traps and donor centres, respectively [156].

The solid state photogalvanic cells imolving photochemically deposited
metals as active materials hawe been reported [157]1. As these cells possess
many excellent features as compared with the usual photogalvanic cells in which
toth cathodic and anodic materials are dissolved in soclutionms, they provide a
novel storage system for the comversion of solar energy to electrical ensrgy.
A typical two compartment cell [Ti0,, aqueocus Ce(S0,);~Ce: (S04} 3//aquecus
BghO, , Pt} could ke charged by irrediation of 300~400 nm light on TiQ, {157].

The photosensitisation of SrTi0; and BaTi0; anodes wxder IC conditions
affords little improvement in the photo—electrolysis of water [158].

The electronic structure and catalytic activity of
cocbalt—tetraphenylporphyrin supported on TiQ; have been studied; thils system
shows a remarkable activity for Hx—reduction of NO to N0 at 50 °C {159].
Titanium{II} porphyrin intermediates and dicxygen are gemerated by photolysis
of percxotitanium(IV)-tetraphenylporphyrin: the abserved photo-oxidative
behavigur suggests the oxygen to have singlet character [160]. Spectral
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sensitisation by magnesium tetraphenylporphine {MgTPP} films on S5rTiO;
electrodes using hydroquinone as a reductant has been reported (1611. The
action spectra reflect the absorpticn spectra of MgTPP films which show both
ancdic and cathodic photocurrents depending on the applied potential. An
influence of the structure of the MgTPP films con the photocurrents has also
been cbserved §161].

A successful and reproducible marufacturing method for Ti0, film for
photoelectrochemical cell anodes has besn described, and the properties and
spectral response of the cell along with hydrogen evolution have been studied
{162].

8.7 Ti OOMPOUNDS IN CRGANYC REACTIONS

(nidative addition reaction of [{cp),T1{CO}:] with two equivalents of
CCi00EL); leads to loss of the two Q0 groups amd formation of the symmetrical
metallacycle (33} the nature of which was ascertained by MMR and confirmed by
an X-ray structural analysis {163]. The chelate ring has a gauche

EtOQC COQE¢

EtOCC COOEt
o o]

o

{33)

confarmation, the C atoms heing displaced by 0.18 A on opposite sides from the
Ti—0-0' plane. {pMe—~CgHyN) ,C, (TCD), couples reductively by ff{cp) Ti{C0).1]
to give tetra-p-tolyloxalylamidine which acts as a bidentate ligand bonding
two fcp).TL units to give [{cp).Ti{T(D}]; containing Ti{III} [163]. The C-N
distances in the TCD metallacyclic ring are identical indicating a significant
double bond character. Iodine converts this metallacycle to the corresponding
diamagnetic Ti{IV) campowrd, |{cp)Ti{TCD)iz{I:). [1631. Oxidation of
[{cpi2Ti (D)), with tetracyancethylene {TCNE} affords a probable charge
transfer complex, [{cp).Ti{TCD}];{TCNE},, containing the TONE = radical anion;
the presence of this anion was deduced from the infrared spectrum amd magnetic
moment (bwo unpaired electrons per unit), p—oxobis {dicyclopentadienyl ) -
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{alkenyl}titanium({IV} complexes have been prepared fram [{cp},Ti{CO¥.;] and an
alkyne in the presence of H,0, a.nd gave the corresponding eis-olefins [164].

The cations TiCl,” and TiCl,” are the principal ions produced by
electron—impact ionisation of TiCl, {1657. Both cations react with TiCi, to
give Tizcl-;i'. Reactions of this and other species of the form TiCls{ligaIﬂ)+
have affarded the determination of an order of relative ligand binding to
TiCl; :MeF ¢ TiCl, < MeCl < EtCl < benzeme [165]. Mel, propylene, and butenes
are also stronger ligands for TiCls;' than far TiCl.. Furthermore, a study of
halide transfer ard proton transfer has led to the determination of some
thermochemical dissociation energies: D{TiCl;—Cl) = 217#11 kcal/mol,
D{TiCl;-F} = 254%4 kcal/mol, and D(TiCln—H+} = 175411 keal/mol. Chloride
transfer from MeTiCly to TiCl;' gives MeTiCl,  as the major ion at intermediate
times in the ion chemistry of MeTiCls; [165]. This major ian reacts with C.H,
to yield C3HsTiCl,  and hydrogen; CsHsTiCl,” reacts no further with CH,.
With CiDy, HD elimination predominates (> 85%) [165].

Fthylene polymerisation catalysed by [(cp).TiEtCl]) cor [{cp).TiMeCl] and
co-catalysed by oxyaluminium coipounds formed by hydrolysis of ALEtCl,,
AlEt,C1l, AlBt:, AlMe,Cl, AlMe;, and AIEt(CBu}Cl in benzene solutions has been
studied [165]. Qocatalytic activity of oxyvaluminium compounds decreases with
increase in the number of alkyl substitvents in the corresponding alanes,
AleC:ly {Cru) 3-x-y'. the oaxyaluminium cavpound formed from AlEt{OBu)Cl is
inactive. The oxy canpounds of methylalanes are much less active than those
from ethylalanes, and if the same aloxane co—catalyst is used, the catalytic
activity of [{cp)TiEtCl] and [{cp}.TiMeCl] is about ithe same [166]. The
importance of the chemistry of organc—titanium compounds {following the
discovery of Ziegler-Natta catalysts) due to their reference to homogeneocus
catalysis amd chemical Fixation of N; has led Sharma et al., [167] to prepare
several {cpi:Ti—cantaining compounds with such Schiff bases as
N-alkylsalicylaldimine, where alkyl is methyl, ethyl, propyl, iscpropyl and
n-butyl.

The stereodifferentiating activity of Ziegler-Natta type Ti{IV) catalysts
carrying the chiral ligand menthyl and nec-menthyl cyclopentadieny]l {Mcp and
N¥cp} has been investigated in the asymmetric catalytic reduction of a
prochiral olefin; 2-phenyl-l-butene is hydrogenated with acceptable optical
vields to {R}-{-) or (S5)-{+}-2-phenyl-l-butane, respectively [168j. The effect
on optical yields of reaction temperature, of the nature of the chiral
cocatalyst or of achiral oo—catalysts of different bulk has also been studied
[16B]. The or-catalysts appear to play a negligible role in the asymmetric
reduction, The higher optical ylelds are cbtained by compounds carrying the
{R) - (-)-menthyl-cyclopentadienyl ligand (WMcp)}, especially when two such ligands
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are bound to titanium; with {S)—-{+)-NMcp ligand, the optical yields are lower.
Hwwever, when one or two units of ligand are bound to Ti, the optical vields
are about the same for the (S)-(+)-neamenthylcyclopentadienyl ligand. This
fact, together with the observation that the absolute configuration of
hydrogenated hydrocarbons is dictated by the absolute configuraticn of the C
atom directly attacking the chiral substituent to the cp ring, would indicate
that asymmetric induction is principally related to the crowding around the
metal atom [168]. The major catalytic species is probably a Ti(IV) oomplex,
The aluminium co-catalyst is probably not directly bound to the titanium
catalytic system formed in gitu by hydride or chloride bridges or other
different kinds cof bonds, owing to the lack of any influence an the optical
vields {but nct on the rate of hydrogenation) by the OR substituents bound to
the Al atams [168). The chiral envirvonment of the titanium atom in a possible
Ti (I¥) monohydride catalytic intermediate is illustrated by {34}. The absence

R,

"

\ / X =Cl or CIAIH(OR) ;, etc. ...
Ti R1 = H, d‘l3
Rz = {S}-{+)-necmenthyl or (R}-{-}-menthyl
@ ™

R2 {34)
Ti{IV) catalysts used [168] Co—catalysts used [168]
€35} (n°-Mcp) 2TiCL, LiA1H; {OCH,CH,0CH;) 5
{36} {n°-W4cp) . TICL, LiALH, {0- B} ,
(37} (n>-Mcp) {n*-cp) TiCL, LiAlH, [ {-}QMenthyl]

£38)  (nS-Wcp} (n°-cp) TiCL,
(29} (nS-Ycp) nS—cpCHa) TiCl,

of large cptical yields with compourds (37}, {(38) and (39) suggests that chiral
groups onr the cp ring cannct induce a chiral coordination around titanium as
would be possible for a monchydride of the type such as (34) above [(1681.

The systems {cp) zTix/A1H3*nxn/Etzo(NEt3) fwhere X =Cl or Br and n = @
or 1) hawve been studied by dielectrametric and colorimetric titration and also
by EPR technigues [169). BRimetallic 1:]1 campounds oontaining hydrogen bridges
Ti(‘:l)nl are formed in all systems. All reaction products, except
{cp) ;TiHALBC1-Et,0, formed at 20-25 °C, are monocmeric in solution, The
monochlore derivative is a dimer containing both ordinary and double hydrogen
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bridges.

synthetic methods are given for placing a vinyl group onto 2,2*'-bipyridine
and 1,10-phenanthroline; the groups have been employed to attach [Rafbpy}s]2*
and [Rufphen} ]2t to Pt electrodes by (1) hydrosilylaticn followed by
polycondemsation with the electrede, or by (2) cycling the electrode o
negative potentials to induce anionic pelymerisation at the electrode surface
{170}. when electropolymerised at a TiO, electrode, the [Ruiphen}s]®* film,
in contact with an agquecus solution containing hydroquinone as a mediator,
supports a steady photocurrent stable for > 15 hrs.

Deoxygenaticn of 2,3-disubstituted quinoxaline-1,4—dioxides can be carried
out under mild comditions with TiCl./Zn dust to give products in reasonably
good yield (range 47-67%} according to reaction (43) [171]. But in practice,
TiCl,/2n dust is the least convenient and sometimes leads to intractable

7

N._ R, N R,
™~ TiCly/In —_— ™~ 4
-~ -

R, v

0

R;

CHyPh, OC%h, QOCH;, CO,EBt, Ph, CH;

R; = Ph, Ph, CH;, CHj, CHy, CH;

mixtuwres; the silanes Si,C1l; and Me:SiT are more comvenient. A facile route
has been reported for the preparation of tetraphenylfuran in 80% yield from
benzoyl chloride and low—+valent T1 species, the latter prepared by action of
LinlfH, on TiCl, [172]. Sulphides can be converted to sulphoxides using
TiC1,/H;0, (reacticn 44), in alcohols, water, or acetondtrile [173]. Reaction
of m-allyldicyclopertadienyltitaniim{III} ocomplexes pre—formed or formed
in situ with aldelydes or ketones proceeds with reglospecificity, high
TiCl;/H,0p
R'-5-R" ———— R’—‘H.S—R" (44)
o

sterecselectivity, and chemospecificity affording, wder mild conditions, the
corresponding hoeoallyl alcohols after hpdrolysis, and in excellent yields
[174].

Synthesis of g-lactams by reacticn of ketenesilylacetate with Schiff bases
is promoted by TiCl, [175]. l-trimethylsilyl-2-butyne reacts with carbonyl
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campounds in the presence of TiCl, or tetra-n-butylammonium fluoride to produce
mainly c-allenic alcchols [176]. With TiCl,, it is also possible to obtain
chloroprenic derivatives only. Propargylmethylsilane reacts also with
carbonyl compounds to produce chlorcprenic derivatives in the presence of
titanium{Iv} chloride [177]. A m-allyltitanium camplex with a chiral
cyclopentadienyl ligand reacts with Q0; under mild conditions to form a C-C
bond providing ;the first demonstration of asymmetric 0, fixation [178]. Use
of {cp) ZTioe(:H;., as a source of (cp),TiCH, for reaction with unsaturated
organic ard organametallic substrates affords a promising pathway to other
metallacyclic and bimetallic methylene bridged systems [179]. Use of TiCl,
11801, TiCl; [181], alkyltitanium{IV} compounds {182i, and Ti(OR), [183] in
organic syntheses has been reported. The possibility of developing novel
syntheses for tri~ and tetra-substituted clefins [134), as well as reports on
the catalysis of hydrogenation of linear and cyclic olefins with
alkyltitanccene compounds [1851 have appeared. — Tetranecpentyltitanium has
been used as a polymerisation catalyst [186].

Disubstituted aretylenes react with isobutyl magnesium halide in the
presence of catalytic amounts of [{cp)2TiCl,] in ether to afford E-alkenyl
Crignard reagents selectively in almost quantitative yields [187]. The
regiochemistyy of this hydramagnesation reaction is high for
alkylarylacetylenes and silylacetylenes giving E-ArC{MgBr}=CHR from
alkylarylacetylenes, E-ArCi{MgBr}=CH{(SiMe:} from arylsilylacetylenes, and
E~(HR=C{MqBr)SiMe: from alkylsilylacetylenes, respectively [187]. The
reaction offers a novel, selective, operationally simple route for the
preparation of tri-substituted olefins.

Insertion of diphenylketene intc a Ti—O bond of alkyltitanates, Ti{OR},
(R = C;Hs, iC;H;, CeHs, ...) results in the unexpected generation of a Ti—C
bond; a series of ocowplexes, [(R0)4_nTi {CPh,C(O)OR) ] (r = 1, 2}, was obtained
and characterised by spectroscopic data and by hydrolysis products {18B].
Action of molecular axygen changes Ti-C into Ti-0-C {avto—oxidation} and after
hydrolysis, o~hydroxyesters (benzilates) are obtained [188].

Bydrogenation of l1-hewens and cyclchexene with LiAlH, {cp).TiX (X = Cl or
Br) catalysts is fastest at Al/Ti ratio of 1:2; EPR data suggest the active
species is [fcp).TilAlH,X [189]. Mo such catalytically active species are
formed with LiBH,.
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