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The chemistryoftitaniumcoutiuues toba anactive areaof research. 

While this review attempts to provide as canprebensive.a survey as possible of 

developments during the 1981 calendar year, the eqhasis strictly reflects the 

interests of the authors. 

Unlike the previous reviewby Fay [3] iu this series,whichwas subdivided 

in terms of the cbemistryof thevarious oxidation states of titanium, this 

reviewpresents itiu terms of subjectmatter. l?leareaswhicharecovered 

are the preparation and properties of coordkmtiou cqxnmds of titanium, 

photocatalytic reactions involving TiO 2, and the use of titanium canpouuds as 

catalysts in polymer and organic syntheses. Solid-state aspects are not 

treateddirectly, but are treated in connection with other areas of interest. 

Since the review by Fay [3], another review by Pez and Ammr [4] has 

appeared. This latter article deals with the synthesis, structure aud 

properties of formallydivalentaud t.rivaleuttitaniumn&allocene m. 

The aimof thereviewwas todescribe audcriticallyevaluatethe cc&using 

datareportedforthesel~~enttitaniumandzirconiummetallocenes. 

Ibe present review article coversthematerial inthemajor journals for 

the 1981calendaryear and the foreign andlesswell Knin jcurnals for the 

period covered by Chen&cal Abstracts fran Volume 93, mmber 19, to Volume 95, 

OOlO-8545/84/$12.90 0 1984ElsevierSciencePublishersB.V. 
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nu&er 24; however, articles dated 1980 and abstracted in these volumes 

[190-2601 have not been considered. 

8.1 PREPAFWmxAND CHWACENSATIoNOFTITANIUMEWOUNDS 

Reaction of [(cp)2TiC12] with o-CsHs[CH(SiEaes)Li(Me2~2~~NMe*)] in 

diethyl ether is stereospecific, generating the meso-metallacycle 

[(cp)zTi{~(S~s)CsH4CH(SiMes)-o}] in high yield [5]. Cyclic voltametry in 

tetrahydrofuran shows a reversible one-electron reduction yielding a 

relatively persistent titanium(II1) anion. Reactions of 

dicyclopentadienyltitanim(IV) dichloride with dibasic tri(SBN2) Or 

tetradentate (S'B'HZ) Schiff bases have yielded the mnmeric (in boiling 

chlorofom) penta- and hexa-ccordinated ccm@exes [(cp)pTiSB] and 

[(cp)2Ti(S'B']l 161. Coordination of ammethine nitrogen and phenolic and 

alcoholic oxygens to titanium atcms has been substantiated by infrared (IR), 

nuclear magnetic re sonance (NMR), and mass spectral studies. 

A series of ccqounds of the type [ARTiL]+X- (where A = cp, B = n5-MeC~Hq, 

L is the conjugate base of acetylacetone, and X is C101,-, BFI,-, ZnClS(H20)-, 

S&13 , C&l,-, FeClb-, Br-, or I-) has been prepared and characterised [7]. 

The ligand L appears chelated and the titanium atan is essentially 

tetra-coordinated. The preparation of [(~~)~T~CD(PFJ)] by the photolysis of 

[(cp)2Ti(C0)2] in hexam in the presence of excess PF, is reported to be the 

first trifluorophosphine derivative of titanium [8]. Properties of the 

campound are included. The trinuclear canplexes [(q~)TiA.l$18_~~~] (x = l-4) 

have been prepared by the reaction of [(cp)TiCl,] with two equivalents of 

ethylaluminium caspounds [9]. The coqosition of ethylated titanium 

ccm@exes famed in the system [(cp)TiAl&l~-Et3_rAlClc] (x = 0, 1, 2) was 

determined fromelectronperassqnetic resonance (EPR) spectral data and frun 

the position of d-d absorption bands. In the system 

[C~H6*TiAl&KSt3_r A%lr] , Only [C6H6 -TiA12c17Et] and [C6H6 ‘TiA12c16m21 could 

be detected. In both titanim(II1) and titani~(II] series, the stability of 

the ccqlexes decreases with increasing content of ethyl graups. Properties 

of the (cp)Ti(III) trinuclear oxnplexes are ccqared with those of the 

binuclear cqlexes [(cp)2TiJ~lCl~_~Et3C] (z = 0, 1, 2). Results are also 

reported for a series of brcxro coqlexes. 

When [(cp)2TiCl] is reacted with lithim alkyls, the product obtained iS 

[(cp]nTiRl (R = MB, CzHs, n-CsHg, s-GH9, or t-CsHg] DOI. &action of this 

productwith 2,6-xylylisocyanide, phenylisocyanideor carbondioxide results 

in the insertion of these ligands into the titaniumalkyl bond with the 

fonration of inunoacyl, amido, and carboxylate derivatives. With ketones, 
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a pinacol-type dimerisation takes place. 

Reduction of [(cp)2TiC12] with L.iAlHb in boiling mathylbenseues or 

tetralin yields (r15:rl5-fulvalene)-di-CI-hydr~bis(~5-cyclapentadienyl)titanium 

in yields of >90% [ll]. Reductionoccursviathe 

bis(r15-cyclapentadienyl)titani~(III) chloride dimer which is further 

transforned into the unstable [(cp)2TiH] species. Thermal deccsiposition of 

this occurs with hydrogenevolution arid the formationof 

~-(~s:~5-fulvalene)-~-hydri~~-~or~bis-(~5-cyclapentadieny1)titanium. The 

firstfulvalenecontaining canpmndobserved in the systemis fonnedby 

hydri&-chloro exchange of this latter caqxnmd with [(cp12TiC12] and aluminium 

chloxohydrides. 

Dicyclopt?ntadienyl(trimthylsilyl)titauim chloride has be@ synthesised 

by the reaction of [(cp]2TiC12] and tris(trimethylsilyl]aluminium amrdinated 

with diethyl ether, or lithium tetrakis(trinnathylsilyl)aluminate [12]. 

Condensation of sodium atom at -100 'C in tetrahydxofuran solutions containing 

[(~p]~TiC121 and excess trimathylphosphite produces [(cp]2Ti(P(@le) 3121 [13]. 

The reaction of chlorodiphenylphosphine with [(cp)(q7-C7H5Li)Ti] gives 

t(Cp) (r17-C7HsP(C6H512]Til in good yields 1141. Anewringcmpouud 

[C(cp)TiClO]5] is reported to be me of the probable products of [(~p]~TiClp] 

in tetrah~furan [151. The tetramar [~(cp)TiCIO1q] is knmn to form in the 

hydrolysis of [(cp)TiC13]. The preparation and properties of 

[(~p)~TicH~(Me~Si~cBh)] have been described [16]. The synthesis and 

structures of [kp]Tti50~5][M~C2C11~- and [(cp)TiMo5015][MnKO)312- were 

reported 1171. Preparation of [115-C5(~~)5Ti((H2~~3)3] and the analogous 

n4-butadiene and ~3-methallyl canpaundsaJ=reparted; theesappearto 

be very reactive tmards Coandother smllmolecules [Ml. 

A study of the magnetic exchange interactions of binuclear 

dicyclopentadienyltitanium(III) canplexes propagated by unsatuxated and 

arcmtic dicarboxylate dianions has been reported [19]. Onecurious 

observationwasmade. The magnetic susceptibility mrsus tenyerature data 

for the supposedly nouamric benzoate axqlex [(~p)~Ti(O~cPh)] are 

characteristic of the strongest antiferram gnetic interactions inallof the 

dicarboxylate-bridged amplexes. 

[kp12Ti-X-Tikp]~] (where X is the dianion of thymine, 

3,6--idasine, 2,3_dihydrcucyquinaxaline, etc.) was pmpared by the 

oxidative addition of a heterocycle to two mols of [(cp)~Ti(C0)21. Each 

bridging speciesisbis-bidentate andchelates eachmatalion in a 

fcxr-mmbered ring 1201. 

The preparation and characterisatim of eight binucleex titanim(III) 

metallocenes [(cp)2Ti]2[02C(CH2).C021 (where 7~ = O-4, 6, 8, 10) have been 
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reported [211. The oxalate anion (n = 0) bridges in a bis-bidentate fashion 

and forms five-membered &elate rings with each titanium ion. In other cases, 

the anion bridges in a his-bidentate way forming only four-mekered &elate 

rings. An investigation of the propagation of magnetic-exchange interactions 

by the mthyleue groups of these aliphatic dicarboqlate anions was included. 

Six binuclear titanium(II1) metallocenes of the type [(cp)2Ti]~B (where B is a 

cycloaliphatic dicarboxylate anion) have been synthesised and characterised 

(221. The dianion bridges the IXI titanium(II1) in a bis-bidentate fashion 

with the formation, also, of fwnmbered chelate rings. Magnetic-exchange 

interactions by the methylene groups of the dianions are also reported and 

discussed. 

Metallccene compounds of the form [(cp)p.Ti.P.R’] (where R is CH2M'Me3 

[M' = C, Si, Ge, Sn, or CH(SiNs3)21 and R' is an alkyl group or Cl) have been 

prepared [231. The reaction of HCl in diethyl ether with 

[(cp)STi(CHH2SnMe3)C1] gives mainly the products of CH&%Me3 scission rather 

than that due to Ti-CH2 scission. The dialkyls containing one or two M&Was 

ligands give largely RH and R'H. The relative ability of R as a leaving group 

decreases in the sequence CH2SnkkJ > C&Cm?3 > CH&Me3 > CH@me3 >CH3. 

Preparation and characterisation of the corqounds [(cp)2Ti(CO)nl (241, 

[(C~HIJ&),+T~~S~] (251, phenolic derivatives of [(q5-CsH,Me)2TiC121 [261, 

hydroxy-co’.‘== in coqlexes of ((cp)~TiC121 (271, and [(cp)~Ti(C&)-(OC) 3~((cp)l 

[28] have been published. 

The ccqound ((C~-~~)-(~-(~~~:~I~-C~(CH~)(CH~)~)T~(~~-C~(CH~)~)~I has beeh 

characteris& and is the first to contain a [$:~I~-C~(CH~) (C&)I+] ligand. one 

methyl group of a C5(CR3)5 ring attached to one titanium has kccxne a methylene 

bridge to a secoud titanium atom (291. 

Fentasulphide and pentaseleuide cmplexes of 

bis(mathylcyclopentadienyl)titanium(IV) and (cyclopentadienyl) (mthylcyclo- 

pentadienyl)titanium(IV) have been reported (301. The caqmmds are nmcmric, 

non-electrolytes. A chair configuration was assigned to the TiS5 and TiSe5 

rings in these complexes on the basis of proton NMR spectra. 

Tris(N,N-diisopropyldithiocarbamto) ccxqqmds of the typa 

[(cp)Ti(S&Pr2)31 and [(C5H&a)Ti(S2CNiPr2)3] have been synthesised by the 

reaction of [(cp)2TiC12] or [(MeC5H4)2TiC121 and anhydrous Na(%&2) in 

refluxing dichlo xmethane or tetrahydrofuran (311. lheccqoundsare 

noncasaric, non-electrolytes. Infrared data suggest seven-fold coordination; 

proton NMR spectral data show the coqmmds to be stereochmically rigid. The 

suggested structure for these con-plexes is theraremomca@trigonalprislL 

Acrystalstructure detemunationwouldappear tobe inorder toverifythis 

suggestion. 



~~~~substituted l,l'-disubstituted and l,l'-bridged titamcene 

dichlorides, [(FQ,HI,)(CSH~]T~C~~] (R = W, Et, SN; J-31, t(RW&]2TiCl21 

(R = I&, C&3, Si.kks, SiMepRu, GeMes; 4-8], and [z(CsH~]~TiCl21 tZ = (C&)3, 

ui2, u-me, simk, sim2, GeMen; g-251 can be prepared by metallation of 

cyclopentadienes RC5H5 and Z(C5H5)2 with RuLi and according to reaCtiOnS (I-5) 

with [(C5H5)TiC13 or TiCls], respectively (321. The resulting caqxnmds (I) 

through (15), as well as the indenyl and tetrahydmindtmyl derivatives, 

R 

‘0 0 \,/’ 
0 0 ’ ‘Cl 

R 

‘0 0, ,C’ 

ii AC, 

P a 
R 

P 0 
2 

lTi/“l 
b 0 ’ ‘Cl 

(i-3) (4-5) (9-15) 

CP .* ‘\ .I # 0 \ I’ CP 0 

ii \ /’ 43 OO i’\,, 43 0 \c, 0 0 ;‘\,, 

(16) (17) (18) 

((C9H7]2TiC121, ((C9Hi1)2TiCLl, and [(C~H~~)(CSRS)T~CLI (16-18) have also 

been investigated with reqect to their anti-tumor activity against Ehrlich 

ascites tumur in mice (321. 

Rxposure of [(cp)2TiC12] in various msdia to 6oCo y-rays at 77 OK yields 

the corresponding titauium(II1) caq+ax, ((cp]~TiCl~]-, characmzised by its 

EPR qecttmn (331. At >77 “K in msthanol solutions, this species changes 

irreversibly into a second titanium(II1) axqlex suggested to be ((cp]2TiCll. 

Similar treatment of [(cp)TiCls] gives ((cp)TiCl31-, the EPR spedrum of which 

suggests a major contribution fran a d 2 
x -Y 

2 configuration rather than a ds2 

configuration as found for the previax canp1e.x (331. Com=RondiWy, TiCL 

in the plre state at 77 OK forms TiCL, +ions,havinganEPRs.pectrum~able 
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2BuLi TiCIs 
2 FC5Hs -2 RC5HkLi -(RC5H4)2TiC12 

I 

2 (C5H5)TiC13 

2 (KC5Hd (C5H5)TiC12 

4BuL.i TiCll, 
2 SiMeJl(C5H5) -2 SiJk$3u(CsH5)Li- (S~M~ZBUC~HI,)~T~C~~ (2) 

n=3 

1. 2 Na ~(C&)~(C~HI+)~TX~~ 

2. KXZ)~B~~ 

2 CsH5 

3. 2 Na 

4. Tic14 -((3H3CH2C&)(C5H5)TiC12 
n=2 

BuLi Tick, 
2 (C5H5) 2 - 2 (C5H4W 2 -2 (C5H4) 2TiC12 

EwLi Tic14 
2 CgHs -2 CgHrLi -(CgH7)2TiC12 

1. 2(C5H5)TiC13 4H2, [RI 

2. %,Wtl 

1 1 
&Jb 1) (Cd-k 1 TiCL (Cd-hi) 2TiC12 

(3) 

(4) 

(5) 
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with that of Cll- together with TiCl,-; thelatterionpossesses adistorted 

structure with the extra electron in a pwtly dZ2 orbital 1331. 

Investigation of titanium(II1) solutions in mlten alkali chlorides by 

Ramans~o~hasshownthatthesolventcationsaffedthenatureofthe 

canplex anions formed [34]. A detailed study of the effect of LiCl on the 

anion [TiC16]3-, the only species present in a titanium(II1) solution in CsCl 

at 700 'C, is presented. Attwantym1parcentLiCl,anewbandappearsin 

the [TiCls13- spectrum. This band appears nottobeasscciatedwith any 

vibration of [TiCls] 3- or [TiCls]-. It is probably due to [Ti2C19]3- 1341. 

The following equilibria were suggested in mlten chloride solution. 

[TiC1613- = [TiCls]- + 2 Cl- (6) 

2 [TiC1613-L- [Ti2C19]3- + 3 Cl- (7) 

Solid TiC13 can be transpxted by A12Cls via TiAlC& in a temperature 

gradient as shownbymass spsctmm tric studies [35]. No indication of 

TiAl~Clg was faund as is often assured in the literature. Transport of TiU2 

withAl2Cls involves disproportionation. Thiscanbeprevmtedbythe 

addition of titanic, and the ccqound Ti17Cllc can be prepared. Til7Br17 

canalsobeformd. Thermaldecmpceition studies of these are reported. 

Ramn ard infrared studies of [CH3TiX3] and [CD3TiX3] (&ere X = Cl, Br, 

or I) have keen carried out [36]. Studies at one atnrxphere betheen 4000 and 

20 cm-1 are reported as well as at a pressuxe of 4 atmqheres and 350 OK. 

Rman spectra of the solids at 4.2 "K are included in the data. 

A series of amplex cyanides RbsTi(CN)e, Cs*Ti(CN)7, and K3Ti(C!N)6 have 

been Prepared [371. Reduction of KJTi_(CN)c with one equivalent of potassium 

in liquid ammia yields K2Ti(CN)s. The extremely reactive KQTi(CNJ)s was 

preparedbypotassiumreductionofTiBr3 andKCNalso in liquid ammha. 

K5Ti(CN)s, RbsTi(CN)s, and C+Ti(CN)7 are believed to have seven-coordinated 

titanium, while KBTi(CN)6 probably contains an ochhedral anion. 

The formation of ccmplexes between Tic14 (M) and the la&am 

2-msthyl-2-azabicyclo-(2,2,2)-octa-3-one (L) of ccqosition M2L, ML, and ML2 

have been reported 1381. Thecharacterisationofthecoqhxeswasamcluded 

from analysis of Faman spectral data anl pm&m and C-13 IWR data. !hD form 

OftheML2coqhxarerepo~. WxamvalenttitaniumisfoundinM2LandML 

coqomds; inML2 titaniumisprobablyfive-coo Jzdhlati. Q=reportProposes 

structures for the four ccqnWlsandcharackrisesthedynamicsofthe 

exchangeoflactambetwzen theML2ccenplexesardthefreelactam. 



308 

The reaction of Ti(OR)k with amidoximes under different conditions 

results in the formation of crystallisable amidoximates [39]. Rates of 

reaction and degree of molecular association are influenced by the nature of 

the alkylgmup; a tertiary-butyl group results in a nmmer, an ethyl group 

yields a Wiser, while an isoprowl group yields an equilibrium mixture of 

nrmmneranddimer. 

Preparation of (TiCl~N(SiMe~)~]~] by the reaction of Tic14 with an excess 

of Li[N(SiMe3)2] is reported by other mrkers [40]. Structural and 

spectroscopic data are discussed in term of steric effects and the nature of 

them&al-ligandbond. There is evidence for fluxional behaviour of the 

bulky ligands. 

Reaction of TiCls with P(D)3 and P(CN)x in anhydrous benzene yields 

(TiC13P(NCD) 21 and (TiC13P(CN)2] (411. IR spectral bands have been assigned 

on the basis of C3v symnetq. A detailed investigation of the reaction 

between Tic14 and 8-quinolinol-N--oxide has also been published [42]. 

Novel titanium chelates with azo ligands have been synthesised and their 

dyeing properties investigated [433. In attempts to prepare such chelates, 

2-hydroxy- and 2,2'-dihydroxy-azo ccqounds were respectively allowed to react 

with titanium tetraisopropoxide; with the 2-hydmxy-azo ligands, the products 

were not isolated but with the 2,2'-hydmxy-azo compounds the reaction gives a 

neutral 1:2 titanium chelate. Among these chelates, water-soluble ones have 

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 

obtained for polystyrene show that these colour the resin black and also show 

excellent properties on staining powar and light fastness in canparison to the 

Vali Fast Black (a chromium &elate). Reaction of MClb (M = Ti, Sn) with L 

and Q (L=M~~N~Hz~~,~~~~CH~NM~~,E~~NCH~CH~NE~~: Q= 
1,3,5-trimthyl-1,3,5-tiiazaqclohexane) yields the rmmneric MClb*L, dimeric 

TiClbBQ, and the polyneric Q.3TiCl 4, characterised by infrared spectroscopic 

llethcds [443. Ionisation constants and heats of ccqlexation have also been 

determined. 

The cqxmnd [C12Ti(O2PC12)2] was reported to be formed when Tic14 reacts 

with either C12PO2SiMe3 or with P203C11, [45]. Vibrational and P-31 NMR 

spectraldataarealsoreported. Red chelate conpour& [(R2P&)TiC12] are 

obtained when Tic14 is reacted with RzP(S)SR where R is a methyl or ethyl 

group [461; the czanpmds are very sensitive to hydrolysis. The crystal 

structure of the ethyl compound shms a twisted Ti&Cl2 octahedral chrmmphore 

with a cis configuration. 



Structures involving linear, ligand-bridged polymeric species are 

reportedly famed when (MeO)Ph(Me)P=O, mpp, is reacted at elevated temperatures 

with various metal trichlorides, including TiC13 (reaction 8). Thestructures 

were suggested on the basis of IR and magnetic data (471. The reaction 

proceeds by the formation of adduct (19) folkwed by the coordination of the 

oxygen atoms in the MsC group to the metal ion to form the polymer (20). 

Mel, + m((&O)Ph(Me)P=Ol _ M[O=P(Me)Ph(OMe)] Cl 
, m n (8) 

(19) 

A 
t [M(nanp)& + nCH,CI 

(20) 

Elimination of methyl chloride results in the precipitation of polymer 

,(M(npp),JIc mterial. 

Reaction of &gOCN with bromine in dichloronethane at -70 OC yields a 

solution of (00Q2. Addition of anquino1a.r anrnmt of Tic14 produces 

TiCl~(IKC)2 [48]. Infrared& Rarnan spectral data indicate theNC0 ligand 

is bonded to themetalthroughthenitrcgen atcxns. Using alcohol interchange 

techniques, netalderivatives of j3-s&hallylalcoholwith ths fotia 

Ti[OCI-12C(CHH3)=CH2]lr have been prepared (491. ~lecular~ightdekxmi~tions 

inbenzene~~~thecoarpoundtobeadimer,characterisedbyinfraredand 

WRspectrallI&hods. Ccn@axes of titan_i~(IV) and 2-methoxyethanolhave 

beenreported, andtheirprobeble structuresdiscussed (501. 

Peaction between Tic14 and PhbAsNs in dichloroa&bane yields orange 

crystals of [Ph&s]2[TiCl4(N3)2] [51]. X-ray crystal structural data 

indicate the solid to crystallise in the spacegroup~2/c. The (TiClb(N3) 2) 2- 
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anion has C2 symmetry with the two azido groups in tram positions. IR data 

havealsobeenmpxtedardbandassigMwtsmade. Ccqlexes of the general 

type TiC1h.B have bsen reported, where B is N,N'-dimathyloxamide, 

N,N'-dimathylmalonamide, N,N '-din&hyldithicoxami de, and N,N’-diethylcxamide 

1521. Infrared andIWR spectra reveal chelation involves either [O-O] or 

[S-S] coordination to the m&al ion with the S donors more strongly bonded to 

themetal IzhantheOdonors; thecoqmunds are covalent. 

Tm ccxtplexes of ccqosition TiL2 (where L are the la&am 

1-methyl-l-azahepta-2-one aud 1-methyl-1-azacyclonona-2-one) have been 

described [53]. Zmalysis of proton and i3C HMR spectra in 

1,1,2,2-tetrachloroethaue-d2 and CEC13 solutions at n-ale ratios L/Ti > 2 

indicate TiL2 tohave diffexentgeonetrical arrangements. 

The synthesis of polydyes of titanium using interfacial techniques has 

been reported [54]. Applicationof thepolydyes that takes advantageof 

theirpotentialpe manentnon-leaching nature, in contrasttothenmmric 

dyes, has been enphasised. The polydyes are fluorescent and can bs 

impregnated into paper, cloth, paint, and doped into plastics; dyes used were 

Congo Red, Nigmsine, Brmphenol Blue, Brcmthynol Blue, Indigo carmine, and 

Eriochrcms Black T. 

Calorin-etric aud cryoscopic studies of SnC14 and TiC14 conplexes with 

dibenzo-24-crmm-8 (L) reveal the formation of L.2SnC11, and L*2TiCl,; the 

heats of formation are, respectively, -203.0 and -228.9 kJ/ml [55]. 

Ca@exingof1,2-diethoxyethane amd1,2-din&hoxybenzenewiththe Lewis acids 

Sri&, TiClb, AlBr3, and CE’3apH have also been investigated and their dipole 

mxnantsdetemuned. In addition, in mixed fluoride-nitrate malts of 

LiN&-KNO3-KF, tetrahedral compounds of T~FI,- and CoFb- are fonred at 

150-250 "C [56]. Electronic spectral studies indicate the crystal field 1OBg 

is 10,000 m-l for TiE?,- under such melt conditions. 

MeSiCl3 reacts with Ti02 in a fluidised bed at a temperature of 600 OC and 

leads to hcmolytic cleavage of Si-C and Si-H bonds and formation of 

polySiloXaW- modified TiO2 [57]. 

The mncaneric tetrathiocyanata-bis(ligand)titanium(IV) species are formed 

when TiClb and [TiC1x(MCS)YL2] are reacted with alkali thiocyauates in 

tetrahydmfurau or acetonitrile (x = 1,2,3; y = 3,2,1; aud L is U-I&N or 

CsH80) [581. Desolvation of [Ti(MCS)s(THF)2] leads to p0lymxi.c [Ti(KS)~I, 

materials. The ccqxnds were characterised by analysis, conductivity 

neasuremmts and IRandelectronic spectra. 

The diphenoxybis(dithiocarbamto)titanim(IV) complexes, 

[(C~HSO)~M(S~CMR~] aud [(C~H~O)2M(S&HRR')2] (where R = Ma, Et, 'hr, and R' = 

cyclohexyl) have beenpreparedbythe reactionof stoickiometric amunts of 
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diphenoxytitanium(rV) dichloride and sodimsalts ofdithiomzbamic acid in 

reflwing THR [59]. Infrared and electronic spectral data show the 

dithiccarbamate portion behaves as a bidentate ligand. Conductance 

measucmantsindicatathe ompomds arenon-electrolytes; nqnetic data,NMR 

andvisible spectraldataare also reported. 

New S-(mthyl or benzyl)-B-N-(2-hydroxyphenyl)m dithimarbazate 

omplexes of titanium(IV) have been reported [60]. Data are given for IR, 

NMRandelectmnic spectraupmwhich, alongwith electrical conductance 

neasuremants, probable structures are suggested. The therrfogr~ for the 

methylccaqmud are relxEted. 

Anew sinpler mthcd for preparing tris(dithi.olene]titauium ccaqmmds has 

beendescribed,usingstandard auaerobictechniques and lightpetmleumas 

solvent [61]. Solutions of the dithiol and the amine are mixed and stirred 

at ambient temperature overnight; after filtering ur&r nitmgen, yields of 

products are in the 90% range. The dark green solid [WJNH]~[T~(S~C~H~~~)~] 

ad the black caqxxnd [Et*NH2]2[Ti(S2C~H3(313)3] are diamagnetic solids, and 

insoluble inbenzene audchlorofom. Roth yield deep violet solutions in 

acetone andacetouitrile; both are stable to atmspheric mistune in the solid 

state, but are sensitive to moisture in solutions. 

The systems titanium(IV]-catechol-3,5-disulphuric acid (Tiron) and some 

amiqmlycarboxylic acids were studied in acid solutions [62], and evidence for 

the existence of chelates with ccmponents in the ratio 1:l;l reported. 

Twonewcaqmmds havebeen repxted startingwith freshly precipitated 

titaniumhydroxide, selenicacid, andhydrcgenpemxide urr%rcontmlledpH 

conditions [63]. At pH 0.5, a solid of ccqosition Kz[Ti(0z)(SeOs)z]~3H20 

form aud at pH 1.5 the product has the coqxxition Kz[Ti0(02)Se011]~3H20. 

Both shcmcharacteris'cic psroxo axed selenato IRbaWls. The solid obtaimd at 

pH 1.5 shows the presence of (TiO)2+ with a band observed at 1040 cz?. 

RaactionbetweenTiCl~ and @eCN)z inCS2 pmduce~thecanpoundTiCl~(WSe) 

[@I. Vibrationalspectraldata indicate the selenocyanategrcmpfomsa 

bridgebetweenmtalatomvianitrogenatans. 

The ligand 3-(2-hydzoxy~henyl)-2-mercaptop~ic acid, H2R, has been 

used to extracttitanim(IV) andmanganese(I1) franprepared stock solutions of 

their chloride ax-xl nitrate salts, respectively, in a proper solvent [65]. The 

0 0 
,CH=C-COOH I 

SH 
-OH 

(21; H2R) 
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effect of pH, reagent concentration in the orqanic phase, presence of 

electrolytes andmaskinqaqents, ontheequilibriumhas alsobeen studied [651. 

For titanium(IV), the oonpound of the extracted metal ion is probably 

Ti(OH)s(HH) determined from the method of equilibrium shift. Newmethods 

have also been developed for the spectrophotoaetric determination of titanium 

in the concentration range 0.05-0.5 q 1661. Amxhanismisproposedonthe 

basis of a kinetic study. In 3M HCl, the titanium species is [Ti(OH)212+; 

at pH 2.5, where the reaction with the extracting agent, bwallol red, 

has been studied, titanium(IV) exists predcaninantly as Ti(OH)s+ formsd as per 

reaction (9) that precedes complexation. The predominatinq formof 

_Kth [Ti(OH)2]"' + Hz0 _ Ti(OH)3+ + H+ (9) 

b-all01 red (H&G) at pH 2.5 is H3IX-; it undergoes a deprotonation 

equilibrium (reaction 10) followed by camplexation with Ti(OH) 3+ acoordinq 

K' 
H$G- a HIY? + 2 H+ (10) 

to reaction (11). The "cgaplex" ccmposition was determined to be 1:l ax-d 1:2 

Ti&XH3+ + HEG3- 
k 

- "ccg@&" (11) 

by Job's m&hod [661. 

8.2 SlXEWP& STUDIES 

Wo new ternary curpounds, HaNdpTi301a (1:1:3) and HaNd2TiS0i4 (1:1:5), 

have been identified in the HaO/Nd203/Ti02 system [671. lhefonlErccmpound 

crystallises in the orthorhcanbic space qroup QnanoranC2,while the latter 

crystdllisesintheo~~icspaceqroupPbamorPba2. Sinqlecrystals 

of the binary compound Nd~T.i.gO~~ are also orthorhorbic, space qroup Fddd [671. 

Pea&ion of [(cp)pTi(CF$SO3)2] with (Et$lH)No3 in tetrahydrofuran yields 

[(cp)2Ti(N&)21; the crystal structure has been determined [681. 

[(cp)2Ti(N33)l arxl water react in acetone to form the diaquo oxplex 

[(cp)~Ti(H20)2](N03)2 which crystallises in the orthorhcxnbic system [691; 

hydrolysis in THF yields [(cp)~Ti(IQ)]20 for which the structure reveals that 

the NO3 groups act as mxxdentate liqands 1701. The preparation and the 

structural paramaters for C&?1Ti111F6 [where MI1 is Mg, Ni, Zn, Co, V, Fe, or 

Mn, and C~M$.,T~!I$FS (MI isKorRb)] havebeenreported [71], aswallasthe 

crystal structures of TiQi6 and Ti7Hri6 [721. 
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The colourless oxonium ~und [O212+[TiTF30] 2- has been synthesised by 

reacting TiO2 with a mixture of F2/O2 at a pressure P(F2/O2) of ~ 300-3500 arm 

and at a temperature of ~ 300-400 °C; the compound crystallises in the space 

group P3 [73]. The crystal structure reveals that [0212[TiTF30] possesses 

isolated colunT~ of partially distorted TiF~ octahedra (the colu~m structure) 

which are connected only quite loosely by (disordered) [02] + cations; v02 + is 

at 1857 c~ -z and ~eff = 2.35 BM (295 °K) as expected for a "spin-only" case 

[73]. The structure of the c~lex Ti(C~HeO) 3C13, space group P2z/c, was 

reported [74] ; the complex is neutral with octahedrally coordinated 

titanium(III) and possesses the meridional configuration. The two independent 

molecules in the asymmetric unit are similarly oriented with exception of the 

THF ligands which are trans to the C1 atoms. The Ti-Ot_hf bond distance for 
o 

the two THF ligands tran8 to each other is 2.08 A, whereas th e Ti-Othf bond 
o 

trans to the C1 atom is 2.18 A ascribed to the presence of a trans effect. 

The compound Ti(THF) 3C13 thermally dec~es according to reaction (12) where 

the released THF is the one trans to the Cl atom [74]. 

Ti(THF) 3C13 ~ Ti(%~HF) 2C13 + THF (12) 

Raman data on ~I(HaO) 6SiF 6 (M = Ni, Fe, Mg, Zn) and ~I(H20)6TiF ~ (M = 

Ni, Zn) have been given [75]. Results allowed a positive identification of 

the symmetric M-O stretching frequency for t/he first time in these salts; the 

range for ~s(M-O) is 374-405 cm -z . Also, the following spectral frequencies 

are given: Vas(Ti-F) at 450 cm -z for M = Ni; v s(Ti-F) at 613 c~ -z and 610 

cm -z for M = Ni and Zn, respectively; ~ (F-Ti-F) occurs at 272 cm -I for M = Ni 

and at 262, 300 cm -z for M = Zn [75]. Crystal structures of the 

unsymmetrically bridging imido complex [ (CH3)2 (t-BuN)W] 2 (~-t-BuN)2 and the 

symmetrically bridging imido complex [{ (CH3)2N}2Ti]2(~-t-BuN)2 have been 

detexmined [76], beth compounds crystallising in the space group P21/n with 

two molecules in the unit cell. The ccmiDound { (cp)2Ti[(~-CsH~) (CO) 3Mn]2} has 

been prepared according to reaction (13) and its structure determined by X-ray 

~HF/Et20 
(cp) 2TiCl2 + Li [Mn (~-CsH~) (CO) 3 ] = (cp) 2Ti [ (n-CsH~') (CO) 3M~I] ~ (13) 

5:1 

methods [77]. As well, the crystal structure of [~-(C20~)] [(cp)2Ti]2-0.5Et20 

has been reported [78]. 

The synthesis and the structural characterisatien of titanium polyoximes 

derived from [(cp)2TiCl2] has been described [79]. Dioximes were selected on 

the basis of geometrical dissymmetry, potential biological activity, and the 

potential for extended conjugation through the polyoxime chain. The product 
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yields and chain lengths seem to de@ on the electronic character of the 

oxim, with the pmductchainlength alsodeper&zntonpolymer solubility. 

'IW polyoxjm form (22) and (23) can be obtained [79] according to reaction 

(14) and (15). Whilethereactionis known to occur almost exclusively only 

HO-N 

(cp)~TiCl~ + 

H2N 

(22) 

b-v) 2TiC12 + 

(14) 

(15) 

(23) 

at oxim sites, reaction at amine sites does occur with excess [(q~)~TiCl~] 

leadingto branchedard crosslinkedproducts. In the case of reaction (15), 

hawever,branchFngandcrosslinkingisprecluded. 

Areaction Mzweendiphenyltit anocene and phenyl(pentafluomphenyl)- 

acetylene in refluxing benzene produces, in 44% yield, 

l,1-bis(~5-cyclopentadienyldieny1)2-phenyl-3-(pentafluomphenyl)benzotitanole [80]. 

Degradation of the pmduct with HCl/UiC13 affords titanocene dichloride and 

Z-1,2-diphenyl-1-(pentafluomphenyl)ethme. Reaction of [(~p)~Ti &H5)2] and 

C6H5Ciia6P5 in benZene, under phOtolySiS conditions , results in the exclusive 

fomtion of l,l-bis(~5-cyclopentadienyl)2,5-diphenyl-3,4-di(pentafluorqhmyl)~ 

titartole [801. !l%i.s latter product was also obtained in 77% yield frcpn a 

readiOII between [(Cp) 2Ti(OI)2] and C6H5Cm& in hexane Solution. 

Structural elucidation of these and related metallacycles was acccqlished by 

13C NMR spect.roscapy and frxxn degradation studies 1801. 

An X-ray analysis of the prcduct of reaction (16) reveals that titanium 

is tetrahedrally coordinated [81]. 

w 
kp)~Ti(C101+)2 + HzO -[kp)~Ti(H20) 1 (ClO~12'311IF (16) 

The ~thyltriphenylphos~~hewchlorotitanate(Iv) ccqxnki, 

[MzPh3P] [TiC16], crystallises in the nmmclinic space group P21/n with 

[~icl~] 2- occupyi.r~~ an imersion centre and having a slightly distorted 
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octahdral shape; Ti-Cl distances are 2.33-2.35 i 1821. A co-precipitation 

techniquewas usedtoprepare the rare earth titanatesIn2Ti207 (In = a rare 

earth), Ln2Ti205 and In2TL+O11 (In = La, Nd) frcun mixtures of titanium salts 

and rare earth salts in aqueous ammonia solutions at pH 8.5-9.5; the crystal 

structures of these titanates are also reported [831. 

Webster and wood [841 report that the cxmpound previously thought by 

R.E. Collin (1969) to be Ti(acac)CCl is really Sn(acac)C12 on the basis of 

X-ray crystallographic and analytical evidence: apparently, the error (1969) 

resulted fromthe factthatsnhadbeen added to the reacting systemduring 

the preparation. The synthesis and characterisation of a Yang chain" 

alkylidene-bridged heterobinetallic ccmplex (24) has been reported but not 

isolated; it was identified by spectral neasurmnents [851. 

Et 
I 

(cp) -/"kI 

2 'CI' --Y 12 

(24) 

8.3 PFU3PEKMESOPTicQMpouNDs 

The enthalpies of formation of solid [(cp)pTi(OQH)2] and 

[(~p)~Ti(O~ccF~)21 are -775.2f8.1 kJ/mol and -2219.Ok8.0 kJ/nol, respectively: 

Ti-0 bond energies were estimated to be Q 432 kJ for Ti-CCCPh and % 417 W for 

Ti-CCCCl?s 1861. Heats of solution of sane Lewis acids anl bases in acetic 

anhydride have been dekrmined and the following order of their relative 

strengths was proposed [871: SkCls > SCION- > SnC14 > TiCls > AsC13 'L 

piper&dine > n-butylamine > ICOCCCH3 > -3 > ci-picoline >quinoli.ne. 

Heats of neutralisation of these Lewis acids and bases in acetic anhydride 

suggest that the major wthalpy change in these neutralisation reactions is 

due to the counbinationof a proton and the (C&3cooco(H2) -ion, resulting in 

the formation of acetic anhydride. 

The coqound (n-cyclcxctatetraene) (+fluorenyl)titanium has been studied 

byelectronparamagneticresonance in fluidandfrozensolutions, andin 

additionby near-infrared anduv~isible spectroscopy [88]. 

Spectraand studies onthe axxdination~stryoftitaniumchlorides 

in scme fused salt solvents havebeenreported 1891. .These spectraof 
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titanium(II1) and titauium(I1) ware obtained in AlCls-KCl melts 

(1.00 > XAICl > 0.49) at temperatures 471-894 OK and in the LiCl-KC1 eutectic 

melt at texr&atures 658-1185 OK. Titanium(II1) was found to be octahedrally 

ocoxdinated in pure AlC13 (liquid and in AlC13-KC1 melts for XAlcl, > 0.67 

while octahekal-tetrahedral coordination equilibria seem to be established at 

lower Alc13 contents. Ontheotherhand, titanium(I1) possesses octahedral 

coordination at coqositions (mole fraction of AlC13) between 0.51 and 1.00, 

but a disprolx&ionation equilibrium occuxs for XAlclS 2 0.60, culminating at 

xMCIS 
" 0.49 where titanim(I1) is unstable and the spectrum of titanium(111) 

in an octahedral-tetrahedral coordination equilibrium is observed [89]. In 

the LiCl-KC1 eutectic malt, titanium(II1) is also present in an 

cctahedral-tetrahedral coordination equilibrium; hmever, titanium(I1) has 

octahedral coordination in this melt but a dispropartionation equilibrium is 

established [89]. Electron pammagnetic resonance, Raman, infrared, and 

visible absorption spectroscopic, as well as magnetic circular dichroism and 

magnetic susceptibility measureman ts have been performed on Cs3Ti2Clg (90). 

Infrared and magnetic data proved unambiguously that, for each of the [TiC1613- 

units, the trigonal field is very large, with *Ai lying about 1500 cm-i (A) 

below 2E. The lowest lying terms in [Ti2C19]+ are suggested to be IAl and 

3A'; arising frcxnthe exchauge interactionbetweentwo 2A1 states: the energy 

gap iA; - "A;I is J = -525 an-' (90). These abovevalues for the trigonal 

field A and J were obtained using a static model, IJut a discrepancy between 

the susceptibility data and the node1 predictions led Briat and co-workers (901 

toimproveonthetheory. They shawed thatvibronic couplingmightbs 

responsible for the observed increase of IJI &an temperature is lcwered fm 

298 OK to liquid helim terrperature. 

Cr#als of LaTiO3 and CeTiO3 shm metallic resistivity behaviour between 

300 and 125 OK (LaTiO3) arxl at 60 OK for CeTiO3 (91). Below these 

temperatures, materials act as semiconductors with activation energies 0.01 eV 

(LaTiO3) and 0.001 eV (CeT.i.0~). The susceptibility of LaTiO3 (300-125 “K) is 

temperature indepmdent, but be1 owthis temperature evidence forweak 

fermmgnetism was found, hsAT = 7 x 10B3% (4.2 OK). CeTiO3 orders 

magnetically below 116 OK, but above this temperature, the susceptibility data 

can be fitted. to a Curie-Weiss plus a TIP tern yielding C,,, = 0.55, Bc = 5, and 

E;rIp = 850 x lo-%m3/nol [91]. 

Rakction of Ti(O%r)~ by IiAlI%, at room temperature gives the mixed 

valance co@ex [Tib(OiPr)i20) shorn by electmn paxamagnetic resonance 

spectroscopy to contain titanium(III) and titanium(IV); the solid exhibits 

singlet-triplet states arising firm interactions betWaen two titanim(III) 

atoms 1921. The results of a study of the redox reaction betwem [Kukn) 313+ 
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andtitmim(II1) has provideddetailed informationontheouter-sphere 

mechanistic path; the acid dependeme of the rate ixxlicates Ti(OH)'+ is the 

reductaut species rather thau Ti3+ [93]. 

The significance of the absence of chelation in the functioning of 

salicylate ion as a bridging ligaud for electron transfer between 

ruthenim(II1) and titauium(II1) has been assessed [94]. It had been 

suggested previously by Martin and Gould (1976) that chelation of titanim(II1) 

to the bridging ligand occurs prior tc electron transfer in reactions between 

titanium(II1) aud several salicylato-Oo(III) ccaplexes. F&centdatabyE?ose 

ardEarley [94] denonstratethatadifferentmechanismoperates inthe 

reductionof the correqxxding (salicylato)pent aamninerutheniLan(111) coqJlex. 

The results ware interpreted in teras of the machauism described by reactions 

(16-19); the first-order rate constant for outer-sphere ruthenium(III)- 

A&SalH2+ + Ti3+ klA#SalHIi5+ (16) 
k-1 

kz 
A5MSdLHTi5+ ~~A&%lHTi4+ + H+ 

k-2 

95ng closure" 

k3 
A5M5alI-PIi5+ -products 

A&%lHl?i4+ 
ks 

-products 

(17) 

(18) 

(19) 

titauiurm(II1) electron transfer is s 60 s-l [94]. Brmqen~balt(II1) 

reacts with Ti@H)'+ (k2 = 0.18 M-is-') tiile the fluoro aualogue reacts with 

Ti3+ with k2 = 1 x 10-3K1s-1 Ml. For reactions of Co(en)2(H20)CfX2+ ions 

with Ti3+, k = 50 K's_' (trms) and 20 Kis" (cis); forthe sautaoxidants, 

rate ax&ants for the reaction with Ti(OH)2+ are 3 x lo3 M-%-i (cis) and 

4 x 103 M-ls-1 (trms). I&actions with rate constauts close to lo3 Cs-l 

ware interpreted as substitution-limited inuer-sphere processes 1951. The E!r- 

ion is a poor bridging ligand for Co(III)-Ti(III) electron transfer, tiile OH- 

and particularly F- are efficient bridging 1igand.s; moss bridge interactious 

are most important for reactions of titanium(II1) than for reactions of 

co(II1) [951. 

Absorption ard reflectance spectra of cis-dihalo bis(2,4-pfxltanedionato)- 

titanim(IV) ocmplexesandothergroupIVmetals~~beenmasuredunder 

mter- and alcohol-free oxxditions [96]. The majority of absorption spectral 
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bands in the uv-visible region arise from z-n* transitions of the 

acetylacetonate ligands which are subject to the effect of different degrees 

of metal-ligand H-electron bonding. Significant z bonding, as is the case 

for titaniu~ compounds, leads to electron delocalisation over the oomplex 

molecule and increases the splitting of the various H-z* band cc~ponents [96]. 

Ligand-to-metal-charge-transfer transitions are likely only for the iodo 

cc~olexes: ho%~ver, H-bonded acetylacetonate intermixes ligand-to-metal 

charge-transfer states into z-H* excited states, that is particularly effective 

in titanium(IV) complexes. Halogen ligands are capable of perturbing this 

mechani~n effectively when z-electron delocalisation is large [96]. 

The complexes Ti(acac)2XY (X = C1 or Br; Y = OIC3H7 or 2,6-(IC3HT)2C6H30; 

acac = anion of 2,4-pentanedione) have been characterised by 5~R spectroscopy; 

the diastereotopic probe was placed on the monodentate Y ligand to follow the 

course of configurational rearrangements in these and analogous complexes [97]. 

Where Y is isopropoxide, the isopropyl methyl ~ signal remains a sharp 

doublet down to -63 °C; diastereotopic splitting is observed when Y is 

2,6-(iC3HT)2C6H30. On the basis of earlier work, it appears t_hat 

rearrangements probably occur via twist processes [97]. The complexes 

Ti (tibm) 2C12, Sn (tibm) 2C12, and Ti (thd) 2C12 have also been characterised by 

techniques in dichloromethane and l,l,2,2-tetrachloroethane solutions; 

the tibm ligand (anion of l,l,l-trifluoro-5-methyl-2,4-pentanedione) contains 

a diastereotopic probe [98]. These cc~plexes, which contain unsymmetrical AB 

bidentate ligands, adopt the thr~e cis-X2 diastereomeric confic~rations. 

Terminal group exchange in the bidentate ligands occurs in parallel with 

inversion of the molecular configuration; these changes are described by an 

averaging set A''' which was shown earlier to scramble the terminal groups and 6 

the -CH= protons of the diketonate ligand amongst all possible non-equivalent 

sites of the cis-X2 diasterecmers, and in addition leads to A-A interconversion. 

Here also the rearrangements occur via twist processes [98]. 

A 13C and 19F ~MR study of difluorobis(l,l,l-trifluoro-4-(2'-thienyl)- 

butane-2,4-dionato)titanium(IV) has been carried out in CDCI3 aD~ CD3CN [99]. 

A value of ~ of 8.36 D indicates a ci8 structure. In CD3CN, the carbonyl 

carbon at 182.5 ppm showed splitting indicating a non-rigid cis structure in 

solution; at roan temperature the process appears to involve R group exchange. 

Proton and fluorine NMR spectra of methoxypentafluorophenyltitanocene 

complexes indicate a possible coupling between the methyl protons of the 

methoxy group and the two ortho fluorine atoms of the pentafluo~phenyl ligand 

[i00]. Also, anisoc/Irony of the two ortho and the two meta fluorine atoms 

has been detected in some cases [i00]. 
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l%e characterof exparinmntalaborption spectral bands arr3 several 

calculatedparanetershavekeencanpared foramplexesoftitanium(Iv) with 

the phenolic ligands, chrosotrcpic acid, ~naphthol, B-naphml, 

1-hydroxy-2-nalzhtbic acid, 2-hydrcxy-3-naphthoic acid, 2-hydrcxy-l-naphtbic 

aldehyde, pyrocatechol, and salicylic acid [loll. &xnplexes of titanium(111) 

with severalhydroxyandpolymaric acidshavebeen studiedbyR!?Rtechnigues; 

formationof polynuclear complexes withvarious multipletstates has been 

proposed to account for the unusual spectra when the acid is mandelic acid 

[102]. EPRnrathcds have also beenenployed to study theoxidationreaction 

of the Ti(III)-m system with hypzchlorcus acid in the presence of nmleic 

acid [103]. Formation of OH radicals was noted in the single electron 

oxidation reaction of this system. 

Infrared spectraof the prcducts obtained fromthe interactionof Tic14 

withacetone, methylethylketone, acetophenone, benzophenone,diethylether, 

and tetrahydrofuran have been obtained and assignment of absorption bands in 

the spectral regions 475-450, 411-402, and 390-385 cm-' to Ti-Cl stretching 

ncdes carried out 11041. The first tw bands belong to the adduct TiCl+'D - 
and the third band ti TiCl,,*ZD. An increase in the donor content displaces 

the equilibrium towards formation of the TiC14*2D adduct. 

Oxidising properties of [TiC13.3L]+ shy a linear de- on the sum 

of Taft constants of functional groupsof L; Lis pentylchlorcacetate, 

butyl formate, isopropyl formte, ethyl acetate, hutylacetate, isopentyl 

acetate, isoprcpylacetate, ethylisovalerate, pentylpropionate, and ethyl 

caprUlate 11051. Aciddissociation~tantsofHS04-at25OChavebeen 

determined as a functionofionic strength to calculate the ccqositions and 

stability constants of titanium(IV) canplexes [106]. For exanple, values of 

81 for Ti(CH) (SO,)+ decrease from 19.OS.O at an ionic strength of 0.6 to 

3.4f0.2 at an ionic strength of 3.30. The machanism and the therrcdynamic 

factors influencing the reactions of coordinated peroxide coqlex TiIV(O;) with 

the reducing agent titanium(II1) and with OH radicals have been analysed 

theoretically, based on new and published kinetic data [107]. 

AdscrptionofRh3+-chlorideamplexesonhydratedTiDp and ZrQ fram 

dilute solutions reveals that the kinetics and the equilibrium of sorption 

dependonthe ccncentrationof Rh3+ in the solutions, on ageing of solutions, 

andonthenature andconcentrationof the supportingelecbolyte [108]. 

Aguation of Rh3+ ccqlexes retards adsorption: chloride ccsplexes are 

helievedtobe scrbedbyanion-excbqe mechanism. TheadsorhedRh3+ 

ccaIplexesundergoaquationinthesorbentphase. 

The X-ray emission of the KBze5- ar%dLc-bFaldsoftitzU-liumhavabeen 

sbdied in the nitrides TiNo.8, TiNoS9, andTiN1.0 alorqwiththeKB2 5- and 



h-bands of titanium and Ku-bands of carbon in the carbides TiCo.6, TiCo.8, 

and TiCo.g5 as well as the X-ray photoelectron spectra of base levels of 

carbides and nitrides and the photoelectron spectrum of the TiCo.6 valence zone 

[log]. The energy bond of the Ti 2p3j2-level in carbides is greater than in 

pure titanium, and the energy of the s-level bond of C in carbides is lowar 

than in graphite. This indicates an increase in electron delocalisation in 

the C atom& adecrease in the Tiatomsphereincarbides incmparisonto 

the charges in the initial titanium and graphite. A similar situation is 

observed for TiNo.9. The carbides and nitrides of titanium possess an ionic 

coqonent of the bond, but its value would presumably 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 tenperature plasma, can be 

altered by varying the conditions of quenching of the reaction products [llOl. 

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 CHEMICALRFACTICNSOFTiCOMPOUNDS 

Reaction of [(~p)~TiCl~] with 1 or 2 molar equivalent of LiN(SiMes)n 

yields [(cp)PTi(CH~SiMe~NSiMe~)] [ill]. EM.3 [(@Tic131 and [(cp)TiClO]~, 

react with dilute HEX)3 to give [(cp)Ti(EX33)3] via the 

nmnocyclopentadienyltitanium(IV) aqua complexes [112]. Tetrabenzyltitanium 

ard its dicyclohexylamine adduct react with CC to form acylbenzyltitanium 

ccpnpounds; infrared spectra reveal [(PhC!H2)~Ti(CD)2] and 

[(PhCH2)~Ti(CO)(amine) I as potential intermediates [1131. Interestingly, CC 

inserts exclusively into the Ti-CHB bond of [(cp)PTi(C6FS)CH3] while 

cyclohezqlcyanide inserts only into the Ti-CsFS bond to give 

[ kp) St’i~CNN(Cdh 1) GFs k&l [1141. This represents the first example of an 

insertion reaction into a transition meta-perfluom bon ligandbond. 

Bowever, starting with the non-fluorinated conpound [(cp)2Ti(C~Hs)CH31 one 

obtains only ~(~~)*T~CCN(C~H~~)C~HS}(~I~I [1141. Insertionof So2 into two 

Ti-C bonds of [(q~)~TiR~l complexes gives a mixture of the two diastereomric 

forms of the disulphinates [(cp)~Ti(S&R)2] [115]. In the case of the me.30 

form, inversion of one chiral S transforms this meso form to racemise, and 

vice-versa. The cyclopentadienyl groups are diastereotopic and the R groups 

are enantiotopic in the meso disulphinate conpounds, whereas for the 

enantiomrs of the racemic mixture (E + E') both cp and R groups are equivalent 

11151. The E meso iscamrisation results frcm rocking of S02R groups on the 

Tiatcm. This can occur in two ways as indicated in reactions (20) and (21). 
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(25; E or E') (26; meso) 

(27) (28) 

10 
0' \\ 

Ti/ AS-R 

'20' 

= TLojS\ (20) 

R 

Reaction of [(~q)~TiRl (R = alkyl) with 2-substituted-pyridines andwith 

quinolines leads to a-rmtallation of these ligands with formation of triangular 

titanocycles axtaining titanium(111) (reactim 22) [1161. EMdenceofthe 

nkkallation at the cx-psition is afforded by m?actions of the titamcycles 

with iodine and DzO/DCl which yield the uxrespolding iodo- atxl 

deutercqyridineand-quinolinederivatiVes. Reaction of [(cp)pTiR] with the 

structuallyrelated ligandbenzalanilineledds to a Side-oncoordinated 

benzalaniline~lexoftitanocene keaction 23) 11161. RJeactionsofthe 
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(cp12T iR 

R' = CH3,C6H5,C2H3 

(22) 

R"= H,CH3 

(0~) 2TiR + 

CsH5 

Ij,G% 

-kd ,Ti/i 

CX,ifR=CH3 

.,/"'< 
+ 

H 
'N 

I C2H4 at-d CzH6 

C6H5 if R = C2HS 

(23) 

(29) 

diamagnetic ccq1e.x (29) formed from reaction (23) with iodine, CO2 d H2 are 

descriked in reactions (24), (251, and (261, respectively. 

I (cp)pTiI2 + C,jHsN=CHCsHs (24) 

Y/C& 

(cp)2Ti/y a32 

'N 
1/4[~W2Ti~2KO3)12 + l/2 CO (25) 

I 
C6H5 

(29) 1 + C&N=(=HC.& 

1. H2 
[Ti] + C~H&&NHC~HS (26) 

2. HCl 

3. NaOH 

The dititanium ccanpound [(CeH8TiC19?HF)21 reacts with acetylenes RC CR', 

where R = RI = Ph, R = R' = p-tolyl, R = Ph and R' = Me, %?x%$l, to give the 

binuclear ccqlexes [C~HeTiIECR']2 [117]. Infrared, NMR, and mass spectral 

data are reported. Thermal heating of these acetylenic binuclear axqxnc& 

produces [CsHeTiG,-R2R;]. [(cp)2M(SH)2] (M = Ti or Zr) react to form 

[(cp)#Sl when treated. with mxo- and di-sulphur transfer agents: treatment 
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of [(cp)2TiC12] with Liz.52 gave [(cp)zTiS~] in better yields [118]. The 

interaction of t-butylisocyanide with [(cp)~TiMen] leads to insertion products 

in which methyl groups are transferred to the isocyanide liganl [119]. 

Hetexomatallic coordination polymers containing alternating Ni and Ti 

metalionsha~beensynthesisedbythe~noftitanium(IV) isopropoxide 

with Ni(I1) bis-chelates of scnre ortho-hydroxyoximas [120]. Dinitrcgen 

wqxnlnds of poly 11-[4-~(chloroclrcycl~~~yltitanio)phenyllethylene-co- 

l-(4-brmophenyl)ethylene-co-1-phenylethylene] have been synthesised 11211. 

An equilibrium exists m the nrmonuclear aud binuclear species. Yields 

of N&, formed after hydrolysis of the reaction mixtures resulting from the 

~~PlYconpounds and lithimnaphthalide inanitrogenatncephere, increase 

dramticallywithdecreasing contentoftitamcene in the polyner [121]. 

‘RE mst rapid reaction in the soluble Ziegler catalyst system 

(cp)~TiEtCl/AlEXC12 is the formation of the primary ccqlex equilibrium [122]. 

Kinetic data arxdthermdymmicdata for this equilibrim~reobtainedvia 

13C NMRandguantitative lineshape analyses. Formation of the primary axnplex 

is a diffusion-controlled process 101o-lO1l M%s-' at 240 OK, the equilibrium 

constant is 5 x lo3 M-l < K < 5 x 10" R-l. Thealuminiumisothermprovedto 

be Al/Ti = 1:l [122]. Elementary processes of the soluble Ziegler catalysts 

of the type (cp)pTiRCl/e$l 

spectrsocow [123]. using 4 

(30) 

have also been investigated by 13C WR 

enrichedUWH2 inthe@WRexpfximautitwas 

possible (for the first time) to directly follow the reacting and polymarising 

system. l%ereappearstobenopre-coordinationofthe mncmarontheprimary 

amplexes and insertionoccursunambiguously in the Ti-Cbomd [123]. The 

following systemswens studied intoluene-d~ solutions: 

(cp)2TiEtCl/A1EtC12/13C2Hs, kp)2TiC1/AlEk~/13C2H~, aud 

(cp)2TiMaC1/MEtC12/13C2H~ 11231. 

Nitric oxide rapidly oxidises dicyclopantadienyltitanium(III) ax@exes 

according to reactions (27-29) [124]. &action (29) is canplicated by 

formation of small ammtsofthemaqA?x; for example, [kp)2Ti(cO)~l and 

No react in toluene to give [kp)~Ti.XO] and [(cp)2TiOln with traces of 

(cp)pTi(III) products. ERR, infrared, andprcductanalysis suggest that 
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[ (cJ?) 2TiC112 + 2 NO -[(cp)2TiC1]20 + N20 (27) 

2 (cp)zTiNCO+2NO -[(cp)2TiNCOl~0 + NzO (28) 

[C(cp)2Ti]4(CQ)z] + 4 m -4 [(cp)pTiOln + 2NzO + 2CQ (29) 

[(cp)2Ti(CO)2] and NC initially give an equilibrium between [(cp)2Ti(CD)NO] 

d [(cP) $J!iFJOl; a subsequent oxygen abstraction from [(cp)2TiNO] gives 

[(cp)zT=l [1241. The moiety (cp)*Ti reacts with excess NC to yield 

[(cp),TiIW] which appears to contain titanium(IV) and bridging N202, and 

bridging and non-bridging cp ligands. 

Bis(~4-1,4-cyclopentadiene)nickel(0), Ni(COD)2, reacts with 

[ (cp)Fe(cO) K-11, [ h3-Cdk)FeKQ 3C11, [MnKO) sC11 , and PInPKW 3 (Co) 412 to 
give metal-matal bonded coupling products [125]. Partial reduction with 

Ni(CCD)2 was observed with Ti(acac)&12 (acac = anion of 2,4-pentanedione) and 

[(cp)2TiC12] which gave [Ti(acac)2C1]2 and [(cp)Ti(py)Cl], respectively, in 

pyridine 11251. Phosphine oxides, with at least one aryl-phosphorus bond, 

are reduced to the corresponding phosphines by stoichionetric amounts of 

Mg/(cp)pTiCl> in boiling THF [126]. Titanocene dichloride is reduced by M 

powder in sose 1,2-dialkoxyethanes at rcom temperature; the reduction tines 

are nnich shorter under N2 than under argon [127]. The effect arises because 

nitrcgen stabilises the reduced species [(cp)nTiCl] by occupying the fourth 

coordination site: reduction under an atmosphere of CO was also reported [127]. 

The reduction of EECA-Co(III) by titanium(II1) species indicates that reduction 

proceeds via an outer-sphere mechanism [128]. The possibility of the 

thiocyanate ion as a bridgirq ligand in the reduction of ruthenium(II1) by 

titanium(II1) and by [N-(hydroxyethyl)ethylenedi aminetriacetato]titanium(III), 

Ti(HlZYTA), has keen reported by Lee & Earley [129]. Titanium(II1) reduces 

RJ(NH3) sNc?+ with a second order rate constant of 840 K1s-' in 2M LiCl; the 

activation parameters are AH = 35 kJ/ml and AS' = 70 J.rml. The Ti(HlDIA) 

complex reduces the sama oxidant, Ru(NH3)~Ncs2+, with k = 2.8 x lo4 K's_' 

(25 “C and 2M I&Cl) [129]. Comparison of the results with previously 

available data led Ice aud Earley to conclude that both reactions involve an 

inner-sphere electron transfer process, that NCS- is rmre efficient as a 

bridging ligand in these redox processes than in Co(III)-Cr(II) systems, and 

that titanium(II1) is less sensitive to labilisation by amino acid ligands than 

are E&(111) and Cr(II1). The oxalate ion is an efficient bridging ligamd for 

electron transfer be- transitionmstalions; however, the detailed 

mechanism of the electron transfer step seems todependonwhichmatal ions 

are involved. The results of a recent study of the influence of oxalate ion 
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as a non-bridging ligand on the rate of Co(III)-Ti(III) electron transfer 

reactions, which also involve oxalate as a bridging ligand, have been reported 

[1301. 

Formation of V(III)-Ti(IV) and Ti(III)-Ti(IV) binuclear canplexes in the 

cross-reaction of Ti(HEUIA) and VO(HQXA)- has been noted by Pristine and 

Shepherd 11311. It appears that a twist mechanism or a dissociative process 

involving rupture of a carboxylatotitanim(II1) bond in Ti(HFXYTA) (H20) limits 

the rate of oxidation of this complex by VO(HEUIA)-. Electron transfer occurs 

via outer sphere, and subeeguent to electron transfer a substitution reaction 

oomrs giving a binuclear species containing Ti(IV) and V(II1) [1311. The 

limiting redox process was found to be first order in [Ti(HEDIA) (H20) alone 

with k& = 73.6f5.0 s-l at an ionic strength of 0.50 M (NaCl), pH = 5.0, 

acetate buffer, and a teqarature of 25.2 “C. Relaxation studies indicate 

[131] a ring opening of a glycinato fragment of the HElYTA3- ligand for 

Ti(HEDTA)(H20)(OH)- which proceeds by an inverseH+pathway 

(ki = 1.92 x 10m4 K's_') and by reverse ring closure (ko = 6.2 s-l). The 

magnitude of the kinetic parameters support a proton-scavenging pathway 

involving armnohydmxy-bridged, strained intentrzdiatewitharate-limiting 

bond-bmsaking process of 0.33 s-1. EQrmation of the new Ti(III)Ti(IV) 

binuclear complex occurs with a k = 3.12kO.42 x 10' M'-'s-l and competes with 

the dcaninant outer-sphere cross reaction involving Ti(HEDTA)(H20) and 

VO(HBYTA)-. This new species has a spedral band at 1~ 800 nm (E = 47 K'cm-l); 

the identical Ti(III)Ti(IV)(HElYfA)2 ccaqlex can be prepared by autooxidation of 

Ti(HEDTA) (H20). The m&x-active isomer of Ti(HEDTA)(H20) can be produced 

through a first order process (k % 0.14 s-l) above pH 4.0 (at pH 4.0, the 

Ti(III)Ti(IV) ion is thermodynamically unstable) by dissociation of 

Ti(III)Ti(IV). The initial products of the Ti(HEDTA) (H20)/VO(HELYIA)- cross 

reaction are TiO(HEDTA)- and V(HEDTA) (H20), which subsequently can combine 

(k Q 23 K's_') to yield a third binuclear species Ti.(IV)V(III)(HEDTA)2 having 

a charge-transfer spectral band at 453 nm (E s 380 M1c&). A binuclear 

ccmplex containing the reverse oxidation states Ti(III)-V(IV) has been detected 

ccqetitively early in the cross reaction (k 'L 1.23 x lo4 M's_'); however, 

this species is not the precursor ccmplex to the Ti(IV)V(III)(HEDTA)2 complex 

[131]. In fact, the Ti(III)-V(IV). is non-productive for inner-sphere electron 

transfer. 

In a subsequent paper, Shepherd ard co-workers 11321 report on the 

structural nature of TiO(EDTA)2- in solution and on the reaction of TiO(EDTA)'- 

with H202 in the pH range 2.0-5.2 that gives Ti(02)(lDIA)*-. The former 0x0 

cunplexexists as an eguilibriummixture of atleastsixisoneric and 

protolytic forms which vary in whether a water molecule is bonded or whether 



the EUTA ligand occupies five coordination positions at titanim(lV). Tm 

distinctly different primary coordination spheres in terms of spectral 

properties and reactivities toward H202 were observed for TiO(EDTA)'- solutior 

in the above pH range [132]. These are the aquated forms (A), 

TiO(JDTM~)(H20)n-2, havingtwocarbxylates and twoethylenediamine nitrogen 

atom of the EIYTA ligand and one coordinated water mlecule, and the fully 

chelated (B) forms, TiO(EDTWn)"-2, with three carboxylates and two 

ethyl- nitrogens of I!VTA attached to titanim(IV). The displacemnt 

of the oxo ligand by peroxo is first order in IH2021 ard [TiO(lDJ!A)2-]; kA = 

5.25tO.25 x LO6 M-is-' for the A forms which have a [H30+11*' dependeme, but 

the B form have only an acid-independent path, kB = 49+5 K's_' at 25 'C. 

The mschanism has been interpreted [1321 to bs the associative displacement of 

oxobypemxo inwhichthe availablependantfunctionalgmups assist the 

mxganisation of the titanium(IV) axrdinaticm sphere. The formation of 

Ti(O2) (ElYTA)2- by the reaction of 02 with Ti(Dl'A)(H20)- has been examined; 

substitution and intramolecular electron transfer occur by an H+-independent 

path [132]. In addition, the superoxo transient Ti(02)(lDTA)- is rapidly 

scavenged by Ti(IDTA)(H20)- (k 2r lo6 M-ls-l), via presmably an outer-sphere 

pxocess. A caqarison has also been made for the reduction of 02- arid 0p2- 

ooordinated to Co(II1) and Ti(IV) by one-electron reductants and the affinities 

of the 02+ or 02H2- radical toward these centres [132]. 

MeTiC13 reacts with the canpounds (31) and (32) (where R is Tic13 and Me) 

to give a 1:2 MeTiCIS-(31) ccmplex which initially form and deccqoses in the 

(31) (32) 

rate-determining steptoyieldMeradicals; these in turn reactwiththe 

cu@ax ard with ths reactants and solvent (1331. ThelWchanislnof ccqlex 

formation of titanium with disulphophenylfluorema (A) and N-cetypyridinim 

chloride (B) giving the canplex T&B4 has been elucidated (1341. 

AfewelectmcheMcal studiesoftitsnimccqmmdshavebeenreported. 

These include a one-electmn study of [(~p)~TiCl~] in various solvents by 
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polarogra~y and voltanskstry [135], as well as the electrochemical oxidation 

of [(cp)~TiClL] (L = tetrahydrofuran, dimthylphenyl@osphiue) by vcltamnetry 

and controlled potential electmlysis [136]. A one-electron reduction of 

[kp)2TiCl21 in tetrahydmfurau has keen examimd in detail aud found to be 

reversible; this contradicts an earlier report [137]. A study of 

[(cp]2TiC12] in 0.8:1 molar ratio of AlCl&utylpyridinium chloride malt 

reveals a reversible one-electron reduction of the cation in a process 

dependent upon chloride cmxerkration [138]. Half-wave potentials as well as 

the equilibrium ccnstant for reaction (30) have been deternun& [139]. A 

[Tic161 3- + Ala&- M AU& - + [Ti0X,]2- (30) 

potenticmetric and spactrosoapic study of the reaction between fluorescein 

iscthiocyanatewith au mine, chmicallybur~I to a titanimelectrcde,has 

been repxted [140]. 

TiCl+ gives four polamgraphic reduction waves with equal height in 

dimethylsulphoxide solutions mkainiq Et&lOs [141]. lb?1imitingcm.Yent 

ofeachwaveis diffusion-ccntrolled andproportional tc the concmtration of 

TiClk; uxkrolled potential coulcunetry at a pctentialon the plateau of the 

fourthwave shcms anuptake of fourelectrtms per mlecule. These four 

reduction waves were attriknked to reduction of Ti(IV) to Ti(III), Ti(II), 

Ti(I), and Ti(0) [141]. 

8.6 PHCm-~YsIs 

Titauia, anatase, or sinply, TiO2 pxder as well as other titanium oxide 

species havehaenusedextensivelyinpkkocatalytic systems. M=c=ylamp 
irradiation of Ti02 pmders mixed with W2 leads to the continuous production 

of H2 and02 fromgaseous H20 at man temperature; the rate of evolution of 

H2 per 100 mg TiO2/RuO2 and 20 hours is 11 ~1s at a steady state [142]. A 

mschanisnofwaterdeoornpositiononTi02 was proposed fmnthedependemeof 

the reactivity on the surface treatments. Thepbtochemical~itionof 

hydmcarkons in oxygen-containing soluticns at platinised-Ti02 yields 

pm&stkmtlyc02 asthe reactionprcductalongwiththe internediate 

prcduction of hydmxylated ccqou~& [143]. Amechanislnhasdlsobeen 

pro~zosed for the reaction based on the photo-regeneration of OH radicals at 

the Ti02 surface [143]. 

Irradiaticm of aquecus-ethanolic solutions of titanim(IV) with light of 

X < 310 m yields Ti(II1) and hydrcgen [144]. The initial rate of formation 

of Tit1111 during the first 3 hours of photolysis is 2.5 x 10B5 ml/hour and 
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is 100 tines greater than the rate of hydrogen formation. Use of C2D50H 

indicates that the coqosition of the hydrogen prcduced is s 50% Hz and % 50% 

HD. 

Experiments by Sato ard White [145] demonstrate that the dewsition of 

water is catalytic at 23 “C when a platinised pohdered Ti02 catalyst, 

illuminated with band-gap radiation, is used. The reaction of gas-phase Hz0 

with active C om illumina ted platinised Ti02 has also been studied at rocm 

temperature atxd 60 'C [146]. The products are Hz, COn, and a small anmnt of 

02. As the reaction proceeds, the rate of product formation decreases because 

of an accumulation of H2 and the loss of good contact between the catalyst and 

carbon; the reaction is zero-order in P(water) and the activation energy is 

s 5 kcal/ml [146]. The qualitative wavelength dependence of the reaction 

rate shows anonset a little shorter thanobserved inthewaterqxs shift 

reaction and the Hz0 decaqmsition reaction over the sane catalyst. At ronn 

terrperatwe, the guantum efficiency is Q 2% at the beginning of reaction; when 

the reaction is carried out in liguid water, the oxidation of C is inhibited 

and 02 and HZ are evolved [146]. Photocatalytic deccaqmsition of Waters vapour 

over platinised TiO2 also takes place when the catalyst is coated with NaOH 

(QJ 7 wt %) [147]. The guantum efficiency reaches s 7% (20 umol H2/hour) at 

thebeginningofthe reactionbutdecreaseswithaccumlationofproducts owing 

to thermal back reactionover Pt. This effect of back reaction can be reduced 

byincreasi.ugNaOHloading. Photocatalytic activity of platinised Ti02 for 

the water-gas shift reaction increases with increasing NaOH coating and rates 

of such catalysed reaction are independent of teqerature in the range 18-50 OC, 

but are pH-deper&nt [147]. Reaction kinetics for the catalyzed interaction 

of gas-phase water with carbon monoxide over platinised Ti02 under ultraviolet 

irradiation have been examimd from 0 to 60 OC [148]. At 25 OC, the reaction 

is zero-order in [CC] and [Hz01 when P(C0) > 0.3 torr and P(H20) > 5 torr; 

activation energy is > 7.5 kcal/ml and the guantum efficiency is s 0.5%. 

When TiO2 and HP, or CO, is placed in an ambient of gas-phase water and 

illuminated with band-gap radiation, H2 is evolved [149]. Addition of small 

amounts of 02 retards csoqletely this reaction. At temperatures > 200 OC, a 

dark reaction betwem reduced TiOn and Hz0 to produce H2 also occurs. These 

results indicate that HP evolution is not the result of catalytic Hz0 

plmtolysis, but a photo-assisted reaction of Hz0 with 02 vacancies prcduced by 

the reduction [149]. 

A transparent TiOn colloidal solution (particle radius s 200 A) can be 

produced by hydrolysis of titaniumtetraisopropoxide in acidic queous 

solutions [150]. whensimultaneous lyloadedwitli ultrafine Pt and RuO2 

deposits, these particles display an extremely high activity as Hz0 
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deccqmsition catalysts. Band-gap excitation of the TiOz generates Hz with 

a quantum yield s 30flO% with O2 prcduced in stoichimetric amounts [EO]. If 

either [ku(bpy) 312+ bpy = 2,2'-bipyridima) or rhodamine B are used as 

sensitisers, HP0 is demqosed by visible light. Addition of mathyl viologen 

(MV'+) increases H2 yields significantly. Laser photolysis experiments were 

performed with the [Ru(bpy)312+/MV2+ system and reveal the high rate aud 

specificity of the catalytic reactions leading to HP ahd 02 production frcnn 

H20 [1501. Sustained cleavage of water by four guanta of visible light has 

been achieved in aqueous solutions by Graetzel and co-mrkers [151,1521 using 

a bifunctional redox catalyst coqmsed of Pt and RuO2 co-supported on colloidal 

TiO2 particles. A photochemical a&e1 system mntaining [m(bpy)3]*+ as a 

sensitiser and MV2+ as an electron relay species has been used to test the 

effect of catalyst ccqosition, sensitiser, concentration, pH and temperature 

on the efficiency of light-induced Hz0 decomposition [151]. An electron 

relay-free system also exhibits high photoactivity [152], and direct band-gap 

irradiation by ultraviolet light leads to efficient H20 cleavage in the absence 

of sensitiser and relay [1511. Amphiphilic surfactant derivatives of 

mu(bw) 312+ also exhibit an extremely high activity in pmting the water 

cleavage process [152]. Adsorption of the sensitiser on Ti02 particles - 

water interface, and electron ejection into the TiO2 cxxduction band (cb) were 

evoked (see reactions 31-33) to explain the observations [152). 

hv 
(Ti02/RW) ----t*(Ti02/~02) -(Ti02/RuOz)+ + ek 

(Ti02/Ru02)+ + H20 -'H+ + l/2 O2 

(31) 

(32) 

Pt H20 

ecb 
- (Pt;e-) -l/2 HP + OH- 
surface 

surface (33) 

Irradiation of a Ti02 suspension (grain size < 0.06 am, 3-15 rag/ml) in 

acidic solutions containing 10m3 M Ce4+ leads to enhanced evolutionof oxygen 

[1531, with the yield of 02 dependent on the amunt of Ti02 in the suspension 

and on temperature. A suspension of TiO2 (band gap Q 3.1 eV, X < 400 nm) in 

dilute H2SO4 leads to HP and 02 &lution in the ratio 2:l. In both systems, 

TiOz apparently acts as an efficient electron donor [153]. Reaction 

machahisms (34 to 42) for the tm systems have been prw by Vonach and 

Getoff t1531. mction (36) cancccuraccordingtorea&ions (36 a-d) where 

H,O+ transients are presmably formed on the particle surface where OH' 

radicals are alsooxidised. Anincrease intemperatureyieldsmreoxygen 

in this above system. Itwas also foundthatatthehigher teqerature 
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hV 

TiOn -TiOn* -(TiOn 
+ 
, e-) 

X > 360 nm surface 

(TiO2+, em)surface + Ce4+ -TiO2 
+ + Ce"+ 

(34) 

(35) 

4 Ti02+ + 2 H20 -4 TiO2 + 4 H+ + 2 02 (36) 

Hz0 + Ti02+ -Ti02 + H20+ (36a) 

H,O+ + Hz0 -H30+ + OH' (36b) 

OH' + TiOp+ -Ti02 + H+ + 0 (36~) 

20 *02 kJ--y fast) (3W 

(60 "C) theoxygene~~lutionprccessis photocatalytic and thermochemical, but 

atthelowertesperatures (10 "C) thephotocatalytic process is pB 

r1531. For the H+Q/H20 aqueous system, the HP and O2 yields increase with 

in~seiuH2SO4 concentration, and the mechanism was described (153) as 

beginning with reaction (34) above, follcwed by reactions (37-39) with oxygen 

evolution as shown in reaction (36). Without TiO2 in this second system, 

(TiOz+, e-) + H' -H + TiO2 
+ 

a51 
(37) 

H + H-Hz; k = 1.15 x 1O1' M-'s-l (38) 

H + Hz0 -HP + OH'; k = 10 K's" (39) 

very little Ii2 and 02 is produced because of direct photolysis of H2.904 through 

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

hv 
(304 2--*9C42--~4-' + e- 

a51 

+ H+ 
'a4 * 

-H; k = 2.3 x lOlo M-Is-' 

(40) 

(41) 

2 so4-’ -s20@ 2- (42) 
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Ti02-supported noble matal catalysts such as Pt-, IX-, and Rh-TiOp are 

much more active for the MD-CO reaction in the presence or absence of H20, HP, 

and 02 than the corresponding A1203 or other supported catalysts [154]. They 

are effective even in an oxidative gas ccqmsition range for the 

N3-CO-(H20)-H2-02 reaction produciug no ammonia. Ccanparison of the catalytic 

activity am3 properties of R-TiO, with those of other supported catalyst 

suggests that the higher activity of the Ti02-supported catalysts could be 

attributed to their ability to activate No molecules by dissociative 

adsorption at lower temperatures [154]. 

Theheterogeneous @mUcatalytic decomposition of benzoic acid and. adiiic 

acid on platinised Ti02 lxmder has been investigated by Eard and co-workers 

11551; the photo-Kolbe decarboxylative mute to the breakdcwh of thebenzene 

ring and to the production of butane were followed. 

Measurementof mt oersus Ti02 electrode potentials at different 

electmlyte pH shcms that the guantum efficiency for H20 photo-oxidation is 

pH-depe&ent [156]. The results ware interpreted in terms of surface CH- 

groups tiphys.isorbedOH~ions acting as inizermadiates in adoublemachanim 

of hole trapping and charge transferatthe semicorkductor/electrolyte 

interface. The experimental dataware analysedaccordingtoWilson'snode1 

for electm&mical behaviom of semiconducting photcexcited electrodes that 

introduceas newparamaters, surfaceelectrontransferandsurface 

recombination rates. Mechanismsofcharge transferweredescribedtoexplain 

generation of photocurrents on absorption of uv light by Ti02, with the 

prefezmadmschanismbeingone inwhich surfaceO%--groups andTi3+ions act as 

hole traps ard donor centres, respectively [156]. 

The solid statephotogdlvaniccells involvingphotochemicallydeposited 

metals as active materials have been reported [157]. As these cells possess 

mnyexcellentfeatures ascmparedwiththeusualphotcgalvauiccells inwhich 

bothcathodic arkdanodic~~terials aredissolved in solutions, they provide a 

novel storage systemforthe conversionof solarenergytoelectrical energy. 

Atypical two camparhnent cell [TiOz, iaqueous Ce(SQ)n-Ce2@04]3//aqueous 

F!gIQ,Ptl could be changed by irradiation of 300-400 nm light on Ti02 11571. 

The photosmsitisation of SrTiO, and BaTi03 anodes uuder DC conditions 

affords little iqmvemmt in the photc-electrolysis of water [158]. 

TIE electronic structw_e andcatalytic activityof 

cobalt-tetraphenylporphyrin su~rtedonTi02 havebeen studied; this system 

showsa remarkable activity for H2-reduction of No to N20 at 50 'C [159]. 

Titanim(I1) porphyrin intermediates anddioxygenaregereratedbyphotolysis 

of peroxotitanium(IV)-tetraphmylp3rphyri.n; theobservedphoto-oxidative 

behaviour suggests the oxygen to have singlet character [160]. Spectral 



sensitisation by magnesium tetraphenylporphine (MgTPP) films on SrTiOs 

electrcdes using hydroquimne as a reductant has been reported [1611. The 

action spectra reflect the absorption spectra of Kgl'PP film which show both 

anodic and cathodic photccurr ents depending on the applied potential. An 

influence of the structure of the MgTPP films on the photccurr ents has also 

keen observed (1611. 

A successful and reproducible manufacturing method for Ti02 film for 

photoelectrochmkal cell anodes has been described, and the properties and 

spectral response of the cell along with hydrogen evolution have been studied 

11621. 

8.7 TiCCMPOUNDSINOKANICFZACTIONS 

Oxidative addition reaction of [(~p)~Ti(C0)~] with two equivalents of 

CC(C&Et)2 leads tolossof the two COgmups and formationof the symmetrical 

matallacycle (33) the nature of which was ascertained by NMR and confirmed by 

an X-ray structural analysis [163]. The chelate ring has a gauche 

EtOOC COOEt 

EtOOC COOEt 
0 
\ /O 

Ti 

(33) 

conform&ion, the C atms being displaced by 0.18 A on opposite sides from the 

Ti-G-0' plane. (p-Me-C6H~N)2C, (TW), couples reductively by ((cp)~Ti(cO) 21 

to give tetra-ptolyloxalylamidine which acts as a biderkate ligand bonding 

two (cp)pTiunits to give [(cp)pTi(TCD)]2 containing Ti(II1) [1631. The C-N 

distances in the TCD metallacyclic ring are identical indicating a significant 

doublekondcharacter. Iodine converts this mstallacycle to the corresponding 

diamagnetic Ti(IV) oxpound, ((cp)zTi(TCD)lz(I3)2 11631. Oxidation of 

[(~p)~Ti(TcD)]2 with tetracyancethylene (TCNE) affords a probable charge 

transfer corqlex, [(cp)2Ti(TCD)l~(ICNE)2, containing the TCNE-' radical anion; 

the presence of this anion was deduced frcxn the infrared spectrum and magnetic 

mmsnt (two unpaired electrons per unit). ~-oxobis(dicyclopentadienyl)- 
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(alkenyl)titanium(IV) ccmplexes have been prepared from [(cp)2Ti(CO)~ 1 and an 

alkyne in the presence of HzO, and gave the corresponding cis-olefins [1641. 

The cations TiCL++ and TiC13" are the principalionsproducedby 

electron-jnpact ion&&ion of Tic%, (1651. Both cations react with TiCL, to 

give Ti$lT+. Reactions of this and other species of the form TiCl3(ligand)+ 

have afforded thedetermina tion of an order of relative ligand binding to 

TiC13+ :MeF < Tic15 < Ml < EtCl < benzene 11651. MeI, propylene, and butenes 

are also stronger ligands for TiCla+ than for TiC14. Furthermore, a study of 

halide transfer and proton transfer has led to the determination of some 

thermochemical dissociation energies: D(TiCls-Cl) = 217fll kcal/n-ol, 

D(TiCls-F) = 25424 kcal/nol, and D(TiClb-H+) = 175211 kcal/nol. Chloride 

transfer from MeTiC13 to TiC13+ gives MeTiC12+ as the major ion at intermediate 

times in the ion chemistry of MeTiC13 [165]. This major ion reacts with C~HI, 

to yield C3HsTiC12 + and hydrogen; C3HSTiC12+ reacts no further with CzH4. 

With C~DI,, HD elimination predcminates (> 85%) (1651. 

Ethylene polymarisation catalysed by [(cp)~Ti.EtCll or ((cp)~TiMeCll and 

co-catalysed by oxyaluminium ccxnpounds formed by hydrolysis of AlEXCl~, 

ALEt2c1, -3, -2c1, Albk3, and A.lEX(OBu)Cl in benzene solutions has been 

studied [1663. Co-catalytic activityofoxyaluminiumcompxndsdecreaseswith 

increase in the number of alkyl substituents in the corresponding alanes, 

A1RrClY(OBu)3_PY; the oxyalumUiumcaqxxrd formed fromALht(OBu)Clis 

inactive. The oxy o2npunds of methylalanes are much less active than those 

from ethylalanes, and if the sama aloxane co-catalyst is used, the catalytic 

activity of [(cp)2TiEtCl] and [(cp)2TiMeCl] is about the same [166]. The 

iqortanceofthechfmristryoforgano-titaniumoqxxnds (following the 

discovery of Ziegler-Natta catalysts) due to their reference to homogeneous 

catalysis and chemical fixation of N2 has led Shamm et al., [1671 to prepare 

several (cp)zTi-containing ccanpounds with such Schiff bases as 

N-alkylsalicylaldimine, where alkyl is methyl, ethyl, propyl, isopropyl and 

n-butyl. 

The stereodifferentiating activity of Ziegler-Natta type Ti(IV) catalysts 

carrying the chiralligandmsnthyland neo-menthylcyclopantadienyl (Mcp and 

IPicp) has been investigated in the asynnxatric catalytic reduction of a 

prochiral olefin; 2-phenyl-1-butene is hydrogenated with acceptable optical 

yields to (R)-(-) or (S)-(+)-2-phenyl-l-butane, respectively [168]. The effect 
on optical yields of reaction temperature, of the nature of the chiral 

co-catalyst or of achiral co-catalysts of different bulk has also been studied 

(1681. The co-catalysts appear to play a negligible role in the asyrmnetric 

reduction. The higheropticalyields are obtained by compounds carrying the 

(R)-(-)-manthyl-cyclopentadienyl ligti (Mcp), especially when two such ligands 
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are bound to titanium; with (S)-(+)-NI&p ligand, the optical yields are lcwer. 

However, when one or two units of ligand are bound to Ti, the optical yields 

are about the sane for the (S)-(+) -necmenthylqzlopentadienyl ligand. This 

fact, together with the observation that the absolute configuration of 

hydrogenated hydrocarbons is dictated by the absolute configuration of the C 

atom directly attacking the chiral substituent to the cp ring, would indicate 

that asynmatric induction is principally related to the crowding around the 

n&al atom 11681. The major catalytic species is probably a Ti(IV) complex. 

The aluminium co-catalyst is probably not directly bound to the titanium 

catalytic system formad in situ by hydride or chloride bridges or other 

different kinds of bonds, owing to the lack of any influence on the optical 

yields (but not on the rate of hydrogenation) by the OR substituents bound to 

the Al atcxns [1681. The chiral environment of the titanium atom in a J+xA.ble 

Ti(IV) monohydride catalytic intermadiate is illustrated by (34). Theabsence 

Ti 

(34) 

X = Cl or ClAlH(OR)2, etc. . . . 

RI = H, CH3 

Rz = (S)-(+) -neomnthyl or (RI-(-)-menthyl 

Ti(IV) catalysts used [168] Co-catalysts used [1681 

(35) (n5-Mcp)2TiC12 

(36) (+NMcp)2TiC12 

(37) (n5-Mcp) (?-cp)TiC12 

(38) (+NMcp) (?15-cp)TiC12 

(39) (ri%cp) (ri5-cFH3)TiC12 

m2 (a2(3H2m3) 2 

LiAlH2 e3u) 2 

LxlH2 1 (-)oMen~Yll2 

of large optical yields with coqm.mds (37), (38) and (39) suggests that chiral 

groups on the cp ring cannot induce a chiralcoxdination aroundtitaniumas 

would be possible for a nonohydride of the type such as (34) above [1681. 

The sys= (c~)2TiX/m+~ n X /Et20(NEt3) (where X = Cl or Rr and n = 0 

or 1) have been studied by dielectrcme tric and calorimetric titration and also 

by ERR techniques [1691. Bimetallic 1:l coqmuuds containing hydrogen bridges 

Ti<",>Al are formed in all system. Allreacticmprcducts, except 

(c~p)~TiH2AlHCl*Et20, formed at 20-25 'C, are nonomaric in solution. The 

noncchlom 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 

ard l,lO-phenanthmline; the groups have beenenployedtoattach Du(bpy] 312+ 

ad [Ru(phfs) 31 2+ to Ft electrcde s by (1) hydrosilylation followed by 

polycondensation with the electrode, or by (2) cycling the electrode to 

negative potentials to induce anionic polynerisation at the electrode surface 

[170]. when elecrtmplymerised at a TiC2 electrcde, the [Ru(phen)312+ film, 

in contact with an aqueous solution containing hydrquimne as a mediator, 

supports a steady photomment stable for > 15 hrs. 

Deoxygenation of 2,3-disubstituted gu.i~~~xaline-1,4dioxides can be czried 

out under mild conditions with TiC!L,/Zn dust to give products in reasonably 

gcod yield (range 47-67%) according to reaction (43) [171]. But in practice, 

TiCl&n dust is the least convenient and scmatines leads to intractable 

TiCl@n 
(43) 

P1 = C&Ph, CDPh, CDCH3, CO2Et, Ph, CH3 

R, = Ph, Ph, a3r (3H3, a3, cH3 

mixtures ; the silanes S&J& and MesSi are nore convenient. A facile route 

has been reported for the preparation of tetraphmylfuran in 80% yield frcan 

benzoylchloride andlawydlent Tispecies, the latter pnqaredbyactionof 

LiAlK, on Tic13 [172]. Sulphidescanbeconvertedtosul~using 

TiCls/H202 (reaction 441, in alcohols, water, or acetonitrile [173]. I&action 

of ~-aUylclicyclopentadienyltitanium(III) caqlexes pre-famed or formd 

in situ with aldehydes or ketones proceeds with regiospscificity, high 

TiCl3/H202 
P'_S_P" c P'-S-P" 

s 

(44) 

stereoselectivity, and ckmspecificity affording, uuder mild conditions, the 

~~spondinghomoallylalcohols after hydrolysis, and inexcellentyields 

[174]. 

Synthesisof B-ladamsbyreadi~ofketenesilylacetatewithSchiffbases 

is pmmted by TiCL, [175]. l-tzin&hylsilyl-2-hutyne reacts with carknnyl 
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omq-ounds in the presence of TiCl !, or tetra-n-butylarm-oniu fluoride to produce 

mainly cl-allenic alcohols [176]. With TiCl4, it is also possible to obtain 

chloroprenic derivatives only. Propargylrsathylsilane reacts also with 

carbonyl ccqounds to prcduce chloroprenic derivatives in the presence of 

titanium(IV) chloride [1773. A n-allyltitanium complex with a chiral 

cyclopantadienylligand reactswithCQ undermild conditions to formaC-C 

bond providing the first demonstration of asynmetric CO2 fixation 11781. Use 

of (cp)zTi 3t a3 
as a source of (cp)2TiCHz for reaction with unsaturated 

organic and organomstallic substrates affords a premising pathway to other 

metallacyclic and bimetallic mathylene bridged systems [179]. Use of TiClb 

(1801, Tic13 (1811, alkyltitanim(IV) compounds [182], and. Ti(OR)s (1831 in 

organic syntheses has been reported. The possibility of developing novel 

syntheses for tri- and tetra-substituted olefins [184], as well as reports on 

the catalysis of hydrogenation of linear and cyclic olefins with 

alkyltitanccene ccrmpounds [185] have appeared. Tetraneopentyltitanium has 

been used as a polymarisation catalyst (1863. 

Disubstituted acetylenes react with isobutyl magnesium halide in the 

presence of catalytic amounts of [(~$)~TiC12] in ether to afford E-alkenyl 

Crignard reagents selectively in almost quantitative yields (1871. The 

regicchemistry of this hydromagnesation reaction is high for 

alkylarylacetylenes and silylacetylenes giving E-ArC(NgBr)=CBR frcnn 

alkylarylacetylenes, E-ArC(MgBr)=CH(SiMe3) from arylsilylacetYlenesr and 

E-CBR=C(M~B~)S~M~~ from alkylsilylacetylenes, respectively [187]. The 
reaction offers a novel, selective, operationally simple route for the 

preparation of tri-substituted olefins. 

Insertion of diphenylketene into a Ti-0 bond of alkyltitanates, Ti(OR)k 

(R = C2H5, iC3H7, C5H5 , . ..) results in the unexpected generation of a Ti-C 

bond; a series of complexes, [WED) 4_,Ti(CPh2C(0)OR)n] (n = 1, 2), was obtained 

and characterised by spectroscopic data and by hydrolysis products (1881. 

Action of molecular oxygen changes Ti-C into Ti-O-C (auto-oxidation) and after 

hydrolysis, ol-hydroxyesters (benzilates) are obtained (1881. 

Hydrogenation of 1-hexene and cyclohexene with Li.AlH~,(cp)zTiX (X = Cl or 

Br) catalysts is fastest at Al/Ti ratio of 1:2; ERR data suggest the active 

species is [(cp)2Ti]2AlH1,X (1891. No such catalytically active species are 

formed with LiBHb. 
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