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2. TITANIUM
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INTRODUCTICN

The chemistry of titanium continues to be a vigorous and diverse area of
research activity. This review attampts comrehensive coverage of the
coordination chemistry of titanium; organometallic a.nq solid-state aspects of
titanium chemistry are treated selectively and, usually, in connecticn with
scme other theme. The important subject of photocatalytic reactions on TiO:
and SrTi0; powders and semiconductor electrodes has been judged to be beyond
the scope of this review and has been amitted.

During the nast year, several reviews of various aspects of the organometallic
chemistry of titanium have been published, These include Labinger's ennual
review of the literature for 1979 [1] and Thewalt's camprehensive volume in the
Gmelin Handbuch on organotitanium compounds with two pentahspto ligands [2].

In additicn, the special issue, Volume 200, of the Journal of Organametallic
Chemistry contains a number of interesting articles that touch on organotitanium
chemistry. Noteworthy are papers on metal stam synthesis of zerovalent arene
campounds (3], dinitrogen fixation by transition metal campounds [4], and
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organcmetallic catalysts for the oligomerisation of alkenes (5], Nugent and
Haymore have reviewed the chemistry of organoimido {(NR) campounds of titanium
[6]. ©On the sclid state side, two brief reviews of the intercalation chemistry
of TiS, have appeared [7,8].

The present review covers the major journals for the 1980 calendar year and
the lesser known and/or foreign journals for the period covered by Chemical
Abstracts, Volume 91, Mumber 21 through Volume 93, NMumber 18,

2.1 TITANIUM{IV) COMPOUNDS
2.i.1 Halide and paeudohalide complazes

Titanium(IV} fluoride adducts of the type TiF.L, (L = 3,4-benzcquinoline
{phenanthridine) (i) or 5,6-benzoquinoline {2)) have been prepared by reaction of

o o

{13 {2)

equimylar amounts of TiF, and the ¥-donor ligands in thf at reflux. The presence
of a single v(Ti-F) band in the IR spectra of these coamplexes {(near 570 cm_l)
moints to a trans-octshedral geametry {9].

Guinier X-ray powder data indicate that the new metal fluorides RbiTiF; and
(s3TiF+y have the tetragonal K;SiF; structure, space group P4/mbm. The it ion
is octahedrally coordinated by F ions {rF(Ti-F) = 1.91 A {in the RE* salt) or
1.92 & (in the Cs® salt)}. The presence of octahedral {TiFs} groups in these
compounds has been confirmed by Raman spectrvoscopy [10]. The structure of
[N:M; )2F: [TiF¢ ] consists of hydrazinium(2+) cations, fluoride anions, and discrete,
nearly regular, octahedral [TiFe}?™ anions (A(Ti-F) = 1.862 &}; these units are
connected by N-Hes«F hydrogen bonds [11].

Conplex fluoroanions of the type [TiF.X: ]2_ (X = CF,000, SN or N;) have been
characterised in solution by ¥F MMR spectroscopy; both eis and trans isamers were
observed [12].

A variety of Lewis bases react with TiCl, to give solid adducts having
stoicheiometry TiCl,.2L, TiCl,.L, or 2TiCl,.L., Phenanthridine (1), benzofurcxane

¢3), and hexamethyliphosphoramide (lorma) yield [TiCl.L;)} complexes that have been
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(3}

assipned a frans—octeshedral structure on the basis of a single wW(Ti-Cl) or a
single v(Ti-L) band in their IR spectra [13-15]. The benzofuroxane ligand (3}
is attached to titanium through the acyclic oxypgen atam [14]. Reacticn of
TiCl, with hnpa (2:1 mol ratio) in _nitrumth.ane affords the dark red c;émplex
2TiCl, .hmpa, which is a nonelectrolyte in dichloromethane. A confacial
biocctahedrel structure (4) featuring chlorine brideing and terminal attachment

C1 , Cl N Cl

m—--n{-cx-/:-n-__m

a’® “a’ \op(muezya

(1)

of an O0-bonded hmpa ligand has been proposed on the basis of IR and NMR evidence
{i5]). This structure is analogous to that of the isoelectronic [Ti:Cls]™ iom

in [PC1,][TisCly] {16]. Triphenylphosphine sulphide reascts with TiCl. in benzene
at reflux to give a 1:1 adduct that has been assipned a dimeric u,-Cl-bridped
structure, [LCL,TiC1,TiCl,L], on the basis of molecular weight, conductance, and
IR data; the IR spectra suggest that the Ph;PS ligands are attached to titanium
viq the S atan [17]. TiCls reacts with the bidentate amide ligands ¥ ,4'-
dimethyloxemide (5), ¥,¥'—diethyloxamide ¢€), ¥ ,N'—dimethyldithicoxamide (7},
¥,¥'-diethyldithiooxamide (8), or ¥,¥‘—diethylmalonamide (9) to give solid,

{(5; n =0, R=Ma, E=0)
(6; n=0, R=Et, E=0)
(7; n =0, R =He, E =8
(8; 1 =0, R=Et, BE = 8)
(9; n = 1, R = Et, E = 0)

vellow or orange TiCl.L conmplexes, which are nonelectrolytes in nitromethane
solution. Shifts in the frequencies of the w(C-N) and v(C-E) IR bands upan
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camplex formation indicate a bidentate ¢,0- or 5,5-attachment of the amide
ligands, and suggest that the S-donor lipands are more strengly beund to
titanium than the corresponding O-danors [18].

The enthalpies of several lewis acid-base interasctions involving TiCl, have
been measured calorimetrically. The enthalpies of camplex formation in benzene
solution at 25 "C for [TiCl,{¢(CsHy 8)2}] (-2.9 kJ mol_l) and [TiCl,{(CyHs )28} 1
{-48.1 kJ mlul) are consistent with the notion that disulphides are consider-
ably weaker Lewis bases than monosulphides [19]. The enthalpies of formation
of chlorotriphenylmethane complexes with TiCly {(-39.3 kJ erl-l) and related
Lewis acids indicate that Lewis acid strength toward Phi;CCl decreases in the
order [20]:

Sl > AlBry > GaCl; > BClL; » 8nCi, » TiCl, > VW1, > VCIZlg

Intercalation of graphite by TiCl, has been observed in the presence of free
chlorine, but the most highly intercalated products have a Ti:C ratio of only
1:32 and TiCl, is rapidly lost upon exposure to the atmosphere [21].
Electrochemical and Raman spectroscopic studies have shown that TiCl, is
present in BaCl,-KC1-LiCl entectic as the [TiClg ]2_ anion [22,23], Salts of
the type [RPCL;}{Ti»Cls] and {RPhEC1;][Ti:Cls] (R = CMe;, CEtMe,, CgHyn , or
(Ph; ) have been prepared by reaction of TiCl,, PCl; {(or PhPCl; ), and RC1 in
dichloromethane solution. These campounds behave as 1:1 eleclrolytes ik nitro-
methane, and IR spectra exhibit the terminal and bridging w(Ti-C1) bands
expected for the [Ti:Cls] anion [24]). The changes which occur upon heating
(PC1, J[TiCle] and [PC1, J2[TizCly ] have been investigated by studying their
Raman spectra as a function of temperature. [PCL,][Ti:Cls} melts at ca. 210 °C,
and molten [PCLl, 1[Ti.Cls] decomposes to vield solid [PC1, J[TiCls] and gaseous
TiCl. {egn. (1)). In [PCle}2[Ti:Clyp ], dissociation of the dinuclear anion to

[PCL. J[Ti2C1s )(s) aRA=f{ 1, J[Ti,C10 (2 ) =2 [PCL, ]{TiCls J(s) + TiCl. (g} (1)

give [TiCls]™ occurs in the solid state at ca. 185 °C; the solid melts at ca.
320 °C, and [PCl4 1" and [TiCls] ™ ions are present in the melt (egn. (2)). All

[PCL. 32 [TioCly I(s)Bi=Leorpcl, I[TiCLs J(s) SR8Loo(pC, JITiCLs W) (2)

of the changes in egns. (1) and {(2) are reversible [251.

Several papers have anpeared that describe the preparation and properties of
crganctitanium halides and pseudchalides. Two inproved synthetic routes to
f{ep)TiCl, J-and related substituted cyclopentadienyltitanium trihalides have



13

been renorted, One involves reaction of bis{cyclopentadienyl)titanium dichlorides

with S0,Cl, in 80C1, at reflux {eqn. (3}) {26]. The other utilises the reagent

[R,TiCl;] + S0,Cl, — = [RTiCl;] + S0, + RCL
{R = cp or Mecp)

(3

trimethylsilylcyclopentadiene {egn. {(4)}. Analogous trimethylsilyicyclopentadienyl

TiX, + @(Sﬂea ——= [{cp)TiX; ] + Me;SiX
H

£€X = C1, Br or I)

(4)

camplexes, [{Me;Sicp)TiXs], have been obtained by reaction of titanium{IV} halides

with bis(trimethylsiiyi)cyclopentadiene (egn. (5)). Attempts to prepare adducts

SiMe;

BiMe
TiX, + R Ti,
SlMEa ” . .
X'I X + Me,S3iX

(X = Cl1, Br or I) X

of [{ep)TiCls], [(cp)TiBry] and [(Me;Sicp)TiCl,] with a variety of bidentate
ligands indicate that the Lewis acidity of these complexes is much reduced from
that of the parent tetrahalides.; only two adducts, [(cp)TiCl;{phen)] and

[ (Me;8icp)TiCl;(diars)], could be positively identified [27]. Far IR and Raman
spectra of solid and gasecus {(ep)TiCls] and [(cp):TiCl.] have been reported;
ring and skeletal vibrations have been assipned, and barriers to restricted
rotation about the Ti-cp bonds have been calculated [28,29]. 'H and “C chemical
shifts have been reported for a series of bis{zlkyl-substituted cyclopenta-
dienyl)titanium dichlorides, [(n-RCsH,);TiCl,] and [(n-BR'CsH;).TiCl.}; their
¢ chemical shifts can be predicted on the basis of additive contributions
Irom the alkyl groups [30].

Stepwise electrochemical reduction of [(ep)2TiX:] (X = C1 or Br} in thf gives
[{ep).TiX:]", [(cp)eTiXe ]2-, and [(cp):TiX. ]3_- [(ep)>TiXz] is steble in
solution and reacts with FPhMe: to give a 1:1 adduct (EPR evidence}. [(cp):TiX:
dissociates into X and [{cp):TiX] , which alsc forms = 1:1 adduct with PPhMe;
[31]. Organotitanium halides can be prepared by electrochemical oxidation of
titanium metal in a cell containing an organic halide BX {R = alkyl or aryl;

X =11, Br or I). The products are conveniently isolated as MeQi or 2,2°-
bipyridine smdducts, and the most camonly isolated products are R:TiX:L.

(5)

e
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(L = ¥(N or lbipy) [32].

Pseudohalide canplexes of the type [(cp){Mecp)TiX;] (X = N;, N0, NS or NCSue)
have been synthesised, in aqueous solution at pH 2 or in thf at reflux, by
reaction of [{cp)(Mecp)fiCla] wilth Na[N2}, K[OW], K[SCN], or Na[secn] [33].

The corresponding [(Mecp)oTiX; ] complexes have becn prepared by similar procedures
{34], IR spectra show that the NMOO, NCS and NC3¢ ligands in these camplexcs ore
bonded to titanium through the nitrogen atom (33,347, Mixed isocyanate-aryloxide
complexes of the type [(ep)Ti(NCOY(QAr)] have heen prepared from [{cp).Ti(RCO);]
and have besn comverted to [{cp)TI(D)Br]) by reaction with HBr; [(cp):TL{M0O)Br}
is relatively inert vo disproportionation {35]. Related complexes of the type
{(ep){ep' YTiXY] {op' = n-CsHi{1-Mo)(2-CHMe.) or n-C.H,(1-Mo)(3-CHMc, ); XY =
(OAT)(CL), (CArY{NCS), or (Br)(NC3)} are chiral and exist as two pairs of
diastereoisamers., A study of the products of substitution Teactians (6) and (7}
indicates that reaclion (8) is sterecselective and reaction (7) is stereospecific
[38].

[¢ep)(ep ITi(0Ar)CL} ~XERESL [ oy cop! YTi (OAr) (NCS) ] (6)
[ (ep){cp' YTL(0AL }(NCS) ] —ie- [ (ep){cp’ YT (Br }(NCS) ] (7

2.1.2 Complares with O-donor Iigande

In thils section, compounds are discussed in order ol increasing conprlexity
of the O-donor ligand., Oxo and peroxo camplexes are considersd first, camplexes
with monodentate ligands next, and camplexes with bidentate ligands last,
Discussion of camplexes with bidentate and polydentate lipands that contain other
donor atoms in addition to axygen is defarred to later sections dealing with the
olher elament.

The syntheses and structures of several oxo-bridged polynuclear titenium{IV)
ceamplexcs have been reported [37-40]; averaged Ti-O bond distances and Ti-O-Ti
bond angles are sumparised in Table 1. [{(ep).TiC1}.0] and
[ {¢ep)>TH(CF;0=CANCF; )},0] (10) are dinuclear camplexes thal bave nearly linear

CF, cF,

cp ep
\ >=<H /
N—o._T7

/ H \
cp cp
Cl"'3 CF3

{10)
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TARIE 1

Averaged Ti-0O bond diestances and Ti-0-Ti bond angles in some odo—bridged
polynuclear titanium{IV) complexes

Compound F{Ti-01/4 Ti-0-Ti Ref,
[{¢cp?sTiCL}20] 1.837 173.8° a7
[{ (cp}2Ti(CF,C=C(H)CF5 }}20] 1.856 170.0° 38
[{{Mcep)TiClG-0) ) 1.798 163.4° 39
Cs, [{TiO(nta)}, 1.6H,0 1.75, 1,90 182,2° 40

Ti-0-Ti linkages and Ti-O bond lengths that indicate an appreciable amount of
T-bonding involwving filled P orbitals on oxygen and o vocant t:l1_T orbital on
titaniwm. In (10), 211 of the titanium-ligand bonds are somewhat longer than
normal {»(Ti-0) = 1.856 §; ;('I‘i—Cspz) = 2,239 A, F(Ti—CBp) = 2,421 A}; this is
aliributed to steric effects, (10) was prepared by reaction of [{cp)Ti{(0)a]
with hexafluorobut-2-ync in benzene solution [3B]. Crystals of [{(ep)eTiCl}:0]
were obtained by reaction of [(cp)aTiC1{CH;)] with traces of water in benzene
solution [37]; this compound has also been orepared Ly oxidation of
E{(cpy.TiCl};] with N0 (egn. (8)) [41].

({(cp)sTiCle] + NgO — = [{{cp);TiCl},0] + N; (8)

Hydrolysis of [(Mecp)TiCls] in heptane affords the tetramiclear complex
[{(Meep)Ticl(1:-0)}y ] in which four {(Mecp)TiCl} moieties are linked together
by four symmetrical axo bridges to give an elght-membered ring of alternating
Ti and © atans that has approximte Dzd symmetry.  Once agmin, the Ti-O bond
lengths (see Table 1) indicale an spprecisble amount of Ti-O v-bonding [3¢].
The corresponding cyclopentadienyl derivative [{{ep)TiC1(u-0)}y ] reacts with
[(cp)TiCla] to produce [{(ep)TiC12}:0] (eqn. (8)). The driving foroe far Lhis

[{{ep)TiCLl(n-0)}, ] + 4[(cp)TiCl; ] —= 4[{(cp)TICL, },0] . ' (9)

and related redistribution reactions has been sttributed to the fact that the
strong w—donor oxygen atams prefer to be diatributed over the masdmim mmber
of metel centres. This has the effect of mintmising the competition smong

r-donors for the aceeptor orbitals available on each metsl centre, asg well as

ninimising steric repulsicn [431.
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The {{TiC(nta)}, J¥ snion in s, [{1§90¢nta)l, ].6H,0 (nta = nitrilotriethanoate)
also has 8 Letranuclear oxo-bridged structure. - Bach titanium atom is six-
coordinated by the tetradentale nla ligand angd by two ode p—o=0 groum. The
titanium and oxygen atame form a centrosymmetric, puckered, edipht-mambered ring.
However, in contrast to [{(Mecp)TiC1{.-0)’,], the o bridges in [{TiO(nta)]n]‘!_
are not symmetrical; a short Ti-O bond (1.75 A and a longer bond (1,90 K)
alternste [40]. It is worthy of nole Lbal Llhe Ti-O-Ti bridges in both tetra—
nuclear camplexes exhibit appreciable deviations trom linearity (ef, Tahle 1},
Closely related to (5,[{Ti0(nta}}, ].6l0 are the dipicolinate and iminodiethanoate
camplexes, [TiG(dipic)(CH;)3.3H:0 and [TiC(imda)(CH;)].2H:0, These camplexes
may also have oxo-bridged polynuclesr structures since they lack w(Ti=0} bands
in the 900-1050 cm * region of their IR spectra {40].

[{cp)2TiCl: ] reacts with [Ti{chelate):(QCHMe:):] {(chelale = acac, benzac,
dhzm, methyl salicylate, or the anion of sallcylaldehyde) in toluene at reflux
to give Me-CHCL (1 wol) and inscluble yellow solids which have been formulated,
on the basis of elamental aneglysis and IR spectra, as oxo-bridged complexes of
the type [(cp).CITiOTi{chelate): (0HMe;}]. A strong IR band in the region
790-820 «m has been assigned to v(Ti-O-Ti) [43]. ({(cp).TiR] (R = Ph or Uz}
reacts with MO to give a coamplex of stoicheiometry Ti:{cp):0.(ND). This
campound has been assigned an oxo-bridged structure (11) on the basis of ™wo

ep

|

N
/ 0 \ %
'1‘1'./ Ti/
\._\ /
W SN

(11)

'H HMR signals for the ¢p ligands (relative intensities 2:1) and an IH band at
1550 am™ ! that can be assigned Lo a bent TiNCG group [44].

Photolysis of benzene solutions of the peroxef{porphyrinato)titanfum(IV)
complexes [Ti{0;}{TPP}] and [Ti(Q;)(TnTP)] ([‘I‘PP]Z_ = tetraphenylporphyrin
dianion; [’Ihﬂ‘P]z_ = tetra-3-tolylporphyrin dianion} leads to evolubtion of O
and formation, in cssentially quanlitative yields, of the corresponding
oxo{porphyrinato}titanium(lY) complexss. mO-lal:v:—;all:‘.rl.g experiments indiczte
that the oxo ligand is derived exclusively from the starting peroxe complex
and also thal the O-O bond of the starting porodo complox remains intact in
the evolved 0;. This suggests photoinduced reductive elimination of Qp and
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formation of o formml Ti(II) intermediate {(eqn. (10}), followed by oxygen atom
transfer from anolher peroxo complex (eqn, {(113), Loss of some of the O, as

[T (02 ) (Por) ] —2—e-[Ti T (Ror) ] + O, (10}
(ritlpor)} + [T11Y¢0s ) (mor) ] ———= 2[T1 Y 0(Par) ] (11)

solvent oxidation products sugpumts that the 0; in formed in u singlet state [451.

The péroxo- and oxotitanium(1V) complexes, [T1(0:){edta)]?” and [TiO{edta)]*",
have been obtained in an approximately 50:50 mixture in the first addition of O»
to 5 classical titanium(IIT) complex, [Ti(CH:){edta)] . The reaction is believed
to proceed »ia formation o-f an intermediate superoxo species {egns. (12} and (13}
[a8].

[T1(H; }adta)]” + O ———=[Ti(0:)(adta}]” + H:O (12)

[Ti(0z)(edta)] + [Ti(CH;)(edta)] + 2ZH,0 ——
(133
[T1(02)(edta) ¥ + [TiO(edta)]?” + 2H;0

Several new titanium{1V¥) alkoxides have been prepared by alcohol exchange
reactions between Ti{OCHMe;), and the aporopriate alechol in benzene at reflux,
Camplexes of the type [Ti¢OR)y] (R = l-sdamaniyl (12}, 2-adamantyl (13), or

)
1
@ @”
(12) _ (13)

1-adomantylmethyl) were obtained as high melting, thermslly stable white solids
[47]. [TH{OCH({H, )} B=CKH,},] was isolated as & light yellow liguid (b.p.
118 OC/'O.S Torr) [48]. All of these compounds are monameric in benzenme solution.
TiCl,; (OCH,CH,C1) and TiCl,(OCH,(H,Cl}; behave as Lewis acids toward a variety
of nitrogen bases, giving insoluble solid campeunds, TiCly{OCH:CICl).#L and
TC1,; (OCH,CH,C1)5.0L {7 = 1 or 2) that have been characterised by elementazl
analyses and IR gpectra. Piperidine, morpholine, 2-, 3-, and 4-methylpyridine,
and 1,2-diaminoetbane affard 2:1 adducts, while
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¥4 %' W -tetramethyl-1,2-dizminoethene und ¥, /-dimethylhydrazine yield 1:1
adducts, IR bands in the region 34G-410 (.:m"l, assigmable to v(Ti-Cl), are
consistent with the presencc of six-coordinate Titanium in these complexes [49].

The Rruy slructures of [(ep)Ti(OBt)C1) and {{(ep)Cl.TiH0Me; (Ol TiCls (op) ] ]
(14} provide evidence for m=donution by both chloride sand aikoxide ligands to

[(cp)C1T10Me,Mes0] + [(ep)TiCl, | SBia [{(op)CIaTi JOMMe,Me,OfTICT ; (ep) )] (14)
(14)

the formlly coordinatively unsaturated titanium centres. Thus, the Ti-ClL
distance in [(ep)»Ti{OETICL] (2,405 ﬁ) 1s 0.041 A& longer than the Ti-C1 dislance
in [(ep).TiCl:]. This suggests that chloride and sthoxide are campelilive
m-donors toward titanium, and that cthoxide is the more effective 7-donor.
Indeed, one can consider {(ep)»Ti(OEL)CL] Lo be sn 18-clectron coeplox in which
the Gt ligand (conesidered formally as g neutral rwdical) behdves as a chree-
electron denor. In the pinacolate corplex (14), the high depree of coordinative
unsaturation of the ?(cp)’I‘i}3+ fragment results in extensive Ti-OR and Ti-Cl
r-bonding, evidenced by the shortest Ti-OR distanee (1.720 ﬁ} vet observedd, the
MoSt obtuse Ti-O-R ungle (166.2°) yul obscrved, and a wery short Ti—Cl distanoce
(2.271 &3 (507, The radistribetion reaction of [(op)CITi0Me,Me,0] with
[(epITiCl: ] to give compound (143 (eqn. (143) provides additional evidence [or
Ti~0R n-bonding, This reaction goes essentially Lo corpletion, despile its
unfavourable entropy change; the driving force appears to be the fendency of the
T-donor oxypen atoms to be distributed over the maximmm number of unsaturated
metel centres [42].

[{ep)»Ti(CF4804 )2 | has been prepared by reaction of {(ep),TiCls] with
4[CF480; ] in thf and has been found to hawve a covalent structure despite Lhe low
basirity of the trifiucrcmethanesulpbonate anion. The geometry about the titanium
atom is approximately terrahcdral with 7(Ti-0) = 2.00 &; F{Ti-(centroid ep)} =
2,04 &; 0-Ti-0 = 91.2°; and (centroid cp)-Ti-(centroid cp) = 131,07 [31]. The
[(ep),Ti(0H,)2]%" cation in [(cp)»Ti(0H>); ](€10. ]5.3thf has 2 closely similar
atriclare with values of the gbowve parameters being 2.01 ﬁ, 2.03 ﬁ, 90.4”, and
133.3", respectively. [(cp)»Ti(OH:),][C10,1:.3thf was obtoincd by controlled
hydrolysis of (ep)»Ti{Cl0y): in thf solutiom [32].

TiCly reacts with BOTeF: to give TiCl;(OTeFs), which disproportionates via
TiCl, (OTeFs); and TICL(CTcFs)s to give Ti(OTeFs)., a eolourless crysialline
so0lid. The compounds TiCI‘I‘“H((!I‘Ee!*“s)?1 {n = 1-4) have been characterised in solution
by “F MR spectroscopy. Ti(OTeFs}, behaves as a strong Lewis acid, iorming a
Ti{0TeF; ), . ZPOCL; adduct and reaclirgr with CsOMeFs Lo give Os, [Ti{CTeF-}.] [53].

'Dihalopbo&-phaldea and dimethylphosnhinates of the type 'l‘iclz(m;gx:ok (X=T,
Cl, or M¥a) have been synlhesised by reaction of TiCl, with the appropriate
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trimethylsilyl ester {egn. (153), and also by the slternative routes indicated

TiCl, + 2Me,Si0P(D)X; ——eTiC1;{F0,X,7, + 2Me,8iC1 (15)
(X =F, CL or Me)

in eqns. (16) and (17}. The high mclting point, low solubility, and w(PQs) IR

THC1, + 2K (OYPOR{0}X, TiC1, (I Xe )z + XL (16)
(X = F or Cl)
TiCl, + ZHOP{O)Me, — = 'TiC1; (FO;Mez }> + ZHCL (17)

trequencies (\JM = 1160 cm“—l; v, = 1033 cm-l) of TiC1;{PCa:Me: ) suggest that this

canmpound has a polymeric structure in which the titanium stom is six-zoordinate
and both oxygen atams of the PO:Me; group are attached to the metal [54,55].

Quite & number of oximle cumplexes of the type Ti(CR)q_n(Cﬂ=CR'R")?= (n = 1-4)
have been prepared by reaction of Ti(OR), with an oxime in benzene sclution.
These complexes are monomeric in boiling benzene, except when R=Et and n = 1
or 2, in whlch case the degree of assoelation 1s 1.2-1,7. Phenyl isocyanate
inserts into the Ti-O bonds of Ti/ON=C{Me)CcH F}, to give
T1{ON=C(Me)CHF,  {N(Ph)C(O)CREC(ME)CH,F}, (n = 1-4), where the value of n
depends on the stoicheiometry of the reaction mixture {567].

Turning to chelate complexes of titanium(IV) with O—donor ligunds, we note
first a nurber of synthetic and stercochemical studies of 8-dikelonate complexes,
TiCl4 reacts with 4-fluoro-, 4-chloro—, or 4-broamobenzoylacetones (4-XbenrmacH)
or with 2-thencyltrilluorcacetone (thtfacH) to give new complexes of the type
Ti{dik)Cls or Ti(dik):Cl:, dependingr on the stoicheicmetry of the reaction
mixture. The reaction of [{cp}:TiCl.] with 4-¥henzacH (X = Cl or Br) alfvrds
complexes of the type [(cp)Ti{dik)»Cl]. All of these campounds are bright red
solids, monomeric in boiling benzene, end nonclectrolytes in nitrobenzene [57].
The extraction of tilanium(IV) fram concentrated hydrochloric aecid into
chloroform wilh benzacH, thtfacH, tributylphosphate, or with mixtures of these
reagents has been studied by Komatsu [58]. Cross—linked polystyrene functionelised
with pentan&:%,*—l—dionato’groups reacts with TiCl, in dry dichloramethsne at 25 ‘c
to give, as docp orange-red beads, the polymer bound analogue of [Ti(ucac),Cls];
the resin acts as n tetradentate ligand (15} towards each metal centre [BS8].

A smeries of camplexea of the type [(Mecp),Ti(acac)][Y] (Y = [C10,], [BF,], [FeCl,],
{znC1;(H,0)], {8nC1,], 3{CdCl.], [HaCls], Br or I) has been prepared by adding

a source of Y to a concentrated angueous soluticn of [{Meep)eTiCly] that contains
an excess of pentane—2,4-dione., These compounds are 1:1 clectrolytes in nitre—
benzene, except for [(Mecp).Ti(acac) ], [CdC 1, ], which is a 2:1 electrolyte. They
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{15; @ denctes polymer tackbone}

exhibit substantial downtield shifts for the ‘I NMR resonances of the acac
ligand, as expected for cationic camplexcs [60]. A scrics of related cyclo-
pentedienyl camplexes, [(ep).Ti(acac)}{MX,] (M = Ca, In, or T1; X =C1, Br, or
I), has also been reported [e1].

WM line-Lroadening studies of several [Ti(dik)»Cl.] and [Ti(dik),CL{CR)}]
axplexes that cantain diastercotopic isopropyl methyl groups have becn carried
cut in an attamt to elucldate the storcochomistry and the kinctics of
configurationgel rearranganents of these corplexes. It has been found thac: (i)
[TiCacac),C1(OCHMe, 3], [Ti(acuc),Br(0CHMe,)], [Ti{acus),Cl{2,6-(C(HMe,;),CH,07],
and [Ti((HMe,OOCHOOCHMe, )01 (0MeY] exist exclusively in (1,01, solution as the
aie grometrical isemer; (ii) {T1((F,(OIO0Re; }.Cl,] and [Ti(CF,(DCHODUMG ;) 01, ]
exist in (A{,Cl: a5 an equilibrium mixture of the three geanctrical isomers that
have chlorine atoms in the ois pasitions, (16)-(¢1R); and (iii1) exchange of

Cl--.‘\ - Cis - C ~o L~
| [ ]
CY [ Cr I C1 1
[ i i

(18} {17) {18)

fi—diketonate ring substituents in these camplexes is accompanicd by inversion
of conliguration {& === A} at the mrtel centre. The authors prefer a
mechanism that involves twisting about two of the lour Cy wxess of the octahedral
Tremework [5:2-G4],

Titanium(IV) trichlorocthancate, Ti(CCl.(0;),, has been prepared by reaction
of TiCl, with an excess of hol irichloroethencic acid., With py, N0, or PhPO,
Ti(CCL,00;), behaves ay n Lewis acid, forming Ti(CCL.CO, Y.L, sdducts, The IR
gpectra and the low solubility of T1{CCl;00;), and its adducts suggest that these
complexes muy be polymeric [65]. Bis{carboxylato) complexes of the Lype
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[(Mecp) Ti(RXD;}.] (R = Me, EL, Pr, Ph, CH,Cl, or (}Cl;) have been synthesised,
in agqueous solution and in thf, by reaction of [¢(Mecp);TiC1l,] with [ROO;]Na. An
appraximately 300 an | splitting betwcen the V,4(002) and v _(CO;) IR bands in the
chlorosthanoate derivatives indicates that the [CHCLC0,])” and [CHC1,00:]” groups
behave as monodentate ligands, However, s corresponding splitting of only

~100 an™® far the other carboxylate derivatives poinls to a bidentate attachment
of the [ROD.]” groups when R = Me, Et, Pr, or Ph, [(Mecp)sTi(RCO;);] complexes
with bidentate carbemylato end n’-Mecp ligands would be 20-electron complexes;
the anthors propose instead thet these compounds arc lé-clectron complexes in
which one of the Mecp rings behaves as an n'-ligand [66]. The structures of
these camplexes should be investimated.

A full paper has appeared reporting the He-I and He-II photoelectron spectrum
of geseous [Ti(NO;),]. Peaks not present in the spectrum of K[NO,] are tsken
a3 evidence for strong titunium-1ligand bonding involving the de" {ooygen 2pq)
MD'e of the mitrate ion [67].

Titanium alkyls of the type TiR;Cl,, TiR,Cl, and TiR, (R = (H,CMc; or
CH:SiMe:) react with nitric axide to glve ¥-alkyl-¥-nitroschydroxylaminato
complexes, [TiON(RNO} C1, 1 (n = 2, 3 or 4), which have been formlated, on
the basis of IR and NMH spectroecopic evidence, sy the six-coordinate comlexes
(19)-(21), containing bidentate and monodentate CN(R)NO groups [44].

T T |
Oo0==N o==N
N\ Nt P Ny A,
0 o o
\\0\\ l #’Cl (IJ"- l #Ol !)N #0//
~riT ‘\Tif i \\Tif d R
o/= ~a o i\"m 0/: \"o—N/
7 /a 7L TN
N=0O
o o \w
| L !
(18) (20) (21)

Maluka and Tur'yan have determined stability constants for formtion of
oxalate and hydrogen oxalato camplexes with titanium(IV) and titanium(III) in
acidic aqueous sclution [68). A TG4, DIGA, and ITA study of the thermal
decomposition of TiQ(C2Qy ). 3. 81;0 indicates stepwise decomposition to TiQ; via
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Ti0(C204 3. 2H,0 and the basic carbonate TiO(004).2rit. [691,
Y NMR chemical shifts have been reported tor the a-[{cp)Ti(PW; O 1% anion;
these have boen interproted in termms of a érane bond alternation mechanism lor

the delocalisalion of charge [70].
2.1.3 ritanates{IV) and wiced-metal osides

The synthesis and structure of metsl Lilansies continucs to be of intercst
because of Lthe refractory st ferroelectric praperties of these materials. This
section discusses alkali, alkaline earth, transition metal, and lanthanide
titanates, and also mdxed-metal oxddes such as titanonicbates and titanotantalates.

New sodium titanium dicxide bronzes NaITi 408 have boecn synthosised by
hydrolthermal reaciions between Lilenium dioxide el and 5 & KaGH. The products
ghtained in reactioms carried out at 250-300 C have a disordered arrangament
of Na¥ ions, while the products synthesised at 350-320 C displsy s superlutlice
that results tram an ordered arrangement of Na' ions [71]. Several new alkali
metal titanonicbntes and titanctantalates have bocn propared by heating mixturces
of Ti0;, M.0y (M = Nb or Ta), and 1 suitablc alkali metal oompound, &.n. AxCO;.
These mixed-metal oxides have layer or tunnel structures in which units of two
or three edpe—chured octahedrs ({Ti0g} or {M)g}) ure gtucked togelher by corner
sharing, 1n OsTi,NpO; [72], ATiTa0. (4 = K or Rb) [73], and Ay i, Nb O
(A~ K, Bb, TL or (5s; 0 <« < 0.153) [T3], the octahedra stack so as to give
layer structurcs in which puckercd layer titanoniobatc or titanotantalatc anions
are held together by the AY cations. In ATisMD5 and ATH 3!»()9.(AZT1'.6{')]_3)_{I (M = Hb
or Te; n =1, 2 or 3) f?4], Lhe A+ calions occeupy Lunnels in 8 three—dimendionsi
framework built up from the edge- and corner-shared octzhedra.

llydrothermal synthesis of BaTi0y affords = highly dispersed, high purity
product that has a perovskitce structure, althowgh the crystal systom and unit
cell parameters vary with the synthesis temperature [75], The X-ray crysial
structury of BagTi,NbeQy is =imilar to that of IK.;Wm Oy, with a statistical
distribution of Ti and ¥b in the W sites, However, unlike K ¥ 5Oy , which has
been reported to be tetragonal (space group P4/mbm}, BagTi.Nb,Oy is orthorhcmblce
(space group Pkanm), despite the cquality of the 2 and b lattice paramocers: this
result suggests that the structure of KWy On should be reinvestigated [76].
The phases which exist in the TiQ,-Ta.Os; system have been investimmted in the
temperature range 20-1400 °C and the composition range, Ti/(Ti + Ta), of 0-6.7
atam % [77]. The use of KF + Cd¥F; (or (dO) + B,0, melts as solvents for the
synlhesis of CdGaTiTa0, single crvstals roducces the synthesis temperaturse by
30-400 °C relative to the 1200 °C tanperature needed for solid phase synthesis;
optimum compositions of Lhe nelis ure reported [78]. Synthetic ilmenite, FeTiOu,
has been prepared by fusion of a stoicheiopeiric mixture of Fea0y and TiOs
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pvders (eqn. (18)) [79].
Fes0; + 21i0; ——e—e ZFCTI0; + 40; (18)

Snock-wave synthesis of the lanthunide titanates, Ln,Ti0; {Ln = So-lu or Y),
from 2 1:1 mixture of In.0; and TiG; at 1500~2000 °C and 1.0-1.5 mber pressure
affords the hexsgonal modification of Ln,Ti0: [80). IR und Raman spectra (1000-
30 an}) have been reported for In,TiO; (In = la, Bd-Dy or Y), and the bands
have been assigned on the hasis of a theoretical culceulation for NdTi0s [81].
lallice paramctcers, densities, and melting points have been determined for
several new lerrcelectric campounds thet posscss a layer perovgkite-like
structure; the following compounds were studicd: ProTi.0,, CalaTiNbDs,
SrInTiNBOs (In = La or Pr), und SrinTiTa0; (La = La, Pr or Nd) (82]. New barium
lanthanum titanates, BalaBT 4 {(n = 2, 3 or 4}, have been prepared by
henling stoicheiometrie mixtures of BaCOs, La:0: and TiQr in air at 1230 °c, and
also by heating stoicheiometric mixtures of the sinple titanates (egnu. (19)-(21)).

BuTi0: + La,Ti(y == Bala,Ti 0 (19)
BaT10y + LasTirQy ——— Rala»TisOy {20)
BeTi0s + LwyTi0F + Ti0p =———— Bals;TiO1 (21}

The latter approach gives the individual Bala T1 02714- 4 phases, while use ol the
oxides as starting materials yields camplex nultlphase mixtures [83]. Analogous
izsostructural series of barium lanthanide titanates, Baln,TizCy, (Ln = Pr-Eu) and
Raln,Ti,0y, (Lo = Pr-Gd), have been synthesised at 1250 ‘C by reactions analogous
to eqns. (20) and {21). llgwever, phases with a stoichcicmetry Baln,TiOs were not
observed (cxeept for Ln = la) [Ba],

Lanthanide titanoantimonates LoTiSb)s {Ln = La-lu’} have heen prepared by
heating stoicheiometric mixtwres of the coprecipitated hydraides. Two
polymorphic forms of each LnTiSbds cxist in the temperature runge BOO-1250 C, 8
low tamperature metastable cubic form and a stable high-temperature modification.
The high—temperature modificarion depends on the ionic redius of Lo°'; it is
hexagonal for la-Pr, orthorhembic for Nd-Gd, und monoclinic for Tb-Lu (8S].

2.1.4 Jomplaxee with S-donor ligands
TiX, (X = F or C1) reacts with the sodium sull ol pipcrazine

1,4-di{ecarbodithicate} to glve complexes of the lype [3,Tif SZCN(C:Hgt}lg)gl\(,(S)SH} ].
On the basis of IR spectromcopic evidence, these compounds have been assigned a.
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trans—octahedral structure in which one CS,” group of each piperazine
1,4-di(carbodithioate) acts as a bidentate tigand while the other CS; group is
attached to a proton {9,86]. [{Mecp)Ti{S,(MMe,}:] has been prepared in aguecus
and in non-agqueous media by the reaction of [(Mecp),TiCl:] with Na[S,CMe,].
This comound has been assigned a seven-coordinste gtructure on the basis of
molecular weight, conductance, and IR data; the IR spectrum shows the presence
of bidentate dithiocarbamato ligands and an n°-Mecp group (87}, A pentagonal
bipyramidal geometry with the Mecp group in an axial position is likely, a5 has
been established by X-ray diffraction for the analogous [{Cp}Ti(SZCNMez)g] complex
(88]. The presence of more than one dithiocarbamate methyl resonance in the

'H MMR spectrum of {(Mecp)Ti{S,CNMe;);] at 30 °C indicates that stereochamical
rearrangement of this compound is still slow on the NMR time scale at that
tamperature [87],

Chlorotris{dithicethancato)titanium(IV), [Ti(8.CMe),;C1], has a seven-coardinate
pentagonal bipyramidal structure in which the Cl atom occupies an axial position
{~(Ti-C1) = 2.248(2) &; n(TiS_ ) = 2.480(2) B; T(Ti-S, ) = 2.536 A} [89]). The
structure is very similar to that of [Ti(S.CNMe;);C1] [90].

An interesting reaction of [{cp),TiSs] has been reported by Roesky et al. [81].
The Ss group of [(cp),TiSs] condenses with axalyl chloride in carbon disulphide
to give the l4-membered heterocyclic tetraone (22) {egn. (22)).

5N
C=0

| {22)

O=C c0
Nes.

(22)

2[(cp) TiSs] + 20(0)CIC(0)CL ————s 2[{cp),TiCl,] +

&

Solid titanium(IV) hexathichypodiphosphate TiP,3¢ has an extended three-
dimensional structure in which each Tt%* ion is attached to three bidentate
chelating {S;PPS;]%” ions and each [S,PPS,]* ion bridges between three Ti'*
iocns., The ccordination pecmetry of the titanium is distorted octahedral, with
r(Ti-S) ranging from 2.433 to 2.454 &. Each titanium is a member of two four-
membered {TiS,P} chelate rings and one five-membered {TiS,P.} chelate ring [92].

2.1.5 Sulphidss
Alkali intercalation camounds of layered transition metal dichalcogenides

such as TiS, contime to be subjects of intense study because of the applicability
of these materials as cathodes in the construction of high energy density
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batteries. 'The intercalation of lithium into TiS; is continuous over the entire
canpesition range Li‘_cTiS2 {0 £ x £ 1). The crystalline structure of Ti3, is
mnintained upen intercalatian, with only a 10% lattice expansion perpendicular
to the sulphide sheets for x = 1, Consequently the intercelation reaction is
rapid and highly reversible [83]; the mechanizm of this resction has becn
investigated by optieal and X-ray techniques [94]. A neutron diffraction study
of I.AiITiS2 for » = 0.22, 0.33, 9.67 or 1.0 has shown that the lithium atoes
preferentially occupy the octahedral sites in the van der Waals gap of the host
TiS, structure. There is no evidence for three—dimensional ordering of lithium
[95]1.

In coptrast to Li TiS Na TJ.S exhibits several phases in the CCII'p('ElthIl
range 0 < = < 1; ano X—ru.y study 1nd1cata; that these phases have different three-
di:mnm.onally ordered arrangements of sodium [86]. The presence of more than one
phase in the Na-TiS: systam is also revealed by plateaux in a plot of the voltage
of the Ne TiS, electrode versus the camositional parameter z [97].

A slogle crystal X-ray study has shown that BuTiS: is isostructural with
BaNiQ;, BaV3;, and BaTaS, (space group F6i;frmc). The titanium ators in BeTiS,
are octehedrally coordinated by 8 atams {r{Ti-S) = 2.418(5) &} [98].

2.1.8 Complexes with N-donor ligands

Mono- and bis-azido-conplexes of Ti(IV) have been prepared by reaction of
trimethylsilyl azide with [TiCl{OCHMe:)s] (egns. (233) and (24)). The

(T1CL(0CHMe: )5 ] + MosSi(N; ) — = [T3C1{O0HMe, ), (N2 )] + Me:SiCCHMe, 123)
[TiCl(OCHME, Y3 + 2Me:9i(Ny) ———ar [TH(0CHME: )9 (N3 )2 ] + Me BI0CHMe, + Me,SiCl (24)

bis-azido-complex [T1(00Me,).(N:):] is also cbtained from the reaction of
Me,S1(N3) with T1(OCHMe,)., The reactions of the szido group in [(cp)TiCl:(N;)]
with alcohols, secondary amines or phosphines have been investigated.
Trifluoroethanol displaces the [¥y])~ ligend to give HN; mnd [(cp)TiClz(OCH,CF;)].
Displacement of [¥;]  with eis—butene-1,4-dic} yields the momonuclear ocorplex
[(cp)TiCl 5 (OCH,CH=CHHA(H) ] or the dinuclear diolato-bridged complex
[C1 ¢ cp)Ti(OCH,CH=CHCH,0)Ti(cp)Cl: ], depending on the tempercture. Pyrocatechol
displaces {N;]” end ome C1” to give [{cp)TiCl{0.CsHe)]. The secondary amine
NHEt: cleaves the Ti-Cl bond instead of the Ti-N; bond, yielding HC) and
{(cp)TiCL(NEL2){N;}). Phosphines (PR; = PMe, or PMe,Ph) react with [(cp)TiCl;(Ni)]
to give N; and the phasphiniminato-camplexes [(cp)TiCl,{N=PR,)] [99].
[AsIh, ), [TiC1,{N1).] has been prepared in dichlorcecthane from a stoicheiumetric
mixture of TiCi, and [AsPh,]{N;]. An X-ray study reveals that the azide groups
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in [TiC14(N,)2]2" occupgy frgnyg poditions, and Lheir conformmiion gives the ion
Cz symeetry {r(Ti-Ni) = 2,008 &; r(M,-N>) = 1.1086 &; »(N,-N,) = 1,169 &;
Ti-fy N2 = 128.17: K;~-N.-N; = 174.8"2 [100].

The reaction of TiCl, with an cexcoss of Li[N(SiMes;).) yields the chloro—
tris{bis{trimethylailv])amido} complex [TiCL{N(Sides)s}t4]. The resistance of
this comound to complete substituticn of chloride suggests the nresence of
considerable steric cromding due to the bulky [N(SiMe:)»]” ligands. This has
been confirmed by X-ray crystallographic and NME spectroecoplc studics. In the
solid state, [TiCl{N(3iMes):}:] has crystallograpiicelly imposed C, symmetry
and a distorted tetrehedral gecmetry {r(Ti-C1) = 2,259 ﬁ; P{Ti-N) = 1,940 A].
Crowding is evidenced by C1-Ti-K (104.1°) being less than N-Ti-N (114.3") and
by Ti-8-8i proximal to €1 (116.0°) being less than Ti-N-Si distal to Cl (127.2°).
Ils “H NMR spectrum, which exhibits two cqually intense resonances bolow the
coalescence tenmerature of 34 QC‘ was interpreled io verms of restricusd rotation
about the Ti-N honds, At low temperatures, Lhe three silylamide lipamis remuin
cquivalent, but the SiMe; groups proximnl and distal to chlorine are
nonequivalent [101].

The di{pyrrolyl) complex [{cp) Pi(n‘-NCH.):] has been synthesised by reactiom
of [(cp):TiCl,] with (pyrrelyl)scdium in thf. This camound is formally
isoclectronic with [(ns—cp)gTi(n'—(:[':)z], and 1t iz strociorally similar o
{(n®*-cp)sTifn'—cp)y] in that both compounds contain two n°- and two n--ligands,
Hawevar, [(nS-cp)Ti(n*-cp),] and [{n®—ep),Ti(n*-NC.Hs).] differ in that the
former exhibits a Ti—-(~{centroid n'-cp) angle (23) of 140°, consistont with sp®

B
Ti Ti @
\‘140" \"- 165°

(23} (24)

hybridisation at Lhe carbon atom, while the latter displays a Ti-f-(centroid
n'-NC.H,} angle (24) of 1.66", indicative of sp? hybridisaticn at the nitrogen
atan. The 166" bond angle and a short Ti-N bond length (F = 2.085 13 point to
considerable d -p character in the Ti-N bond [102].

An Xrray study of [Tif(MMe;):8iMcs}z] has established a spirocyclic structure
ofﬁapproximate D,, Symmetry with plenar {TiN,Si} rings (R(Ti-N) = 1.890 K;
R-Ti-N = 83.4"} [103].

The known titanium(II1) cumplexes [(¢p),TiL}T (L = bipy or phen) have been
oxidised with [NOJ[PFs] in Me(N to give the corresponding titanium(IV) dications,
which have been isoleted as green [(ep),TiL][DF.], selts. These compounds are
the first (cp).Ti(TV} derivatives with netural bidentate ligand=s to have been
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isolated [104].
[Ti(BPz,},] has been prepared by reaction of stoichelometric amounts of TiBr,
and K[BPz,] ([APz,]” = tetrakis(pyrazol-l-yl)borate anion (25)). The 'H MR |

(25; [BP34]T)

spectrum of [Ti{BPz.).] indicates thal only three of the four pyrazolyl groups
are equivalent. This observation has been interpreted in terms of a stereo-
chemically nonrlgid eight-eocrdinate structure with bidentate [IPz.]™. ligands
thst are involved in same type of a Tearrangament process [105].

Schiff base complexes of the type [(cp).TiCl(L)], [(ep)2T1(L).], {(ep)sTi(L*}],
and [(ep)2Ti(L"")] bave been synthesised in refluxing thf by reaction of
stoicheiametric amounts of [{cp).TiC1,], triethylamine, and any one of a large
mmber of bidentate (L), tridentate (H:L'}, amd tetrademiate (H,L"'} Schiff
bases; cne example of each type of Schiff base 1s shown in (28)-(28). These

Me Me Me e
_0__‘ _ _0“‘ =o, 0=
Ly =Ly L O
Me A Me \—/ Me / s

Et

(26; HL) (2T; HyL'}) (28; HpL")

ecmpounds are monameric nonelectrolytes in solution. On the basis of their IR.
and 'H NMR spectra, they have been assigned five- and six-coordinate structures
{28)~{31) in which all of the cxygen and nitrogen atams ere coordinated to the

e\ 0y o,\]./r{ D, :f.-n}

Ti—N ( /Tx\. ) T

ep”” N0/ N] ~O cp/ o/
cp

(20} (30} (31}
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metal [106,107]. For both steric and electronle ressons, six-coordinnte
(cp)2Ti(IV) derivatives are unlikely; the crystal structures of these compounds
should be investigated.

Ti{OMMe; )}y reacts in benzene al reflux with a variety of dibasic tridentate
Schifl bases, H;L, in 1:1 and 1:2 mole ratios to give camplexes of the type
[(Ti{OCHMe;2{L}], and [Ti¢L}:], respectively. The Schiff bases Lhal untlergo
thege reactions include szines (32) [108), semicarbazones (32 [109], thiosemi-

carbazones (34) [110], and other S-containing tridentate Schiff bases (35) [111];

R Sen oS OO

(32) {33; E = ) {35)
(34; E = B)

H NH:

one example of ench type of lipand is shown in (32)1-(35). Molecular weight
measurAnents indicate that the [Ti(L},] complexes are monomeric in solution,
while the [{T1(OCIMcg)s(L)}2] analogues are dimeric. Six-coordinate structures
have been proposed in which [L]z_ behaves as sn 080 or J#5 tridentate ligand,
for cxample (38) and (37) for the awzine complexes., Alkoxide exchange reactions

/-O 0\ ~0 OlMe:
T\ W ““*W”l\ J

OCHMe

(38) {37}

of the [{Ti(OCHMe,};(L}},] camplaxes with zxleohols such as Me,O0H, 2 methylpentane-
2,4-diol (CcHu O2) or benwene-1,2-dinl (CgHeD:} atford the Ti(0OMe; 2],
T1(CeHyp 02 )(L) ar Ti(CeH.0:)(L} derivatives respectively [108-111].

The dithjocarbacate Schiff base H:L (38) recacts with TiCl,, Ti(0CHMe;), or
Ti{O(HMez)2(L"}> (L' = anion of salicyluldehyde, benzoylacetone, or benzoylphenyl-
hydroxylamine) to give TiClp(L).HC1, [Ti{T):] or [Ti(L)(L'};), respectively.

TR spectra suggest tridentate {O§3) attachment of [L]%™ in [T (L):], but the mnde
of attachment of [L]® in the [Ti{L)(L'},] complexes is not yet clear [112].

Mixed-ligand complexes [Ti(1.3()')] that contain the dinegative anions of two

different 08¢ tridentate Schiff bases have been prepared in benzene at reflux by
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OH
H \N 4
'_{ SCH Ph
(38; HgL3

reaction of a 1:1:1 mole ratioc of Ti(0CHMe:)., H:L and 1,L' {113 114]. onve
tetradentate Schiff bases H,L {related to (28)] Teact with Ti(0CHMe;), 1n
benzene at reflux to give six-coordinate complexes of the type [T4(0CHMe:):(L)]
[115],

2.1.7 Compleres with P-domor ligmuls

TiCl, reacts with P{NOD); or P((N); 1in benzene solution to glve TiCL;P(NCO).
or TiCL;P((N):, respectively (eqn. (25)). These compounds have been obtained

TiCl, + PXy ———=TiCl;(PXy) + C1X (25)
{X = NCO or CN)

as somewhat inpure, very hygroscopic sclidz. On the basis of IR spectroscopic
evidence, the P(NCO). and P{CN}; ligands are believed tc be coordinated through
the phosphorus atom [116],

2,18 Compleras with Si~donor Iiganda

[(cp)aTi(8iMe,;)C1] hus been synthasised by reaction of [(op),TiCl,] with
Al(SiMe;) 3. Et,0 or LilA1(SiMes).].9Et2C. An anelogous reaction with ALl{GeMe;);.Et.D
affords the germanium analogue [(¢p).T1(GeMe;)C1]. The trimethylsilyl complex
has a distorted tetrahedral structire with #{Ti-8i) = 2.67 &; »(TiCl) = 2.31 &,
CL-Ti-8i = 87" and cp-Ti-cp = 132" [117]. The reaction of [{cp):T1(CO):] with
H31Cl, yields a poorly characterised, extremely air-sensitive, brown solid that
appears, on the basis of analytical data, to be a mixture of {(cp),Ti(H}(SiCl;)
and (cp);TL(HNOO)(81C15) [118].

Titanium hes been incorporated into a catenoted silicon ring by reaction of
[(ep}sTiCle] with 1,4-dilithiococtaphenyltetrasilans, Li,81.Phs, to yield
{{cp) TiSiMh,(8iPh,Y,5iPh.]. 'This campound has been chararteriged as a cyclo—
metellopolysilane by means of elemental analysis, molecular weight determination,
base catalysed hydrolysis, and IR, 'H NMR, and *C NMR spectroscopy [119,120].
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2.2 TITAKIEM(III) COMPOUNDS
2.2.1 Halide ownd prewlohalida compiemea

X-ray structural data have been reported for complex fluorides of the types
cs it tr, (MY = Mg, v, ¥n, Fe, Co, Ni or Zn) and Csl'd;'sTii‘T';Fﬁ ot = 14, Na,
K, Ab or IMH,]). The former compaunds are cubic with o modified pyrochlore
structure of the RWNiCrF; type; the latter arc cubic when M' = K or Bh, manoclinie
when M = Li or Na, and orthorhambic when M = [NH,] [121].

The hexamethylphosphoramide adducl [TiCl;(hmpa},] has been cbtained as a pale
blue, air-sensitive sclid by reaction of TiCl: with hmpa in dry thf. Conductance
measurarents and IR spectra suggest that this complex has a facial (Csv) octa-
hedral structure in which the hmpa ligends are attached to titanium through the
oXygen atam [15].

Reaction of equimolar amounts of TiCl, and the cyclic amides Me,SINR (R =
{CH;)y or ((H:)s) in hydrogen-containing solvents (such as benzene, toluene or
dichloramethane) results in reduction to titanium(III) with formetion of mir-
sensitive solids of composition Ti,Cly.2RNH. This reaction iz thought to involve
formstion of RN- free readicals snd H-atom abstraction from the solvent sinece no
reduction occurs when the reection is performed in CCl,; 1n the latter solvent,
the products are the titanium{IV} adduct ITiCl,.2Me,SiNR and the substitution
derivative TiCls(NR). Reaction of 2:1 molar mixtures of TiCl, and Me;SiNIt in
benzene at reflux results in reduction and partial substilution, yielding compaunds
of campxmition Ti;Cla(NR).2ANH. All of the titamium{II1} camplexes are quite
insoluble in organic solventa; Lhey are probably polymerie [122].

Reduction of [(cp).TiClal and [Tilacac);Cl.] with [Ni(cod):] does not lead to
Teductive coupling with formation of metal-metz! bonds, Instead, only partial
reduction occurs. Reduction of [(ep)zTiCl:] in pyridine gives [{cp):Ti(py)Cll;
reduction of [Ti(acas):Cl,] yields [{Ti(acac),Cl},] [123].

Ethyl-substituted trinucleasr comlexes [(cp}Tmzms_xEth (38; « = 1,2,3 or 4)

cp
. ,CI\ | - Cl ~ -~

Alf ‘\le \.Al
- e wepe” Ny

X X

(38; X = C1 or Et)

have been prepared by reaction of [(cp)TICl,] with two equivalents of
ethylaluminiur campounds, These camplexes have been characterised by electronic
and EPR spectroscopy, and their spectra have been used to study the compoaition
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of camplercs formed in mixtures of [(cp)T1A1;Cle] and Et, AIC1_(z =0, 1 or 2).
The stebility of the [(CD)TiA]'zCls-xEta:] coeplexes decrepses with increasing
velues of = [124].

Ramen spectrogcopic studies have shown that titanium{III) exists in o
BaCl,~KC1-14C1 eutectic ab 450 °C as [TiC1,]®". However, in CsC1-LiCl at 450 °C,
a different complex is formed, perhaps [T1.Clel>" (23).

The intcrealation campound Ti0C1.0.18[(ep):Co] has been prepared by heating
TiOCl with a toluene solution of [(cp)sCn]. X-ray powder diffraction data are
consistent with a structural model in which [(cp);(.b] occupias the van der Waals
gaps in the layered structure of TiOCl with the cyclopentadienyl rings
perpendicular to the layers [125].

Grey-green camplex cyanldes of titanium(III}, ETi(CN)g, RbsTi(CN),, and
T3, Ti{CN),, heve been synthesised by reaction of TiBry with alkeli cyanideg in
liquid ammonia; the rubidium and caesium compounds are new. All three campounds
have very similar IR and electronic spectra, which exhibit five or six w{CN)
bands and three Jd+d transitions, respectively. On this bagis, all three
compaunds are believed to cantain the seven-coordinate I'Ti(CN)?]Q- ich. In view
of the mmber of w{CN) and 4+~d bands, a C,. monocapped trigonal prismmtic
atructure is most likely. Therm:l decompositlon of K.TL(CN)e fn vacuo at 280 ‘C,
followed by extractlon of KEN with liquid ammonla, affords an alnost black
residue of K;Ti(CN)s. This campound exhibits only one vw(CN) IR bend and displays
an alectronic spectrum characteristic of oclahedrally coordinated titanium{IIT)
(10Pg = 22100 cm ) {126].

2.2.2 Complexes with O-doror ligands
The reactions of N-O with [(cp):Ti] or [{(cp},Ti(COY.] have been studied by
Bottomley et af. [41]. When [(cp).Ti] or [(cp)sTi{CO):] are in excess, the
products are the titaniun(III) complexes [{(ep)2T1}20] or [{(cp)aTite(COs}.),
respectively (cqns. (26) and (27)). ({(ep)sT1}.,(CC:):] 1z also obtained from
2[(ep)2Ti] + Nal eme———a [{{cp),Ti},0] + N2 (26)

4[{cp),T1(COY.] + 4N,0 ———— [{(cp),T1},(C0O;).] + 4N, + BCO (27)

the reaction of O with an excess of [{cp).Ti(CO).] {eqn. (28)). Both
[{(cp)sTito0] end [{{cp)2Ti}s{COs),] undergo further oxidation to the titaniwm{IV)

4{(ep)sT1(COY.] + 20, ———»{{(cp),T1}4(C0s).] + 6CO (28)

polymer "{cp),TiQ" in the presence of excess N0 (egns. (28) and (30)).
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[{{ep)oTilz0] + NzQ ————2"(cp),TitY* + N> (29)
[{{ep),Ti}e(005),] + FNo0 = e 2" (ep),Ti0" + 200, + 2N, {30}

[{{ep).T1}:0] is very reactive: it reacts with CO, at 20 U ip toluene to give
[{¢cp2Ti},(C03) 2]} within minutes, and it rcacts with CO Lo yield a mixturc of
[{ep) Ti(CO),], "(cp).Ti0", and a CO, cauwplex, believed to be [((cp);Til.{C0:)].

A paranegnotic intermsdiaie has been detected in the resction of 4n aqueous
titaniun(III} tartrate complex with cxygenated water. At pH 7-9 a singlet EPR
signal {gy = 2,0134) appcars within 20-30 ms efter mixing the solutions, which
wes assigned to a titanium supcroxide camplex [127].

Electrochemical or chemical reduction of the Lilanium{IV} complexes
[(ep)oTids] (X = QAr, OSiRy, Me or Bz) or [{cp)TiXs] (X = Ofr or CBiR,) gives
the corresponding titanium(III) redical anions [(cp):TiX:1" or [(cp)TiX:]",
which rapidly rearrange, with loss of [ep]” or X, respectively, to yield the
neutral titenium(II1)} derivatives (cp)TiX, [128].

The crystal and molecular structure of the 15-electron d' camplex
[(cp)sTi(0DAT)] (wherc OAr is The 2,6-di-tert-butyl-1-methylphenoxide llgand) has
been reported {#{Ti-Q) = 1.862 4?1; PTi-C) = 2.362 &; (centroid cp)—-'f‘i—(ccntroid
cp) = 135.5°; Ti-O-C(Ar) = 142.3"}. It i= interesting to pote that this OAr
ligand is ambidenlute, behaving as a 8-electron—n°-C—centred cyclchexadienonyl
ligand in the 18-electron d° complex [Rh(n®-ArQ)(FPh,),} [120],

Tne powder magnetic suscoptibility and crystal mognetic anisotropy of
[Tifurea)s][C10,]5 and [Titurea),]I; have been measured from 300 to 4.2 K [130].
Magnctic susceptibility data (300-15 K) have also been reported for the oxalate
camplexces Tiz(C20,)3(Ha0)e.4H:0 and Ti2(Ca0y }2(Ha0)s. The former complex has
a dimeric structure (40), in which two seven-coordinate pentagonsl-bipyramidal

(2003 (ol M1 ] T4 (C204 )(Ha0) 5

C
0,-"' "-.._0
(40

titanium(III) ions are bridged by an oxalate dianion. 'The bridging oxalate
provides en effective path for antiferromagnetic exchange between the two
Litanivm(II1) lons, us evidenced by a rather large exchange paremetcr (4 =

-0 em™!). In contrast, the partially dehydrated Ti,(Cs0,)s(H;0)s camplox, of
unknown §Truclure, exhibits weak magnetic cachange interactions, and its
susceptibility can be fitted o a distorted octahedral, single-ion model [131].
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The thermal decomposition of titaniim(III) oxaletes hos been studied by TGA,
DTA and IR spectroscopy. Ti{(C;0,)s.10H;C and the hydrazine containing campound
Ti2(C20y )3 .NH, .H;C20,.8.50;0 both decanpuee to oxides pig the carbonate
T12(COz}; [132],

Complex formation in the Ti{III}-lactic actd and Ti{III)-mandelic ecid
aystams has been studied as a function of pH by NMR spectruscopy [133].

2.2.% Complexss with N-domor ligands

Rcsonance Raman spectra of the dinitrogen-tridged camplexes [{(ep),TiR}. (N3]
(R = Ph or Bz) have been studied in the region of the intense 600 nm 11@.3—--"13ul
electrenic transition. Resonance amplitfication of op, Ti-cp and Ti-N vibretional
bands indicates that the 600 mm electronic transition invelves significent
charge transfer from the titanium atoms to the ep rings and the coordinated N.
[134].

Complexes of the type [(ep).TL(HLIIY (HL = 2-(2'—pyridyl)imidazoline (41),

_ H H H
| I l
C>_<N — NI — N~ pr—
< Q<1 Q<D 4
NN WS/ W B /RN A
(41) (4_2) (43) (44}

2-(2'-pyridyl)imidazole (42), 2-(2'-pyridyl)benzimidazole (43) or 8-aminoguinoline
(44} have been nrepared by reaction of HL with [{{cp),TiC1};] in dry tht. The
cations were isclated from agquecus solutions as oxygen-sensitive hexafluorc—
phosphate salts, [(cp).T1{HL)](FF:]. Attempts to caxidisc these titanium(III}
conplexes and attempts to deprotonate the coordinated ligands led to deccoposition
[104],

The reaction of [(ep).T1(COY.] with 3,4,7,8tetramethyl-1, 10—phenanthrdline,
3,4,7,8Meyphen, in thf results in electron transfer upon complex formation,
with subsequent dissociation of a C-H bond in 2 methyl group to give the 4-
methylene—3, 7, 8&—trimethyl-1,10-phenanthroline complex (48) and hydrogenation of
the coordinated 3,4,7,8-Me,phen radical anion to give (46) (egn. (31)). Compounds
(45) and {46) have been 1solated as crystalline solids. 1In thelr mass spectra,
they exhibit parent molecular ions that have mazss cne unit less (campound (45))
and onc unit greater (compound (46)) thun expected for [(ep);Ti(3,4,7,8-Me,phen}].
Both compounds exhibit doublet siate EPR spectra at —196 ‘C. The structure of
(45) has been established by X-ray crystallography, which clearly shows the
presence of the methylene group and the quinuid character of the
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2[(epYTi{CD),: ] + 2Me

(31)

/
N
Ti

(cp)e

(45) (46)

methy lene-sutstituted ring §135].

Aryltitanium( III) tetraphenylporphyrin complexes [Ti(Ar)(TPP)}] (Ar = Ph,
2-MeC H,, or Bz) have been isolated as violet coxygen—sensitive crystals following
anaerchic treatment of [TiF{TPP)] with the appropriste aryl Grignard reagents
{eqn. (32)). Toluene sapluiions of the [Ti{Ary(TPP)] comploxes cxhibit ninc-1line

[TiF(TPR)] + ArMgBr -%hfi‘i--[Ti(m){wp)] + MgBrF (32}

EPR specire, reflecting interaclion of the unpaired eleclron with the four
equivalent nitrogen nuclei of the porphyrin. The EPR anl UV-V1S specira of
{T1(PhI{TI)] are unaffceted by the presonce of pyridine, ¥-methylimidazole or
thi ligands, indicating the preference of titanium(II1) in this camlcx feor
five-coordination, The [Ti{AT){(TFP}] complexes react with Op to give the
oxotitonium(IV) camplex and the corresponding bisryl {eqn. {33)) [138].

2[T1(Ar HTPPY] + 0 ——= 2[TIO(TEP)}] + Ary (33)
2.3 TITANIIM(IT) COMPOUNDS
The distrilbution of halogen atoms between bridge and terminal positions in

camplexes of the type [(CGHGJTMQCI,.—,BI'S—J:I {x = 1-8B} (47) haos been studied in
benzene solution by following the dependence on r ef both the electronic spectra
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{47; X = C1 or Br}

of compounds (47), and also the g-values in the EPR spectira of the corresponding
titanium(I1I) complexes, [(cp)‘I‘iAlQCIxBrB_I], obtained by reaction of compounds
{47) with cyclopentadiene. Both appreaches indicate preferred occupation of
bridge positions by Cl atams [137]. In the [(C/H_)TiAl Et Cl ] and
KCGHE)TiAlsEta:Brs-:::] systam, only the first two mambers, z = 1 or 2, couid

be observed; the (benzeneltitanium(Il) complexes contalning more than two ethyl
groups are not stable in beonzene solution at room tomerature. The ethyl groups.
occupy terminal positions [124].

The red-brown, very air-sensitive camplex [(ep),Ti{P(OMe),}.} has been
prepared by condersing sodium atams at —100 °C into thf scolutions containing
[(cp)»TiCl,] and excess trimethyl phosphite. [(cp),Ti{P{OMe);};] has been
characterised by elemental analysls, MMR and mass gpectroscopy. It reacts cleanly
with CO in pentane solution at 235 °C and 1 atm To give [(ep).Ti(CO3.] [138].

K;Ti{CN}, has been synthesiged by reduction of K;Ti(CH}; with one eguivalent
of potassium in liquid ammonia. The electronic spectnum of K Ti{(K), exhibits
the three d++d transitions expected for octahedrally coordinated titanium(III)
(10Dg = 16200 em 1) [I26].

4 theoretical celculation of the electronic strueture of TiH, favours e lincor
(D) geometry, However, bending requires only an extremely smwall amount of
energy [139].

2.4 TITANIUM(O} COMPOINDS

Reduction of [TiCl,{dmpe}] with sodium amlgam in thf in the presence of
tutsdiene affords the deep blue titaniun(0) complex [T1{n-C,H¢).{dmpe)]. Unlike
the anzlogous zirconium({) camplex, the titanium campound does not form seven-
coordinate adducts with excess dope, Phe; or CO. The decremsed Lowis acidity
of the titanium complex in cawparison with its zireonium anatoguc i3, presuwmbly,
a steric consequence of the smeller size of the titanium atom; both complexes
cetalyse the dimerisation of alkenesm [140].

K,Ti{CN). has been obtained as an extremely reactive black salid by reducticon
of TiBr; with potassium in liquid ammornia in the presence of excess KON, This
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camxund is pyrophoric, cven in traces of air, and it is z powerful reducing
agent, reducing 2,2'-hiypyridine in liquid ammonis to (bipy]™ [126].

2.5 MIXED-VALFNCE (IMPOURDS

This section includes compounds in which titanium is present in more than one
cxidetion atate, and also campounds which ere not casily clagsified in temms of
thi oxidation wtate formmli=m.

The new mixed-valence titanates Sr;TieQ,, and Ualis0y have been prepared by
heating mixtures of the mppropriate cddes in o voacuum furnace at 1800 and
1400 r'C, rogpectively.  X-ruy structural determinetions show that SreTicO)y i1s
imesstructural with BaaTiz0p and BaTiaQp . is isostructiural with a-MnQ..  Both
structures are built up from distorted {Ti0;) octahedral units [141,142].

Reduction of TiS: with porassium mctal at 1300 K in a KC1 melt atfords gray

eryvstals of KO S'T‘i 354, which hes a structure of & type not previously desceribed

for alkuli metal titanium sulphides. In this structure, distorted {TiS;} octahedra
share faces and edges so as ve form o three—dimensional Pramework that has wide
channels paralliel to the ¢ axis of the hexagonal crystal. The channels are
partially occupicd by K* ions. Because the K' fons are highly mebile, this
campound i’k of potential interext as an electrode material in battery
upplications [143].

An X-ray study has revezled that o-Ti:P, is isostructural with 5-YbeShi, The
structure contains two kinds of phosphorus atoms, surrounded by eight or seven
close—neighbour titanium atoms; Ti-P distances range fram 2.391 to 2.675 & [144].
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