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1. Introduction

This review aims 1o highlight advances in titaniom coordination chemisiry lor
1994, 11 does not cover oprgmnometallic complexes, TUis based on a Licrature seitrch
ol volumes 120 and 121 (humbers 1:26) of Chemical Abstracts, Vor completeness, a
separate search in the Science Citation Index of 1994 was carricd out, All figures
were produced using the program DIAMOND [1].

2. Titanium(1V)

2.1, Complexes with halide ligands

The reaction of [ THCp)Cl} with SbCls as chloride abstractor provided
hexachlorountimonate( V) salts of {Ti(Cp)CL]' . [THCPICI?* and [THCP)] .

* Correspanding author,
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respectively [2]. With ecquimolar amounts. red-brown crystals  of
[TI{Cp)Cl(MeCN)][SbCl] and with a 1:2 ratio, light blue crystals of
[Ti(Cp)CI{MeCN ),]ISbClg), are obtained. Complete removal of the chloride ions
from [Ti(Cp)Cly] requires a 1:6 excess of SbCls; purple-blue crystals of
[Ti(Cp)(MeCN ),}f SbCly); may then be isolated. These products were characterized
by analytical and spectroscopic (IR, 'H-NMR spectroscopies) methods. Proton
NMR spectroscopic studies indicate the presence of intermediate halide-bridged
[Ti(u-C1),Sb] species in solution during the sequential halide abstraction. Crystals
of [Ti(Cp){ MeCN )J[SbCl,)s. obtained as the bis{solvate) from recrystallization in
acetonitrile, arc characterized by a crystal structure determination. It shows discrete
cations and anions and a pseudo-octahedral coordination sphere for Ti'Y, built up
from five N-bonded acctonitrile ligands and an i°-bonded cyclopentadienyl anion.
The four *equatorial’ nitrogen atoms are coplanar to within 0.01 A. while the Ti-N
bond lengths, in the range 2.089(1§)-2. 098(10) A, arc shorter than in similar
complexes.

Single crystals of dibromo-bis(cyclopentadienyl titanium(IV), Ti(CsHg),Br,,
were obtained from an NMR sample dissoived in deuterochloroform. The compound
appears to be isostructural with the corresponding chloride {3).

2.2, Complexes with oxygen donor ligands

The complex TICL(OSiPh,) has been prepared from titanivm tetrachloride and
HOSiPhy. The complex was characierized by IR spectroscopy and by crystal strue-
e determination |4]. There are two cerystatlographically independent monomers
in the wnit cell in which the titmium atom is retrhedrally coordinated by three
hlorine atoms and the oxygen atom of the siloxy ar oup. The bond lengths for 11 ©
of 1706(3) A for the first monomer and 1.714() A for the second one are very
short and correspond 1o single honds,

Reaction of Cp, TiCl, with triphenylsilanole in the presence of pipendine gave
rise to the compound Cp, TICHOSIPh) {5]. It forms orange needles which were
characterized by X-ray crystallography and IR spectroscopy. The crystad steucture
determination shows that the complex forms monomeric molecules in which T is
in a distorted tetrahedral eavironment. The Ti~O bond length of 1.842 Ais 0.4 A
longer than in TiCL(OSiPhy) while the Si O bond length of 1615 A is 0.078 A
shorter, The rr-hondmg of the Ti O bond is therefore enbanced iy the latter.

In the system Ca(OEU-THOE . (L=EIOH, CH,) only one complex,
[Caf{Ti;(OEDL) 5], was observed, whereas in the analogous Ba system three com-
plexes, {BaiTi(OE,} )] (1) {Bai Ti(OED11- SEIOH and {Ba,{ Ti,Q(OED,,})
SEOM were obtained 6], Single crystal X-ray investigations of [M{Ti(OE1),),]
{M==Ca, By, confirmed unambiguousty that the central atoms (Ca or Ba) in the
molecules are cightiold coordinated (distorted tetragonal antiprism) by two fuce-
shusing bicctahedral {Ti{OEOL] groups via two - and two -OR groups. The
M OB bond lennths are similar 1o those in the corresponding metal oxides M"0
while the Ti -O bond lengths exbibit a clear cut correlation with the bonding mode
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of the OR groups [Ti-O (terminal) < Ti~( #-OM ) < Ti-p-OTi < Ti= (u5-OTi)}. This
provides evidence for the high stability of the [ Ti;{OEt),] group.

The new dinuclear complex compound [{ TiClL,{O,CBuY)(Bu'CO.H)},] (2) was
synthesized by rcaction of TiCly with 2,2-dimethylpropancic acid [7]. The X-ray
crystal structure analysis shows that the titanium atoms arc bridged by an oxo and
two carboxylate groups. The Ti-O distances range from 1.77 A (Tip-O) and
1.99-209 A (Ti-;-O (acid anion)) to 2.09-2.14 A (neutral acid ligand). At 40°C
the compound decomposes to the trinuclear species [{Ti;Cly(O,CBu')s0,]. and
at  higher tomperatures (100-120°C) to another dinuclear oxo  derivative
[{ TICH{O,CBu",!,0). Syntheses using para-substituted aryl acids generally yield
trinuclear complexes { Ti,Cly(OQ,CCH X-p)s0,] (X =Cl or Br) although the p-Bu'
acid torms i TICHO.CCH Bu'-p),1,0). The ortho- and meta-substituted acids

2)

The peroxo  complexes  of  titanium(1V) | TiONO)CHLNIL)(H0)].
(THONOL,]. [THOHLY and  [THONO,L™] (where L=cthylenediamine,
2-aminopyridine; L’'=aminophenoxido, oxoquinoline: " =diethyliriamine; L' =
pyridine, triphenylphosphine oxide) have been synthesized and were characterized
by clemental analysis, conductivity measurements and IR spectral studies [8]. The
complexes contain monodentate and didentate ligands. They oxidize both PPh; and
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AsPh,. Those with tridentate and tetradentate ligands are more stable and inert
towards oxidation. The complexes are consistent with six-coordinate Ti(IV), only
one complex, [ Ti(0){0,)(en),], shows a coordination number of seven.

Some Ti(IV) coordination compounds of the general formula Ti(L)X, where L
represents the trianion of the oxacalix{3]arene (3) macrocycle and X is an isopropox-
ide or acetylacetonate ligand, have been prepared and were characterized [9]. The
Ti(L)(acac) complex exhibits a dynamic interconversion on the 'H-NMR time scale.
At room temperature, the macrocyclic ligand in the complex has C,, symmetry and
the acac methyl groups are equivalent. In contrast, at low temperatures, the macrocy-
cle possesses C, symmetry and the acac methyls are inequivalent. Computer simula-
tions of variablc-temperature NMR spectroscopic experiments have provided rate
constants and activation parameters for the interconversion process. Rapid isomer-
ization of trigonal bipyramidal isomers via turnstile or Berry pseudorotation pro-
cesses is proposed to explain the dynamic behaviour of this complex.

R
R
‘ I
O OH
’J;‘_,,c-n HO
I- |
- 0
TR .
‘D

The reaction hetween  the  his(inmethylsilyDiether of 53,586,677 8.8 -ocla-
hydrobinaphthol, HYDBINO(TMS),. and TiCl, generates a new  unusual
complex: a I4-membered  dititaniunr-macrocycle  with  the  empirical formula
TiICHYDBINO)C], (4). The 'H and "C-NMR spectra of this complex reveal only
one set ol tetrahydronuphtholate resonances over the temperature range ol — 60
to +30°C. A solution molecutar weight study revealed that the complex exists as a
dimer in solution. The X-ray structure determination contirmed this observation for
the solid state. The Tour-coordinate titanium comples shows extremely short Ti- O
bond lengths at an average of 1.742 A, and the Ti O C angle is nearly lincar with
168, indicating an unusually large degree of a-bonding character. The reaction of
partially hydrated HYDBINOH, with Ti{O-i-Pr), generated the first member of o
new class of titanium oxo-alkoxide compleses: a tetratitaniumedi-j-0x0 cluster,
Ti,t HYDBINO) O-1-Pr),0, (3 {10]. A crvstal structure determination shows, that
the complex consists ol a Ti,( ;-0 core with virtually C, symmetry, in which both
oxo ligands adopt a gy environment. The complex contains a relutively planar
THO; core, with a TH-Ti2-Ti3-Tid dihedrad angle of 178, The Tiep=O-Ti angles
average 1o 102, approximating a zigzag arrangement. Each titanium centre adopts
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adi ted square pyramidal geometry with Ti-O bond distances increasing in the
order terminal alkoxide < phenoxide <oxo < bridging isopropoxide.

4) 5

Reaction of TiHOR), (R=iPr and Et) with {fuoroalcohols, HORS
(Rfﬂ C“(CF});. C(,Fsg 2‘6'F3C{,l‘l3. 2.4-F2ChH3. 4'FC¢,H4. C(,I'is). fCSUItS in thc
formation of a series of TI{OR,(OR),..( HOR), compounds with x=2-4 and n=
0 or 1, Only in the cases of Rf=CIHCF,), (x=2) and 2.6-F,CH, (x=2 and 3) is
n=0[11]. The degree of substitution can be correlated to the eleetron withdrawing
ability of the R group, with highly clectron withdrawing groups distavouring
complete substitution. These compounds have been characterized by combustion
clemental analysis, IR, 'He and "F-NMR spectroscopy. Single-crystal Xeray
diffraction studies of THORD(OR ), HOR) (R e CH(CF )y, R Bt and x=2;
Ri=C,Fq R=i-Pr, and x223) revealed controsymmetric dinuclear structures, held
together by bridging oxygen atoms. The coordination geometries approximate edge-
sharing bioctahedr with the coordinated alcohol molecules hydrogen<bonded across
the dinuclear unit to an oxygen atom of an alkoxide. The coordination geometry
defined by the oxygen atoms of the atkoxide ligands approximates a squarc-based
pyramid, with an isopropoxide in the apical site [Ti(1)-0(4)=1.718{6) A and
Ti(1)-0(4)-C(4)=159.6(6)°]. One of the terminal phenoxides has a nearly lincar
angle {169,3(6)"), while the other one has a relatively acute angle (123.3(4)"). The
phenyl group of the latter is oriented such that @ fluorine atom fiils the site trans to
the isopropoxide, Ti(1)-F{1)=2.704(5) A is nearly identical to the sum of the
van der Waals radii of fluorine and Ti(1V). The two compounds that do not
coordinate atcohol (R =i-Pr; R'=2,6-F,C 1y x=3, and R'=CH{CF},;, x=2),
also do not form stable complexes with Lewis bases such as acetonitrile or thf. This
contrasts with Ti{OCH(CF,),]; which forms volatile TI{OCH{CF;);},L; (L = McCN
and thf) compounds. The structure of TI{OCH(CF,),)(NCMe), has been deter-
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mined using X-ray crystallography. The nitrile ligands occupy cis positions in the
distorted octahedral coordination geometry.

A dimetallic lead titanium atkoxide-acetate complex was isolated from a solution
of Pb{OAc), and Ti(OEt),. It was characterized by single-crystal X-ray diffraction.
in addition to spectroscopic methods and chemical analysis. The structure deterniina-
tion of crystaliine [PbTi,( 14-0)(OOCCH)(OCH,CH,;)4], revealed a dimeric struc-
ture {12]. Half of the molecule consists of a basic triangular PbTiy(5-0) unit with
proper ligand attachments, and two units are linked at the Pb and p;-O ions through
formation of a Pb,(,~0), parallelogram as well as by u,-OFEt ligands. Within each
monomeric unit, the Til-Ti2 base of the triangle is spanned by a #,~OEt and a
#tOAc group and three other OEt ™ ligands at cach Ti cation. Both Ti cations have
a sixfold coordination with a distorted octahedral geometry. The average Ti-O
distance is 1.975 A. The coordination number of Pb is five. with a pscudo-square-
pyramidal configuration, attributed to interactions of the bonding electron
pairs with stercochemically active lone pair of clectrons at the Pb(II) center,
[PBTi,( 14-OY(OOCCH;)(OCH,,CH,)4); was also characterized in solution by 'H-
and P*C-NMR spectroscopy in benzene-d, at ambient temperature. The thermal
decomposition of [PbTi,( y1,-0)(QOOCUH ) (OCHCH,)-]; was examined by thermo-
gravimetric anatysts ( TGA), differential scanning calorimetry (DSC), Fourier-trans-
formed infrared spectroscopy (FT-IR). X-ray powder diffraction (XRD) and
scanning electron microscopy (SEM ) with encrgy-dispersive X-ray analysis (EDXA),
as i3 relevant (o the understanding of the evolution of structure in the formation of
ceramic dieleetrics.

The reaction of [(=OHIRhod )]y wili CHLTHON Hy), pives alkylition ol the
RI complex at lower temperstures whereas at room temperature a new oxo-bridged
complex (2O Rh{cod )} Ti('C,HL0N) 1 (6) is Tormad in the course of a proto-
lysis veaction, An Xeray structure determtination shows that the complex has a
dimeric structare {13] The average T O distance is 1L.80 A and the O Ti O angles
iffer between 1088 and FILS . The coordination of Ti' is therelore neatly idently
tetrahedral. The coordinution sphere of Rh' is square-planar with an average Rh-Q
distanee of 208 A an Rh- O Rb angle of 8207, The Rh-Rh distance is with 2.79 A
one of the shoviest distances that was ever found for dimeric anion bridged Rh'
complexcs,

The synthesis and crystal structure of dipotassium bis{oxalato)oxotitanate(1V)
dihydrate, K[ TiO(C,0,),]- 2H,0 is deseribed [14]. The anions, (7). of the com-
pound form cight-membered rings of four Ti and Four O atows. Exch Ti atom is in
a distorted octahedral eavironment. Distances between Ti and O in the non-planar
ring system, possessing an inversion centre, range from 1.789(3) 10 2.138¢3) A, The
K" tons exhibit cight- or twenfold coordination with typical distances between
2.649(17) and 3158(5HA. Sxae of the K* ions and the water motecules are
disordered,

The complex [ TICLOTPEDY,]  CTPPO = tripiperidinophosphine  oxide)  was
obtained by reaction of [ TICHINH,)L with two equivalents of TPPO [15]. A stow
reuction ensued and resulted i1 the complex. The erystal structure was determined.
Hexhibits an ideally octahed al geometry around the titanium atom and reveals
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trans TPPO ligands. The Ti Ct bond lengths are 2.341(1) and 2.343(1) A. The 140
bond length is with 1.923(3) A shorter than a Ti-O single bond and clearly containg
a significant z-bonding component.

Reaction of triphenylarsine oxide with TiCl, leads to crystals of tetrachloro-
bis{triphenylarsineoxide)-titanium(I1V), ((C,H.);As0),TiCl, - 2CH.Cl, [16]. The
Ti(TV ) atom is sixfold coordinated. The geometry can be deseribed as an octahedron,

After the successtul synthesis, the crystal structure of 2 monomeric titanocene-x-
amino-acid complex could be solved for the first time [17]. Reaction from
FCp,TiCH] with the amino acids (glycine, L-alanine, 2-mcthylalanine) yiekied orange-
red complexes which are stable at room temperature and msensitive 1o ar and
moisture. 'H-NMR and IR spectroscopic studies were carried outl. A structure
determination of the complex containing 2-methylalanine shows that the coordina-
tion sphere of the titanivm atom s a distorted tetrahedron and has approximately
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C, symmetry. The Cp rings are in an ecliptic conformation. The Ti—O bond length,
1.961 A, is consistent with a single bond. The complex is one of the few examples
in which the amino acid is bound exclusively to the metal centre via the oxygen atom.

2.3. Complexes with sulfur donor ligands

The reaction of [Ti(NMe;),] with seven equivalents of MeSH yields
[NMe,H,]{ Ti,{SMe),]. A crystal structure determination shows that the two titanium
atoms are coordinated by three terminal and three bridging MeS-ligands. The [Ti,
(SMe)g] ™ (8) unit is described as a flat, face sharing double octahedron which is
new for S-donor ligands. Both TiS, units in [Tix(SMe),]™ are trigonally distorted
to Dy, symmetry. The reaction of four equivatents of MeSH with [Ti{NMe,),]
yietded single crystals of [Ti,(SMe) 5} (9) [18]. The three titanmium atoms are linearly
arranged. The two outer titanium atoms are sixfold coordinated by three terminai
and three bridging MeS ligands while the central titanium atom is coordinated by
six bridging MeS ligands. The geometry of the Ti;S,, unit may be described as a
trigonal-prismatic central unit with two face-sharing octahedra. The two outer
TiS,, units are trigonally distorted octahedra while the inner TiS, unit is unusually
close 1o Dy, symmetry, The trigonal distortion of the TiS, unit in both complexcs
is not expected. A symmetry reduction may be inducced by a secondary Jahn-Telier
effect which should be stabilized by a trigonally distorted 0, symmetry of the
coordination polyhedron. First TH-NMR speetroscopic studies in solution indicate
that by dissolving | NMae,H ) TiySMe),. the complex | Ti(SMe), ;] and at least one
further compound s formed.

8) k)]

24 Complexex with seleninm or rolluritan donor Bigands

The reaction of CpyTi(EAR, with MdppedCl0O,), and  M{PhCN)LCla,
respeclively, yiclds heteredimetailic complexes of the type
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[Cp,Ti(1-EArM(dppe)}(ClO,),.  (M=Ni. Pt; E=Se. Te). (Ar=Ph.
C.H4-Me, C H-4-OMe, CH,-4-OEt) and {Cp,Ti(x-TeAr),;MCL] (M =Pd, Pt).
The reaction of Cp,Ti(SeAr), with M{PhCN ),Cl,. however, leads to the formation
of Cp,TiCl, and a polymeric material [(M/SeAr),), [19].

2.5. Complexes with nitrogen donor ligands

The compound TiCl,(NPPh;) has been prepared from titanium tetrachloride and
Me;SiN'¥*h; [4]. The complex was characterized by IR spectroscopy and by crystal
structure determination. The complex forms monomeric molecules in which the
titanium atom is tetrahedrally coordinated by three chiorine atoms and the nitrogen
atom of the phosphorone-iminato ligand. For the first time, an extended Ti- N-P
axis is observed due to the threefold symmetry. The bond lengths Ti-N of 1.719(4)
and P-N of 1.614(4) A correspond to double boads.

The oxidation of [(Meztacn)Ti"'Bry) { Mestacn =1.4.7-trimethyl-1.4,7-triaza-
cyclononane) in water with Na,[S,04] leads upon addition of NaClQ; to
[ Me;taco)Ti"™Br]ClO,. The series [{(Meytaen)TiVBr(OCH)5.01" (x=0-2) has
been synthesized by oxidation reactions of [(Mc;tacn)TiBr;] with air [20]. The
compounds [( M¢;tacn) TiBr, ) ClIO,. [(Me;tacn) TiBr(OCH,),JCIO,, and [(Me;tacn)-
THOCH )L BPh, have been structurally characterized by X-ray crystallography.
[(Meatacn) TiBry)Cl0; consists of separated monoccations [(Meytacn)TiBry]* (10)
and perchlorate anions. The titanium(1V }Jions are in a pscudo-octahedral
igand environment composed of one facially coordinated triamine and three
bromide ions, Two  peroxotitanium(1V) complexes  [(Me;ytacn) Ti(O,)(NCO),)
(1) and  Meytacn)Tii0)C,] have  been isolated  from solutions  of
l(Mc;t.u,n) TITYNCO), (- O) and [ Me,tacn)TiCl] which had been exposed to
air and 11,0, respectively. Both complexes contain ihe 5* O3 ligand. Three
octahedral tianyl complexes, [ MetaenY Fi(O)CL L [(Uptacn) THECYINCS), [, and
[Ciptac) TiIENCO),], were oblained  From solutions ol J(Me,taendTiCl).
[(iptaen) TiNCS ), ). and [ Meyaen) TigNCO)(OCH ) by interaction with oxygen,
where tiptacn represents 1 4. 7-isopropyl-14, 7-triazacyclononane [20]. The complex
consists of neuteat molecules of [(Meytaen)Ti()Cl,). 1t s the second structurally
characterized octahedral titanyl complex. The Ti=Q distance was found to be
1.637(3) A. All new compounds have been studied by IR and Raman spectroscopy
in solution and in the solid state. Cyclic voltammograms (CV ) of complexes dissolved
in acetonitrile containing a (.10 M [ TBA]PF,, supporting clectrolyte were recorded
at a Pt-button working electrode in the potential range of —2.0 to +2.0V ws,
Ag/AgCl

The isolation and structural characterization of a mixed amido aryloxide com-
pound of titanium(1V ), [Ti(QC H}Bu,-2.6), NMe;,);] (12). containing the sierically
demanding 2.6-di-rere-butylphenoxide tigand is reported {21]. The compound was
obtained by reaction of [ Ti(NMe,),} with 2,6-di-fert-butylphenol. The crystal struc-
ture determination shows that a distorted tetrahedral geometry is adopted around
the Ti metal centre with two aryloxide O atoms and two N atoms of the dialkylamido
groups. The Ti O(aryloxide) distances of 1.808(2) and 1.828(2) A arc well within
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(10) an

the range of observed values while the Ti-N{amido) distances of 1.892(3) and

1.885(3) A are shorter than a single bond length of 196 A as estimated fromn the
sum of covalent radi.

(2)

The reaction of utanium tetrachloride with two cquivalents of NN N-
trimethylethylene-diamine  yields a monomeric  titaniwm  tetrachloride  adduo,
[ TICLAMeNCHLCH NMel)). The complex [ TiC Me ,NCHL.CHLNMel,) s
prepared by the reaction of titanium tetrachloride with four equivalents
of NN N-trimethylethylenediamine  {22]. The X-ray erystal  structure  of
[TICLEMe,NCHLCHLNMeHD reveals that it has a distorted octahedral structure
with the chelating amine ligand in o deltasgenrcne conformation.

The  compounds  CpTiClLUNMe),, [ TICLE{NPMe L. [ TLCLONPMe, Ph),) -
CHLCL, and {TiLCLINPMe,)JEBPH,] are formed from Cp, TiCHH and titanium tetea-
chioride, and the corresponding phosphane imino compounds Mo SiNPMe, and
Me SiNPMe,Ph, respectively 23], The tetraphenylborate salt erystaltized trom the
reaction of | T1HCHLONPMe )T with NaBPh,. All compounds were characterized
by IR spectroscopy and crystal structure anabyses. The steucture determination of
CpTiCLINEMe), (13} revealed that the molecules are monomeric with the
(NPMey) ligand in an almost lincar arrapgement. with an T3 NP angle of 170.7".
In {TICLINPMey)], (14) the titanium atoms, which oceur in trigonal hipyramidal
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coordination, are linked by the N atoms of the (NPMe;)™ groups to form @
centrosymmetric dimer with Ti-N bond lengths of 1.843 and 2.082 A. The struciure
determination of [Ti,Cl{ NPMe,Ph),;}- CH,Cl, shows that the compound may be
understood as a reaction product of TiCl,(NPMe,Ph), and TiCl,(NPMe,Ph). In
the resulting heavily distorted Ti,N, four-membered ring, the Ti-N bond lengths
are 1.804, 1.944, 1.992 and 2.346 A. The largest Ti-N bond is in frais-position to
the N atom of the terminal (NPMe,Ph)~ ligand with a Ti-N distance of 1.756 A.

(13} (14)

The structural data for [TiyCl(NPMe,):J{BPh,] (15) show that the three titamum
atoms along with three (NPMcey)  groups with 5-N functions and  two
(NPMe,) groups with ;-N functions form a trigonal bipyramid. Each titanium
atom accomplishes @ coordination number of six with two terminal chlorine atoms.

The complex [ Ti( NBut)Cly Bu'py).)] ( Bu'py =4-rerf-butylpyridine) is i usetul pre-
cursor Tor monomeric titanium imido complexes. 1t is vapidly prepared from
TiCl,, Bu'NH, and Bu'py. Reaction of [ TI{NBu')YClf Bu'py),)) with ons: equivalent
of Na[CsHs] or Li|CsHs) gave the monomeric hall-sundwich cyclopentadienyl
complexes [ Ti(p-CsR(NBuYCIH Bu'py)} (R = 1 or Me). Treatment of the complex
with two cquivalents of Na|CsHy] in thf followed by recrystallization afforded
the bis(y-cyclopentadienyl) derivative [ Tig-CsH)(NBu)(Bu'py)). The reaction
of [THNBu)CL(Bu'py),)] with one equivalent of Li[CoH,Mey] (CoH Me, =
trimethylindenyl ) yickded the first 4-indenyl-imido derivative
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[ Ti(n-CoH Me;)(NBu')Cl(Bu'py)} [24]. The preparation of N-donor half-sandwich
derivatives of the {Ti(NBu"')} unit was also carried out. [Ti(NBu"YCl,( Bu'py),)]
reacted smoothly at room temperature with K(dmbpz} in thf to give
[Titdmbpz)(NBu)CI(Bu'py)]. The tris(3-isopropyipyrazolyl)borate and the
tris( 3-isopropyl-4-bromopyrazolyl yborate analogues may be prepared similasly.
[ Ti(dmbpz)(NBu")Cl(Bu'py)] is the first example of a titanium pyrazolylborato—i-
mido derivative. Reaction of [Ti(NBu')Cl{Bu'py),] with one equivalent of the
dilithium salts Li.{Me,taa] or Li,[ Megtaa} (Me,-/Megtaa =tetra- and octamethyldi-
benzotetyaaza[14])annulene) in thf afforded the macrocyclic imido derivatives
[ Tit Megtaa}{ NBuY)] and [Ti(Mcgtaa)(NBu')}, respectively. The erystal structur: of
[ Ti{ Mcytaa){ NBu")} (16) was determined. The Ti atom lies 0.76 A out of the macro-
cycle’s N, plane, and the Megtaa ligand is saddle-shaped as expected. The
Ti-N--Bu! angle of 164.3(3)" is sufficiently closc to linearity <o that it may be inferred
that the Bu'N ligand s acting as a four-clectron donor. The Ti=* NBu' bond length
{Ti N(5)=1.724(4) A} is quite long compared to titanium-imido hnkag:,s in general
[ranging from 1.672(7) to 1.723(4) A, seven examples]. The largest one 1s found for
a Ti- NBu' linkage. The complex is formally a fourteen-valence-electron species,

(16)

Complexes with the formulae TICIL! have been synthesized by reacting titanium
tetrachloride with the Schiff bases derived (rom salicylaldehyde and substituted
Z-aminopyridines (CHNR: R =H, 3-CH,, 4-Cif,, 5-CH,, 6-CH, L' ligands) or
from N-methylpyrrole-2-carboxaldebyde  and  various  amines (HL,NR: R=
CHy 22CH,C M, -CHLCH, CHLC HG (CHDLCHL CHCH )L, (CHLCH,,
(CH,CHy L2 ligands) [25] They have been characterieed by clemental analysis
along with '"H-NMR and IR spectroscopy. The L' ligands appear to coordinate via
their pyridine nitrogen and phenolic oxyeen atoms. Tit1V) has the coordimition
number six i these compleses. The L7 lgands are monodentate coordinating via
the imine nitrogen atoms, When the complexes are monomers, the coordination
number of the metal atom is five, but i they are dimers or polymers tormed by
hatogen bridges, the coordination number of the titanivm atom is sis.

Fhe complex FTIIN{SIMe, )]y (F7) was obtained from the seaction of Tl with
three equivalents of LIN{SiMe ). An Xeray erystal structure determination shows
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that the molecule consists of a neutral monomeric FTi{N{SiMe;),]; molecule [26].
The titanium atom is tetrahedrally coordinaied by the fluorine atom and the three
nitrogen atoms of the N{(SiMe;), groups. Only small differences are observed for
the Ti-N distances (average: 1.913 A). The presence of three bulky N(SiMe,),
ligands around the titanium atom shields the fluorine atom and reduces the reactmty
of the Ti-F bond (1.792(4) A). A '"H-NMR spectroscopic study shows the equiva-
lence of the three N{SiMe,), ligands, one singlet at §=0.31 ppm. Mass spectrometric
{MS) analysis, thermoanalytical studies (TGA/DTA/MS) and CVD experiments
are also discussed.

(17

Reactions  of  {(y*-C.HITICL)  with  dialkyl  and  diarylumide-lithium
complexes o B L2 or 13 molar ratios aflord  the  mono(pentamethyl-
cyclopentdicnyD ) titminm (IV ) dialkylamido-complexes  |(>C L) TICT, ANR ),
(n R Mcoor 8t Mey) (n=2 R« Me or Phy n= 3, R=Mc or [t} Similar
reactions of 1% CMue Y TICH L (e-On]and [r-CaMed TN ((-O0) gave the core-
sponding comploxes Hp™CsMe) 10 EONR G- (= 30 R - Me or Ph) (n-
2 R Med and [{-CaMeg) TiClLANMey) (p-0),] (= b or 3) | 27). The eryastal
structure of P CoMed TIINMe,) ] has heen determined by X-ray erystalfography
and it shows that it has a piano-stool structure with a symmetry plane defined by
Ti(1} N(2) Cp*centroid). The N(1) ~, N(2}—. N(1A) plang is essentially paraliel
to the Cp* plane. All compounds were characterized by IR, "H- and “C-NMR
spectroscopy.

The compound Ti{NR = CH-CH ~NR); (R =i-C;H,) (18) was obtained by reae-
tion of TiCl, - thf with Li,(NR-CH- CH NR) in the presence of the hgand mole-
cules. The compound was characterized by 'H- and “C-NMR spectroscopies. and
mass spectrometry [28). The structure was determined by Xeray diffraction. The
ttanium atom is very shiclded and this may be the reason for the low reactivity of
the compound. The complex may be interpreted as a titanium(1V) compound in
which the negitive charge is equally delocalized over the three DAD tigands.

Synthesis  and  spectroscopic  data of  NB(NMe,),5i(NMe,); TitNMe, )],
INSI{NMe, ) TiHNMe,), ), and | N(SiMe;)Si(NMe:) TitNMe,);) are reported [29],
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The complex [NSi(NMe,),Ti(NMe,),); (19) consists of dimers and the molecules
have approximately C,, symmetry. The compound is characterized by a planar four-
membered Ti,N, ring with exocyclic tri(dimethylamino)silyl substituents attached
to the nitrogen atoms of the ring. The C, axis lies in between the two titanium
atoms of the Ti,N, ring and the two symmetry planes go through both of the
nitrogen atoms as well as the silicium atoms of the silyl group. The titanium atoms
have a tetrahedrally distorted surrounding and the Ti-Ti bond length is 2.807 A.

(19)

The chemical reactivity at an early transition metad centre upon a single site while
eflectively shiclding the remaining coordination sphere is of interest in the develop-
ment of polydentate amido ligands. Two types of new tripodal amides are reposted:
{HCCICHNSIMe ), TiBr A and [HC(SiMe,NC H,CH L)L TiBr] B, Reaction of the
amides A and B with carbonyl metailate derivauves leads o the coupled, heterodi-
metalic,  dinuclear  complexes | HZCCICHLNSIMe ), TiBrE IMICOSUCHL)
(M=2l'¢ () (20). Ru (b)), [HCCICHNSIMe, ), TiBr)[CatCON PPh;)] () and
HC(SIMe,NC HLCH )L TIBe) IMCOWCH )] (M=t (d). Ru (e}, [HC(SiMc,-
NCJHCHL), TiBe {Co(CONPPh)] (F ) respectively [30]). The Ti- Fe complexes ()
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and (d) are the first compounds with an unsupported Ti-Fe bond that are stable in
solution at ambient temperatures and chemically fairly robust towards attack by
weak nucleophiles unless activated thermally or photochemically. The existence of
Ti-M bonds in the complexes (a-f) was initially established by IR spectroscopy.
Free rotation about the Ti-M bonds is inferred from the effective threefold symmetry
of the titanium-amide moiety observed in the NMR spectra. Cooling soluti~ns of
(a), (b), (d), and (e} in [Dg]toluene 190 K leads to a broadening of the resonance
assigned to the amido ligand. Single crystal X-ray structural analyses of (a) and (b)
have established that, while the compounds differ significantly with regard to their
packing in the crystal and thus space group symmetry, their molecular structures
arc very similar. The central structural unit is the Ti-M bond {M=Fe, Ru). The
average Ti-Fc distance of 2.433 A in (a) and the Ti-Ru distance of 2.527(1) Ain
(b) are significantly shorter than in other compounds. In fact, the Ti-Fe bond length
in (a) is the shortest observed so far for an unsupported traasition metal-metal
single bond in a molecule. In order to establish the basic structural arrangement in
the dimetallic complex derived from B, an X-ray structure analysis of {e) was carried
out. A striking feature is the lunpshade arrangement of the tripodal amide in which
the tolyl groups are oriented almost orthogonally to the radial planes spanned by
the Ti, N, and Si atoms. That this orientation of the amido tolyl groups is retained
in solution may be inferred from the shift of the signals of the Cp protons in the
'H-NMR spectrum of (e) to higher field (6 =4.07 in comparison with 4.99 in (b)).
The Ti-Ru bond therefore appears less shielded than in (b). and it may be due to
this situation that the metal- metal bond [d( Ti-Ru}=2.503(4) A} is cven shorter
than that observed in (b).

2.6. Complexes with bovon donor ligands

The reaction of  closo-exo-Li-1-Li-2.3-(S8iMe;),-2,3-C,B,H; and  anhydrous
Cp,TiCl, produced [commo-1-Cp-1-Ti-2,3-(SiMe;) -2,3-C,B,H ], the first example
of a paramagnetic Tig1) d'-¢* dimer not having distinet bridging ligands |31].
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Chemical oxidation of the complex gave the previously unknown diamagnetic (d%)
Ti(1V) complex, convno-1-Cp-1-Ci-1-thf-1-Ti-2.3-(S8iMe;),-2,3-C,B,H, (21). For
[commo-1-Cp-1-Ti-2,3-(8i> - -2,3-C,B4H,]; the EPR spectrum in frozen toluene
at 105 K was recorded. 7. - dimer shows ar. interesting magnetic behaviour in that
it exhibits a broad susceptibility maximum at 60 K with a sudden decrease below
and Curie-Weiss behaviour above this temperature. Despite of the paramagnetism
useful NMR spectroscopic data were obtained. These and the IR and mass spectra
as well are consistent with the molecular structure. The X-ray crystal structure
reveals that there are two crystallographically independent half-dimers in the unit
cell and a centre of symmetry exists within each dimer. The complex
commo-1-Cp-1-Ci-1-thf-1-Ti-2,3-(§iMe;),-2,3-C,B,H, examined by 'H-, 'B- and
I3C.NMR spectroscopies, IR and mass spectrometry. A crystal structure deter-
mination shows a distorted tetrahedral coordination for the titanium atoms
with Ti-C,B; and Ti-Cp centroid distances very similar to those found for
feommo-1-Cp-1-Ti-2,3-(SiMe;),-2,3-C,B,H ..

3. Titanium(1Nl)
Y 4. Complexes with exygen donor figunds

Dinuctear "titanocene’ [CpTi]y(C o Hg HM ) reacts with carboxylic acids resulting
in the replacement of its three bridges by four carboxylato bridges. The structure of
the resulting formato complex [CpTi(OCOH )y}, (22) has veen determined by X-ray
crystallography {32). The Ti'™ centres are bridged by symmetric formato groups.
The Ti Ti distance of 3.775(1) A is 100 fong for o direet Ti T interaction.

3.2 Complexex with nitrogen donor ligands

The compound T CHCN L reacts with the evelic triamine 1.4, 7-triiso-
propy-td. 7-trinzacyclononune (ptacn) with formation of f(tiptacn) Ti™ClL]. The
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chloro ligands of the complex are readily substituted by thiocyanato groups gener-
ating [(tiptacn)Ti™(NCS);]. From a mixture of thf, NaOCN, water, methanol
and [(tiptacn)Ti"™Cl,], the complex [(tiptacn)Ti"(NCO),(OCH;)] was obtained. In
the absence of methanol and by using [1.4,7-trimethyi-1.4,7-triazacyclo-
nonane { Me,tacn) as the macrocyclic triamine. the neutral ( z-oxo)dititanium( H1)
complex [(Mestacn);Tia{ NCO),(3-O)] is formed. The thiocyanato analogue
[( Mestacn), Tix{ NCS),(;-O)] was obtained from an acetonitrile/water mixture with
[(Mexaen) Ti(NCS )31, The crystal structure of [(Mejtacn),Ti(NCO),(#-O)] has
been determined by X-ray crystaltography [33]. The neutral molecules in the complex
of f(Me;stacn), Ti,( NCO),( 1~0)] (23) contain the lincar Ti"--O-Ti' moiety with a
Ti-O bond distance of 1.838(1) A. From temperature dependent magnetic suscepti-
bility measurements (2.0-296 K } it is concluded that the two unpaired electrons m
the complexes  [(Mclacn), T NCOY(;-O)] and  [{Mestacn), Tio( NCS)(4#-0)
exhibit a weak intramolecular antiferromagnetic coupling. Electronic and X-band
EPR spectra, electrochemistry and the magnetic propertics of all complexes have
beea investigated i detiul.

(23)

The reduction of 'TiC1, with sodium amalgam and addition of [PhNC(H )NPhj L1
affords the titu. .um(1Y) compound Ti(DPhT )y, The erystal structure determination
shows that. because of (he small bite of the ligand, the N Ti-N* angles within the
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chelate rings arc only 63.3(2)° and the TiNg core deviates markedly from being
trigonal antiprismatic. Reduction of TiCl, with HSn{a-Bu); and addition of
[PANC(H)NPh]Li does not produce a Ti' product but rather an imido bridged
compound, Ti,(u-DPhF ),(DPhF ),( #-NPh), [34]. The titanium atoms are in a dis-
torted octahedral environment. The main deviation is in the small N-Ti-N* angle
in the chelating ring, 61.43(7)°. The bridging Ti-N-Ti units are unsymmetrical, with
the Ti-N bond lengths of 1.789(2) and 2.068(2) A, indicative of alternative single
and double bond character.

Reaction of {(Cy,N),Ti{u-Cl1),Li( TMEDA)] (TMEDA = N, N, N’ N*-tetramethy-
lethylene-diamine) with MeLi formed different complexes depending on the stoichio-
metric ratios of the reactants used [35]. The novel Ti(lll} complex
[(Cy,N),Ti( u-Me),Li( TMEDA)] formed when two equivalents of the organolithium
reagent was used. A crystal structure determination revealed that the coordination
geometry around the titanium atom is a distorted tetrahedron with the coordination
polyhedron bound to two nitrogen atoms of the two amides and the carbon atoms
of the two methyl groups. The trigonal planar geometry of the nitrogen donor
atoms together with the rather short Ti-N distances (Til-N1=1.964(4) A,
Til -N2=1.941(4) A) indicate an sp® hybridization of the nitrogen atoms, and
possibly to some extent Ti-N zn-bonding. A tetravalent complex, [(Cy,N),TiMe.),
was obtained when a molar ratio of 1:1 was used. The complex is monomeric and
a titanium atom is placed in the centre of a distorted tetrahedron detined by two
nitrogen atoms of the two amido ligands and the two terminal methyl groups.
[(Cy;N);TiMe,] rapidly decomposed in toluene at 60°C to form the bridging methy-
lene complex [(Cy,N ), Ti(p-CHL),-THNCy,),]. The molecule is dimerie and consists
of two identical (R,N),Ti lragments connected by two bridging methylene groups.
The coordination polyhedron around cach titanivm atom a5 that of & distorted
wirnhedron, The Ti(CH,), core is planar, forming sather short T T contacts
(T Ti -2.934(2) A),

3.3, Complenes with phosphorus donor ligandy

The reductior. 7 Cp TiCH with primary phosphides K{PHR] (R = 1-Bu, SiPh,,
CoHy-2,4.6.-1-Buy) oa i presence of the corresponding primary phosphine, Pif,R-
is reported. In the fira two Loses. the products oblamed are typical Ty N
dimers of the foun JCp Fge-PHR)), (0 -4 Bu, SiPhy). However, in e ruses
of the reactant of cupu-mesitylphospind: phosphine, the product oblained s
[CpTiCp=-PH) 004" -0 1] (24) [36). These reactons have been monitored
spectroscopically by 'H- and “P-NMR and X-band EPR spectroscopies. An X-ray
crystal structure determination shows that the two Ti atoms ure coordinated to =-
bound cyclopentadienyl rings as well as hall of the fulvalenide moiety which bridges
the two metal centres. The two phosphide { PH,) moieties also bridge the two metal
atoms, thus completing the pseudotetrabedyal coordination spheres of the titanium
‘:Inms. The Ti"s unit is not planar. The dihedral angle between the TiP, plancs is
26.6(2)".
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4. Titaniuvm(11)

Treatment of (CpTiCly), with a-butyllithium and 1.2-bis(dimethyl-
phosphino)ethene (dmpe) gives & dark-brown solution from which black crystals of
CpTiCl(dmpe), could be obtained after crystallization from pentane or diethyi cther.
Treatment of this compound with methyllithium affords the titanium(i)alkyl
CpTiMe(dmpe), as black crystals. A similar reaction of CpTiCl(dmpe), with
n-butytlithivm yiclds the titanium (1) hydride CpTiH(dmpe), [37]. All three com-
pounds arc diamagnetic. They show sharp 'H- and '*C-NMR spectroscopic signals
for the Cp ring. For vach complex therc are two PMe, resonances for the dmpe
ligand. The crystal structures of all three compounds have been determined. All
three complexes are best described as pseudo-octahedra with the two dmpe ligands
oceupying the equatorial positions. The four phosphorus atoms are bent away from
the *-Cp groups. All compounds are crowded molecules with unusually long metal-
ligand bonds. Other titantum(11) pentamethyleyelopentadienyl complexes have also
heen prepared: treatment of Cp*TiCi, with excess LiBH, and crystallization from
toluene affords the green titamum (1) complex [Cp*TiCH B ). Trcatment of this
compiex with n-butyihthiun in the presence of dmpe or rere-butylirisl{dimethyiphos-
phino)methylJsilane (trimpst) yiclds dark brown corystals of the titanium(1l)
complexes Cp*Ti(BH ydmpe and Cp*Ti(BH, ) (trimpsi ). respectively, alter reerys-
tathization from pentane. The compounds Cp*Ti(BH dmpe and  Cp*Ti-
( BH ) (trimpsi) are paramagnetic. The X-ray crystal structure of the trimpsi complex
Cp*Ti{ BH ) (1rimpsi) confirms the presence of didentate BH, ligands. Somewhat
surprisingly, the potentially tridentate trimpsi ligand is bound to the metal centre in
A didentate fashion.

The preparation and characterization of the novel titanocene complex
Cp,Ti(Ph,Sit ) PMe,) (25) is reported [38]. The complex is unstable in solution
and decomposes 1o the dinuclear species ("7 -CHIUCP)Ti(PMey)}, and
Ph,SiH,. The 'H- and *Si-NMR and IR spectra were recorded. A single crystal
X-ray structure determination was also carried out. The most interesting feature of
the structure is the geometry around the silicon atomn. This geometry is best described
as a distorted trigonal bipyramid with the two hydrogen atoms occupying the apical
positions and Ti with two C atoms defining the equatorial planc. Both the
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spectroscopic and structural data suggest that there is a threc-center interaction
between siticon, titanium and the hydride ligand.

(25)
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