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A. INTRODUCTION

The rapid growth of transition metal organometallic chemistry since the
1950s has been remarkable, and is partly because many of these compounds
are effective catalysts, and because they can themselves be precursors for a
wide range of derivatives. This has also led to the development of new
methods in organic synthesis, and to a better understanding of catalytic
processes. During the past few years there have been several developments
in the theoretical aspects of structure and bonding which have prompted a
better understanding of the nature of the organometallic molecules.

The chemistry of titanium is characterized by its multiple oxidation states
and has long been an active field of study. The relationship between
structure, reactivity, and catalytic activity has been of major importance.
There have been many structural studies of titanium compounds which have
been summarized in annual reports [1-3] and several reviews [4.5], but there
has not been a comprehensive review and classification of the crystallo-
graphic data. This review presents the structural data for titanium
organometallics. The material has been obtained from published literature
up to at least volume 102 (1985) of Chemical Abstracts. The activity and
interest in the area is evident from the appearance of several new structures
during the few months that this manuscript was in preparation, many of
which have been included.

The available structural information for titanium coordination com-
pounds (excluding organometallics) has also been compiled and will be
presented elsewhere [6]. The aim of this review is to provide the first
overview of organometallic compounds for which structures have been
determined by X-ray crystallography, and to make comparisons between the
organometallic and other complexes of titanium. Whenever possible the
estimated standard deviations and the maximum deviation from the mean
value quoted, are given in parentheses.

With over three hundred coordination and organometallic structures, the
chemistry of titanium is the richest of the Group IVB elements. The systems
to be discussed here can be largely regrouped into two classes, those
containing one aromatic multidentate ligand, and those containing at least
two such aromatic ligands.

B. HOMOLEPTIC TITANIUM COMPOUNDS AND DERIVATIVES WITH ONE MUL-
TIDENTATE RING LIGAND

(i) Monometallic compounds

The crystal and structural data for titanium monometallic compounds in
which the organic moiety is bonded by a unidentate carbon o-donor atom or
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multidentate ligand are given in Table 1. The data have been arranged so
that the structures are in increasing order of coordination number. The
titanium atom in (n>-Cp)TiCl, [7], (n'-C,H,)Ti(dmpe)Et [8], and in
Ti(CH,Ph), [9,10], has approximately tetrahedral coordination. The en-
vironment about the titanium in the first compound consists of three
chlorine ligands with Ti—Cl bond distances ranging from 2.201(5) to 2.248(5)
A, and a Cp ligand. The CI-Ti-Cl and C1-Ti~CNT angles vary from 102.2
to 115.0(2)° which demonstrates the deviation from an ideal tetrahedron.
One bidentate dmpe ligand (Ti—-P=2.636(1) and 2.673(1) f\), one ethyl group
(T1-C=2.211(5) A) and one cycloheptatrienyl in the second complex, and
four unidentate CH,Ph ligands in the third, build up four-coordination
about the titanium atom (Table 1). The Ti-CNT distance of 2.01 A in the
former is smaller than the centroid distance in the latter (2.243 A), as was
expected.

The titanium(Il) atom in (n*-hmb)Ti(Cl, AICl,), [11] possesses a square-
pyramidal coordination. The four chlorine atoms (Ti-Cl=2.600-2.624(4) A)
form the corners of a square and the 7-bonded hexamethylbenzene takes the
axial position (Ti—CNT=2.055 A). Other examples of five-coordination
around titanium have been found also in (#’-Cp)TiCl,(NH,NPh), (#’-
Cp)TiCl,(N,Ph) [13], and (#’-Cp)Ti(dmp), [14].

Coexistence of the two monomers in [(9°-Cp)TiCl,(thf)][(n’-
Cp)TiCl,(thf),] has been found [12]. While the coordination about titanium

Cle

cu

(@)

Fig. 1. Structure of (n’-Cp)TiCl,(thf) (a), and (7°-Cp)TiCl,(thf), (b). Reproduced with
permission from ref. 12.
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in (7°-Cp)TiCl,(thf) is distorted tetrahedral (Fig. 1(a)) in (7°-Cp)TiCl,(thf),
it is a distorted trigonal bipyramid (Fig. 1(b)). The mean Ti-L bond
distances in the latter are somewhat longer than those in the former (Table
1), as was expected.

X-Ray analysis of the bright-red air-stable crystals of (#°-Cp)TiCl(quin),
[15] shows the geometry around the titanium(IV) atom to be distorted
octahedral. In the remaining two examples (Table 1), the [(C,Ph,)TiCl,]"
ion [16] and (9>-Cp)Ti(S,CNMe,), [17], a hepta-coordinated geometry is
found about each titanium atom.

Examination of the data in Table 1 reveals that the mean Ti-C(Cp) and
Ti~CNT(Cp) bond distances are dependent on the coordination polyhedra,
and increase with coordination number in the order: four- < five- < six- <
seven-coordinate compounds, corresponding to the values, 2.31 and 2.01
A <2.38 and 2.055 A < 2.41 and 2.101 A < 2.422 and 2.103 A, respectively.
On the other hand, the Ti—Cl bond distance does not follow this order: 2.24
A (seven-coordinate) < 2.27 A (four-coordinate) < 2.369 A (five-coordinate)
<2372 A (six-coordinate). In general, the Ti—L bond distances increase as
the size of the ligating group increases. For example, the Ti-CNT distance
in four-coordinated compounds is 2.01 A (Cp) and 2.243 A (C,H,).

(ii) Bi- and oligometallic compounds

Crystal and structural data for bi- and oligometallic titanium organome-
tallics are gathered in Table 2. A characteristic feature in these structures is
the omnipresence of bridging atoms or ligands. In several cases sufficiently
short Ti-Ti distances (2.83-3.00 /0\) for metal-metal bonding or orbital
interactions to occur are encountered. Nevertheless, as for bimetallic com-
pounds with at least two aromatic rings (see Table 4), short metal-metal
distances should also be viewed as a consequence of bridging constraints as
well as a bonding necessity.

The homometallic examples can be divided into several groups based on
the nature of the bridging. In [(n®-CyH,)TiMeC,Ph], [18], the two C H,
rings are planar and both are #-bonded to a central atom; one Ti atom is
part of a titanole ring, the other Ti atom is w-bonded to this ring. The Ti-Ti
bond distance of 2.94(4) A indicates metal -metal bonding.

In the two structures {[Ti(CH,Ph),],(¢-0)} and {[(#°-Cp)TiCl,],(u-0)}
[19-21], the two titanium(IV) atoms are bridged singly by oxygen atoms.
The four nearest neighbours to the titanium(IV) atom form approximately
tetrahedral coordination. These three tetrahedrally coordinated bimetallic
titanium(IV) compounds were the first examples found with linear Ti-O-Ti
bridges.
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Doubly-bridged titanium atoms are the most common of the bimetallic
derivatives listed in Table 2. Examples include compounds containing oxygen
ligands (OEt) [22], nitrogen ligands (NPh) [23), and chlorine atoms [8, 25
and 26]. :

In [(n>-CpTiCl),(pu-NPh)(p-N,Ph,)] [12 and 24] and {(%>-CpTiCl),(p-
N,CPh,),] [12], two titanium(III) atoms are bridged as shown in Figs. 2(a)
and 2(b). In the former, the two [CpTiCl] moieties are bridged by a
phenylimido ligand. The Ti-Ti distance of 2.829(2) A is somewhat shorter
than that in the latter (2.837(3) A) and indicates a direct bond between the
metal atoms. The Ti-L bond distances found in these two bimetallics also
differ slightly from each other (Table 2).

By contrast, the distance between the titanium atoms in [(%’-
Cp)TYC,H,COO0),]}, [27] (3.63 or 3.74 A; there are two independent
bimetallic molecules) indicates no direct bonding interaction. This com-
pound is bimetallic with a structure similar to that of copper(Il) acetate

Fig. 2. Structure of [(n>-CpTiCl),(p-NPh)(u-N,Ph,)] (a); and [(#*-CpTiCl),(pu-N,CPh,),]
(b), page 62. Reproduced with permission from ref. 12.
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Fig. 2. (continued)

monohydrate [144], having two titanium(IlI) atoms bridged to four
carboxylate groups. Each titanium atom has square pyramidal coordination,
with the 7-cyclopentadienyl ligand in the axial position. The absence of
metal-metal bonds in a dimer of this type is rare, but there is probably
considerable steric hindrance between the bulky cyclopentadienyl ligands in
the axial positions and the carboxylate ligands bonded to titanium.

The bright-yellow compound {[(#’-Cp)TiCl,],(0,C,Me,)} [28] has two
{CpTiCl,]* units held together by a pinacolate dianion ligand (Ti—-O-C-
C-O-Th).

There are four tetrametallic examples of titanium complexes (Table 2). In
the centre of the tetrametallic molecule, [(C H,)TiCl,], [26], is a hexahedron
of Ti and Cl atoms lying on alternate vertices. The four cyclooctatetraenyl
rings which are m-bonded to the metal are tetragonally disposed around the
approximate cube formed by the eight Ti and Cl atoms and lie roughly
perpendicular to the body diagonals. In this compound the Ti—Ti distances
are greater than 3.5 A. In the remaining three examples ([RTi" Cl(p-0)],,
R = %°-Cp [29], »*-CpMe [30], and #’-C,H,, [31a]), four RTiCl moieties are
linked by four oxo bridges to produce an eight-membered central ring of
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Fig. 3. Structure of [(7°-CpTi);S;]. Reproduced with permission from ref. 31(b).

alternating Ti and O atoms. The pseudotetrahedral arrangement about each
Ti(IV) atom is comprised of a multidentate R ring, a chlorine ligand, and
two oxo bridges.

In general, the mean Ti-O-Ti and L-Ti-CNT angles decrease with
increasing size of the R ligand, whereas the L-Ti-L angle decreases. In
addition the Ti-L bond distances decrease as the size of the ligating R ring
decreases (Table 2).

The crystal structure of dark green-brown (7°-CpTi)S, [31b] shows five
titanium atoms forming a distorted trigonal bipyramid. One cyclopen-
tadienyl ring is 7-bonded to each titanium. The sulfur atoms are placed over
the six triangular faces of the polyhedron, each bridging three titanium
atoms (Fig. 3). Similarly, the titanium atoms in (7’-CpTi) O, [32] describe
an octahedron. The six cyclopentadienyl rings cap all apices and the eight
oxygen atoms each occupy a face of the polyhedron (Fig. 4). The mean
Ti~Ti distance (3.157(5,21) A) in the former pentametallic cluster is longer
than that found in the latter (2.891(1,28) /q\). The smaller covalent radius of
oxygen (0.73 ;\) versus sulfur (1.02 A) has been proposed to be the main
reason for the difference [31b].

There are two examples of heterometallic compounds (Table 2). In
[Ti(dea),],(n’-Cp),Fe [33], the crystal unit CpFe “holds” two Ti(dea),
moieties by a single carbon atom of the Cp ligand, and completes an
approximately tetragonal environment about the titanium atoms. A tetra-
hedrally-surrounded titanium metal atom has been found in the cobalt
cluster, [(CO)4Co,CO],(n>-Cp)TiCo(CO), [34] (Table 2). The coordination
sphere about titanium is comprised of, two oxymethylidynenona-
carbonyltricobalt groups, one 7-bonded Cp ring, and one Co(CO), group.
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Fig. 4. Structure of [(3°>-CpTi)Oy]. Reproduced with permission from ref. 32.

Inspection of the data in Table 2 shows that there is a tendency for the
Ti-L bond distances to elongate with nucleation. For instance, while the
mean Ti-L distances in bimetallic compounds are 1.785 A (L = O, bridge),
2.364 A (L=C, Cp), and 2.512 A (L=Cl bridge), in tetrametallic com-
pounds they are 1.795, 2.370 and 2.583 A, respectively. However, the mean
Ti-Cl(terminal) distance of 2.292 A in bimetallic compounds is somewhat
longer than that in tetrametallic compounds (2.269 A).

C. TITANIUM COMPOUNDS WITH TWO MULTIDENTATE RING LIGANDS
(i) Monometallic compounds

Crystal and structural data for monometallic titanium organometallics
with at least two multidentate ligands are listed in Table 3 Almost half of
the known structures for organotitanium compounds belong to this group.
The cyclopentadieny! radical is one of the most widely found m-electron
donors, and the vast majority of the titanium organometallic derivatives
have at least one of these ligands. The Table has been arranged so that the
structures are in increasing order of coordination number, increasing atomic
number of the principal coordinating ligand, and increasing order of com-
plexity of the coordination sphere.
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From the structural point of view, the titanium organometallics sum-
marized in Table 3, can be divided into two groups: a-bonded ring com-
pounds with a “sandwich” or parallel ring arrangement, and “clino-sand-
wich” structures for those molecules with a bent arrangement of ring planes.

There are five examples (Table 3) in which a titanium atom is “sand-
wiched” by two parallel ligands. These complexes contain two w-bonded
carborane or two cyclooctatrienyl rings or an admixture of these including
m-bonded cyclopentadienyl and cycloheptatrienyl rings [35-39a]. Notable
are the mean Ti-~C bond distances which increase in these compounds in the
order: 2194 A (C,H,) <2.311 A (C,H,)<2.337 A (C,H,). The mean
Ti—C(C,H,) distance is by far the shortest compared with Ti~C(Cp), and
no convincing explanation has yet been proposed for this anomaly. How-
ever, the corresponding shortening of the metal-ring centroid distances has
been explained from simple geometrical considerations assuming the M-C
bond lengths are approximately the same [39b]. This assumption seems quite
inadequate for the molecules discussed, and a more likely explanation would
be that lowering of the ring 37 molecular orbitals as the ring size increases
favours the C,H, and C;H; over C;H bonding with respect to the 3d
atomic orbitals of Ti(0) and Ti(IlI) metals.

Three types of complexes for the “clino-sandwich™ structure have been
found. These metallocenes have either one additional ligand, two ligands
(atoms), and even three additional ligands on the open side of the tilted
aromatic rings. Examination of the data in Table 3 reveals that the ad-
ditional ligands cause the CNT-Ti-CNT angle to decrease from its ideal
value of 180° for parallel rings. The value of this angle, in “clino-sandwich”
compounds, ranges from 147.9° to 119.8°.

In (7’-Cp),Ti(OPh) [40] the titanium(III) atom is 7%’-bonded to two Cp
ligands, and to the OPh anion via its oxygen atom. This is the only known
example for a titanium “clino-sandwich” structure with one additional
monodentate ligand.

The “clino-sandwich™ structures with two additional ligands (atoms) are
by far the most common found for the monometallic derivatives listed in the
Table. The examples include hydrogen atoms [41-43], O ligands [44-53], N
ligands [54-60], C ligands [61-70], Cl atoms [71-83], S ligands [56,84-90], P
ligands [91-93], O, C ligand [94,95], O ligand and Cl atom [28,47,96], N, C
ligand [97,98], C and P ligand {91,92], and Cl atom and Si ligand [99]. The
crystal structure of (7°>-Cp),Ti(NO,), [46] is shown in Fig. 5 as a representa-
tive example. A nearly tetrahedral environment about the titanium(IV) atom
is built up by two rings and two nitrate groups. Approximate tetrahedral
symmetry is found around the titanium(IV) metal in the purinate derivative
(7°-Cp),TiCl(Pu) [60b]. In this structure the purine heterocycle is N-bonded
and its plane is parallel to the CI-Ti—-N plane and directed away from the
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Fig. 5. Structure of (°-Cp),Ti(NO;),. Reproduced with permission from ref. 46.

open face of the tilted cyclopentadienyl rings. In the theophylline derivative
(n°-Cp),Ti(theo), O, N-chelation of the ligand results in a planar five-
membered Ti—O-C--C~N metallocycle involving a titantum(III) atom [60c].

There are four examples (Table 3), in which an additional three atoms are
coordinated to a central titanocene unit. They are comprised of either one or
two additional ligands which are bonded to titanium as either a C,C,C-tride-
ntate allyl ligand [100], a C-unidentate carbonyl plus a C,(C-bidentate
diphenylacetylene [101], a N, N,O-tridentate diethyldiazomalonate ligand, or
as a Cl atom plus a C,0-bidentate COMe ligand [103].

The degree of occurrence of titanium oxidation states for the compounds
tabulated decreases in the order: four > three > two. Although the compari-
son is obviously not strictly relevant, the Ti-L bond distances appear to
show a slight increase with increasing formal oxidation state of the titanium
atom. For example, the mean Ti— C(Cp) and Ti—-CNT dJStanCCS of 2.350 A
(range 2.310-2.422 A) and 2.041 A (range 2.018-2.071 A) for Ti(1l), are
shorter than those for Ti(IIT), which are 2.375 A (2.300-2.510 A) and 2.048
A (2.03-2.08 A), and these are agamn somewhat smaller than those for
Ti(IV), which are 2.377 A (2.310-2.490 A) and 2.058 A (2.031-2.087 A),
respectively.

Comparison of the Ti-~C(Cp) distance for the mono- and bis-cyclopenta-
dienyl compounds reveals that the mean value is similar for both, 2.378 A
and 2.379 A respectively. In a series of compounds with multidentate
hgands the mean Ti-C bond distance increases in the order: 2.350 A(C p) <
2.371 A(CpMe) < 2.395 A(Cp*) for Ti(I)-C; and 2.377 A(Cp) < 2.382
A((CHQ) Cp,) <2.385 A(MCp) < 2.402 A(CpBu) <243 A(DPth) <2.44
A(C H,) for T(IV)-C. The mean Ti- -C bond distance m the series of
bidentate ligands i is in the order: 2. 157 A(C Ph,) < 2 160 A(C H,) <2165
A(tSlpb) < 2.169 A(C Ph,) <2.176 A(pfpb) < 2.465 A(Cp) and finally, with
unidentate ligands is 2. 025 A(CO) < 2.178 A(Me,Ph) < 2.21 A(CH ) <2.179
A(Cp) These trends are governed by both steric and electronic factors. In
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addition, the mean Ti—-P distance is observed to decrease from 2.585 A in
(Cp),Ti(dmpe) [93] and 2.526 A in (9*-Cp),Ti(PMe,), [92], to 2.344 A in
(m°-Cp),Ti(PF,), {91] which is the order of decreasing steric demand of the
phosphine ligand itself i.e. PEt; > dmpe > PMe, > PF,. -

In general, the Ti-L distance increases with increasing van der Waals
radius of the llgated atom: 2. 003 A (range 1. 860-2.155 A) (0,1.52 A) < 2.007
A (1.922-2.100 A) (N, 1.55 A) <2.359 A(2.310-2.405 A)(Cl 1.75 A) <2429
A(2 395-2.455 A)(S 1.80 A) < 2.497 A(2.340-2.585 A)(P, 1.80 A).

(ii) Bimetallic compounds

Structural data for bimetallic compounds are summarized in Table 4.
There are several types of bridged systems in this group. The crystal
structure of [(#°-Cp),TiAl(C,H,),], [104] is the only example with a non-
bridged hetero-atom between two titanium atoms. The (1°-Cp),TiAl(C, Hy),
units are linked through a Ti-Ti bond which intersects a two-fold symmetry
axis.

In an attempt to isolate and resolve the structure of the still sought after
neutral titanocene molecule, the structure (7-Cp),Ti(u-1': 7°-CsH,)Ti(7’-
Cp)(thf) was insiead found in the solid reaction product [105]. Two
bis(cyclopentadienyl)titanium units are held together by a metal-metal
linkage in this molecule. One of the cyclopentadienyl ligands, however,
contains only four hydrogen atoms and serves to bridge the two titanium
centers, in a monohapto : pentahapto-bonding arrangement. The Ti-Ti dis-
tance of 3.336(4) A is longer than that in the former aluminium ligated
complex (3.110(7) A).

In another set of six homometallic compounds, two titdnium atoms are
bridged via a single oxygen atom [106-111]. The Ti-O (bridge) distance
ranges from 1.829 to 1.865 A (mean 1.840 A). In each example, the titanium
atom exhibits pseudo-tetrahedral coordination with two Cp ligands, an
oxo-bridged atom and the remaining fourth place is occupied either by a
water molecule [106,107], a chlorine atom [108], a nitrate group [109],
C(Ph)=CH(Ph) [110], or by a CF,C=CHCF, molecule [111]. The Ti-L-Ti
angles range from 168.8 to 177. O(3)°, and T1 C(Cp) distances vary from
2.302(10) to 2.467(10) A (mean 2.398 A). The mean Ti-C(Cp) distance is
about 0.019 A longer than that found in monometallic bis(cyclopentadienyl)
derivatives (2.379 A)

Doubly-bridged titanium atoms are those most common in the homo-bi-
metallic bis(cyclopentadienyl) derivatives listed in the Table. Examples
include hydrogen and chlorine atoms [112], O ligands [95,114], N atoms
[115], Cl atoms [116,117], Br atoms [117]), and Si atoms [118]. Ti-Ti
distances are in the range 2.910 to 4.125 A and Ti—L-Ti angles vary from 98
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Fig. 6. Structure of [(n>-Cp),Ti(p,-pz)},. Reproduced with permission from ref, 121.

to 138° (Table 4). As pointed out by several authors, the observed short
intermetallic distances are often a consequence of constraints due to the
nature of the bridge rather than a bonding interaction as indicated by the
magnetic or electronic properties of these molecules [113-117]. Iglterestingly,
the mean Ti—C(Cp) distance of 2.377 A (range 2.305-2.527 A) found in
these doubly-bridged bimetallic derivatives, is somewhat shorter than that in
singly-bridged analogues (2.398 A), the reverse of that expected. The angles
CNT-Ti-CNT lie in the range 126 to 136° in the former and 126 to 127° in
the latter.

There are two examples where two titanium metals are linked by the
dinitrogen ligand in an essentially linear manner (Ti-N = N-Ti). In [( 7°-
Cp*),Ti],N, [119], two (Cp*)Ti moieties bridged by the N, and the Ti(1l)
atoms are in a trigonal environment. This is the only known example of such
a geometry in bis(cyclopentadienyltitanium(II) derivatives.

A pseudo-tetrahedral environment about Ti(Ill) has been found in [( 7°-
Cp),Ti( p-MeC¢H )], N, [120], where two Cp,Ti( p-MeCH,) units are held
together in a manner similar to that in [7>-Cp3Ti],N, (Table 4).

In crystalline [’-Cp,Ti{ t,-pz),], [121], the two titanium(ILl} atoms are
bridged as shown in Fig. 6. The four nitrogen atoms from the pyrazolide
groups are in the same plane and the titanium atoms of the metallocycle
form a six-member chair configuration with one titanium atom occupying a
position 0.40 A above the plane of the pyrazolide groups and the other
titanium atom 0.40 A below the same plane.
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c(e)

Fig. 7. Structure of (n*CyH,),Ti,. Reproduced with permission from ref. 123.

X-Ray analysis of blue (7°-CpMe),Ti,S, [122] shows that the structure
consists of an eight-membered ring (Ti,S;) of approximate D, symmetry.
Two (CpMe),Ti fragments are held together by a doublet of three S atoms
(Ti—[-S-S-S],-Ti). The mean Ti-S distance of 2.425 A is not significantly
different from that found in (7°-Cp),TiSs or (7°-Me,SiCp),TiS; (Table 3)
(2.430 A).

The crystal structure of tris(cyclooctatrienyl)dititanium [123] is shown in
Fig. 7. This complex molecule has a double sandwich structure with a
twofold polar axis across the boat-shaped ring. The mean Ti~C(bridge)
bond distance 2.40 A is about 0.05 A longer than those in the terminal
ligands, as expected. The C-Ti—C bond angles are in the range 32.7 to
37.7(3)° (mean 34.6°).

Bimetallic dark-brown (n°-CpMe),Ti,OAsS, [124] exhibits a highly dis-
torted tetrahedral configuration with two non-equivalent titanium atoms.
One titanium has two S atoms, a CpMe ring, and an O atom in the inner
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Fig. 8. Structure of {(>-CpMe),Ti},(C,Ph,). Reproduced with permission from ref. 128.

coordination sphere. The other, has two CpMe rings plus an S and O atom.
The oxygen atom links the two titanium centers (Table 4).

In {(7*-Cp),Ti},{OC(NPh),} [125]. the diphenylureylene ligand bridges
two Cp,Ti units through the nitrogen and oxygen atoms and completes a
tetrahedral environment around the titanium(III) atoms.

Other types of bridge have been found in {(7’-Cp),Ti},{C,0,} [126} and
{(%>-Cp),Ti( p-ted),], [127). Two Cp,Ti moieties are held together by a
planar tetradentate bridging oxalate ligand C,0; ™ in the former and by the
carbodiimide ligand p-ted in the latter. In the latter, all Ti-L bond distances
are somewhat longer than those in the former (Table 4) and reflect the more
bulky bridged p-tcd ligand relative to C,0; .

The crystal structure of dark green {(7°-CpMe),Ti},(C,Ph,) [128] is
shown in Fig. 8. In this complex the titanium is part of a four-membered
metallocyclic ring and is the first organometallic compound involving an
early transition metal reported to have such a structure.

There are two examples, {(%’-Cp),Ti),(0,CPhCO,) and {(n*-Cp),Ti},
(0,CC,H,CO,) [49], in which each Cp,TiO, fragment has normal pseudo-
tetrahedral distances and angles (Table 4). These bimetallic compounds
bridged by a dicarboxylate dianion have intermolecular distances of 5.783
and 5.932 A, respectively.
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In dark green {(7°-CpMe),Ti},(S,N,C,H,) [129] the dianion of 2.4-di-
thiopyrimidine is acting as a bis-bidentate bridge between two (CpMe),Ti
moieties, with a Ti-Ti distance of 6.075(2) A (Table 4). p-1-Diphenylphos-
phino-p-2-diphenylarsinoethane occurs as a bridge between two (Cp),TiCl
units (Ti-P(As)-C-C-P(As)-Ti) in the complex {(#’-Cp),TiCl},(dppae)
{130].

The longest bridge between two titanium atoms to be identified by X-ray
diffraction in a solid organometallic compound occurs in {(#’-Cp),TiH,
AlH, }(tmen) [131]. The acidic (Lewis) aluminium atoms of the two
(Cp),TiH, AlH, moieties are linked by the nitrogen atoms of the tetrameth-
ylethylenediamine ligand in this molecule.

There are three examples [111,112,117] of bimetallic structures in which
two crystallographically-independent molecules are present. These isomers
differ only by the degree of distortion, representing another example of
distortion isomerization.

(iii) Tri-, tetra-, and hexametallic compounds

There are three known examples of structures for trimetallic titanium
compounds (Table 5). The trimetallic complex {(%’-Cp).Ti,Cl;}0, [132]
exhibits a distorted tetrahedral configuration with two non-equivalent
titanium(IV) atoms. Two Cp,Ti units are held to the center CpTiCl unit
through a single almost linear oxo-bridge. The mean Ti(IV)-O(bridge)
distance of 1.819(7, 61) A is somewhat shorter than those found in more
familiar bimetallic compounds (1.834 A) (Table 4). However, in these
bimetallic derivatives the titanium atom is in its 3+ oxidation state, which
presumably affects bond distances.

The crystal structure of the monoclinic mixed-valency Ti(IV)-Ti(Ill)
compound, {(1n°-Cp),Ti};{OC(NPh),}, [125] is shown in Fig. 9, where it
can be seen that two (Cp),Ti{ OC(NPh), } moieties are linked symmetrically
to the central Cp,Ti unit through their carbonyl oxygen atom. There are two
non-equivalent titanium atoms, which differ not only by their coordinated
atoms, but the cyclopentadienyl rings also exhibit an almost staggered
configuration around the N-bonded Ti(IIl) (Ti(2) in Fig. 9), while the
configuration around the other O-bonded Ti(IV) (Ti(1) in Fig. 9) is neither
staggered nor eclipsed. The bond distances and angles are given in Table 5.

Another trimetallic mixed-valency Ti(IV)-Ti(IIl) compound, {(7n°-
Cp),Ti},{Ph,CN,C(O)N,CPh, }, [102], having crystailographic C, symme-
try, shows a familiar environment about the titanium atoms (Fig. 9).

Very air sensitive, the light-green crystals of [{(n’-Cp),Ti},(CO,)], [133]
consist of tetrameric units having C,, symmetry. The four (Cp),Ti units are
bridged by two CO}  ligands. As shown in Fig. 10(a), there are two
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Fig. 9. Structure of {(°-Cp) 2T1}3{OC(NPh,), },. Reproduced with permission from ref. 125.
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Fig. 10. Structure of [{(n -Cp),Ti}2(CO3)1, (a) (ref. 133) and of [{(#*-Cp)s(n':7’-
C:H 4)T12}{(n -Cp), (7 : 1°-C1oHg)Ti, }(#3-Ny)] unit (b) (page 88) (ref. 134). Reproduced
with permission.
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Fig. 10. (continued)

chemically different atoms of titanium(III) in this complex. The Ti(2)-Ti(2)
distance (3.597(2) 13\) rules out a metal-metal interaction.

An unusual, and unique coexistence of tetra and monometallic structures
in the air-sensitive, dark red-brown prismatic crystal of [{( 7-Cp) (0 : 7°-
CsH)Ti, H{(07-Cp)y(m° : 9°-C o H)Ti, }(p4-N,)JI( 7°-Cp) , Ti(bme)] has been
found [134]. The crystal structure of the tetrametallic unit is shown in Fig.
10(b) (bottom). In the monometallic Cp,Ti(bme) unit (not shown in the
Figure), the two cyclopentadienyl rings about titanium are tilted in a clino
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fashion hence forming a cavity in the equatorial plane for the bidentate
bis(2-methoxyethyl)ether ligand. The bond distances and angles are given in
Table 5.

D. HETEROMETALLIC COMPOUNDS

Structural data for heterometallic organometallic compounds of titanium
are presented in Table 6. There are several polymetallic complexes including
at least one titanium atom. However, few contain Ti—metal or Ti—Ti bonds.
Most structures are of the polymeric type where the metal atoms are
generally bridged by a ligand and there is one example of a resolved
carbonyl Co cluster structure bonded to a titanocene unit.

For the heterometallic compounds, two types of bridged systems have
been found. In [(%>-Cp),Ti(dppet),Cu]BF, [136] and in (7*-Cp),Ti(SMe),
Mo(CO), [137] the metal atoms are doubly bridged by the S atoms of the
two ligands. The mean Ti-S-M angle 82.8° (M = Mo) in the former is
larger than that of 78.1° (M = Cu) in the latter. The Ti-M bond lengths
show a similar pattern with a value for Ti-Mo 0.297 A longer than that of
3.024(1) A for the Ti-Cu bond. This lengthening of the Ti-Mo bond can
also be attributed to the covalent radius of Mo (1.45 A) versus Cu (1.38 A)
The mean Ti-C(Cp) bond distance 2.371(9, 22) A in the former and 2. 39(2,
5) A, in the latter, are in the range found in bis(cyclopentadienyl)titanium
derivatives (Table 4).

X-Ray analysis of the bright-green solid (7n°-Cp),Ti(thf)(CO)-
Mo(CO),(n’-Cp) [138] shows the structure to consist of a (Cp),Ii unit
coordinated by a molecule of thf(Ti-O = 2.197(5)_ A) and by the oxygen
atom of a p- 2.bridging carbonyl (Ti-O = 2.143(5) A, and C-Mo = 1.874(7)
A) to the CpMo(CO), fragment.

The molecular structure of hetero-trimetallic {(n*-Cp,Ti[(7#' : #°-
C,H  )Mn(CO),],} [139] is shown in Fig. 11, and data are given in Table 6.

In another example of a hetero-trimetallic compound, two independent
structure determinations for the zinc chloride derivative {[(%’-Cp),TiCl],
ZnCl, } (Table 6) have been reported. The trimetallic molecule consists of a
central ZnCl, tetrahedron linking the two other Cp,Ti groups [140,141].
Moreover, the Cp,T1 units are joined by the Cl...Cl edges of the ZnCl, unit
in such a way that the metals are nearly colinear. The molecular structure of
[(7’-Cp),Ti(dme),(Zn,Cl] consists of a [Cp,Ti]* cation stabilized by a dme
molecule, and a (Zn,Cl, )2~ anion [142]. Two benzene molecules are present
in each trimer solid as solvent of crystallization.

Two organometallic cluster structures containing titanium are reported.
They have been described earlier and are shown in Figs. 3 and 4. Structures
for two cobalt clusters also containing organometallic titanium, [(CO),Co,,
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Fig. 11. Structure of {(n’-Cp),Til(7': 7°-CsH,)Mn(CO),),}. Reproduced with permission
from ref. 139.

Fig. 12. Structure of (1°-Cp),TiC{CO)Co,(CO),. Reproduced with permission from ref. 143,
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CO]4(n*-Cp)TiCo(CO), [34] (Table 2) and (7’-Cp),TiCIOCCo,(CO), [143]
(Table 6) are known. The crystal structure of the latter is shown in Fig. 12
and consists of a CCo(CO), tetrahedral unit to which a tetrahedral
Cp,Ti(O)Cl group is attached. In both these structures the titanium metal is
not involved in the metal aggregate.

E. CONCLUSIONS

The crystal structural data gathered in this review represent over 150
titanium organometallic compounds. The majority of these are mono- and
bimetallic, with six examples of trimetallic, five of tetrametallic, and one
example each of penta-, and hexametallic clusters.

The occurrence of the three oxidation numbers in these derivatives shows
a distinct Ti(II < TYIII) < Ti(IV) order, with few examples of mixed-valency
compounds. '

Two crystallographically-independent molecules differing by their degree
of distortion, are present in 14 examples [26,27,35,49,72,73,85,88,91,92,111,
112,117,126]. There is even an example, n°-Cp,Ti(S,N,) [56], in which three
such molecules are present. The coexistence of two or more species with the
same coordination number of the central atom, but different degrees of
distortion within the same crystal, is typical of the general class of distortion
isomerism [145].

The cyclopentadienyl ring is by far the most common ligand occurring
here, and a tetragonal arrangement about the metal is the preferred molecu-
lar geometry. Binuclear titanium compounds with two linking ligands are
the most common bridging structure encountered.

A summary of the structural data for organometallic titanium compounds
is given in Table 7. Inspection of the data reveals that:

(a) In general, the mean Ti-L bond distance in monometallic compounds
with one 7°-Cp ligand is somewhat longer than those with two »*-Cp
ligands. However, the mean Ti-Cl bond distance is reversed, and the mean
Ti—C(Cp) distance is almost equal in both types of compound.
(b) The mean Ti-L bond distance in bimetallic compounds with one 7°-Cp
ligand is shorter than those with two 7°-Cp ligands when L is Cl or
C-bonded, but longer if L is either O- or N-bonded to titanium.
(¢) In general, the mean Ti-L(bridge) bond distances in oligometallic
compounds with one %>-Cp ligand are found to be shorter than those with
two 1°-Cp ligands.
(d) In general, the Ti-L(bridge) distances tend to be somewhat longer than
the Ti-~L(terminal) distances.

An overall summary of the structural data for organometallic compounds



94

of titanium and vanadium is given in Table 7. Some points of comparison
arising from these data are listed below.

In general, the Ti-L bond distances are longer than the corresponding
V-L distances, with the exception of V-Cl distances which are found to be
longer than Ti—Cl distances. However, it must be noted that there is only
one example for each. This observation, (T1 L) > (V-L), corresponds very
well with the metallic covalent radii (1.32 A versus 1.25 A, respectively).
Finally, the M—L distances increase with increasing van der Waals radius of
the ligated atom.

This survey illustrates the rich variety found in over 300 titanium com-
pounds for which structures have been defined by X-ray crystallography or
related techniques. During the collection and oganization of the data it has
become clear that, despite the increasing availability of data retrieval sys-
tems, the tracing of relevant material is not always a straightforward task.
Some of the data surveyed were available only as supplementary material,
and this can sometimes lead one to overlook some relevant structural
features for comparative purposes. In view of the limitations inherent in
information retrieval, we believe that such reviews will continue to serve a
useful function by crystallizing available material, and delineating areas of
both interest and weakness.

Despite the variability of the compounds, many systematic trends have
been observed and outlined here. From these trends, directions for further
inquiry are more apparent in this and related areas.
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