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Peter C. Watles
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The organometallic chemistry of these metals is receiving an
increasing amount of attention. The main emphasis has again been an
cyclopentadienyl campounds, although papers an cyclooctatetraenyl and
-cycloheptatrienyl derivatives feature prominently. Reviews on
Organotitanium Compounds (1) and Organchafnium Compounds (2) have been
published in Russian.

CRYSTAL STRUCTURES

The structures of seventeen compounds have been investigated by
X-ray techniques. Crystal and molecular structures of the titanium(IIT)
complexes, (szTiCI)z-ZnClz-ZCGHG* and (szT'-l}fE)z(Zn.ZCla) CGHG have
been determined from single crystal diffraction data (3). The first
contains an approximately linear Ti-Zn-Ti arrengement with double chloride
bridges between the metals, while the second shows a tetrahedral cation,
(Cp,Ti-IME)".

The structures of several cyclopentadienyltitanium(IV) dihalides
have been published, including untwinned Cp,TiCl, (4), (n°-MeCGH,),TiCL, (5)
and (°-Me,Cy),TiCl, (6). The structural investigation of the MeCdH,
derivative formed part of a study by Dahl and collaborators on the nature
of the bonding in Cp,M campounds. The work will be described more fully
in the section on Cyclopentadienyl Compounds. In the pentamethyl derivative
several ring methyl groups are bent out of the cyclopentadienyl plane away
*  Cp = m-cyclopentadienyl

Annual Survey covering the year 1974 see J. Organometal.
Chem., 103(1975)475-494. .
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from the titanium atom. These deviations were attributed to Cl-Me crowding
and Me-Me contacts between the two rings.‘

In the tetrahedral dicarbonyl, Cp,Ti(C0}, the Ti-CO bond length is
2.030 3, compared with the average Ti-C(Cp) distance of 2.347 & (7).
Cyclopentadienyltris(tropolonato)zirconium(IV) shows pentagonal bipyremidal
geometry wiﬂ\ bidentate tyopolonato ligands (8).

The crystal structures of the indenyl derivatives, (n°~Cgi) Mie,,
vhere M = Ti, Zr or Hf, have been determined. The three are isostructural,
the indenyl ligands adopting a gauche configuration (9). Cyclooctatetraene
derjvatives have received attention; cyclooctatetraene titanium chloride
is a tetraner, [(CgH,ITiCI],, while the THF adduct is a dimer, ’
‘[(caaa)ﬁm.mlz (10).  In the zirconium compound, (CgEQZrCl,-THF, the
zirconium is bonded to each carbon of the COT ligand, to two chlorines and
to the O-atam of the THF ligand. The geamelry is essentially octahedral,
with the COT ligand occupying one face and the remaining three ligands
cccupying cormers of the octzhedron (11).

The structure of the first titanacarborane, [4,4"~Ti~(1,6-C,B, g Me,), 12"
has been investigated (12). Tt comprises two 1l3-vertex closed polyhedra
fused through the titenium atom, which is sandwiched between roughly
parellel six-membered rings.

The structure of bis[tris(diethylamido)titanc] ferrocene,

[et W) TicH ], Fe, predicted earlier (13) has been confirmed (14). A
computer drawing of Hf(miu)u fram preliminary X-ray data at 24K was preserted
in a paper discussing the bonding possibilities in M-B, compounds (15).

The two titanium atoms of di-p-ethoxy-bis(dibenzylethoxytitanium)
are joined by oxygen bridges. I:‘adztitanimatmis perttacoordinate
in the form of a distorted trigonal bipyremid (16),

. ELO OEt

. PhCH I'/ \{_i,cnzph,,
PhCHy \gt/ “CH,Ph
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ALKYL, AND ARYL DERIVATIVES (Including Allyl)

Insertion of isonitriles, RNC, where R=Me or #-Bu, into the halides
of titanium, zirconium and hafnium occurs readily, apparently via an
intermediate adduct. Multiple insertion may occur for R=Me, but only
single insertion for R=t-Bu, probably for steric reasons. ‘The compounds
obtained, of type [MC13[C(C1)=NBu}(CNBu)]2 or M{C(C1)=NMe}, , are poorly
soluble and at least dimeric, probably with imino-nitrogen bridges (17).

Trimethylsilylmethyltitanium halides, (He3Si(}12)nTiClu_n, where
n=1 or 2, have been prepared as reddish liquids from TiCl, and RMgCl
or RLi. Thermal stabilities of the alkyls follow the order,
RfiC13>R2'I‘iC].2>RuTi. The trisaikyl, (EﬁaaSiCHz)aTiCl, could not be made
in the same way, but was present in mixtures with RuTi and RzTiC12.lH NMR
and infrared data are reported (18).

Standard heats of formation and M-C bond energy terms for &
titanium and zirconium campounds, MR, , where R=Me3$i(}12, l‘*!e:,‘CCI-!2 or
PhCH, , have been derived from the heats of alccholysis of these compounds
in isopropyl alcohol, and from subsidiary data.  Comparison with alkoxo,
amido and halo derivatives showed that for Ti, Zr and Hf, mean bond
strengths decreased in the order, M-O>M-C1>M-N>M-C. The values for
zirconium are monotonically higher than those for titanium by 15%, and
slightly higher again for hafnium. In neopentyl derivatives a
considerably weakened M-C was found (19).

_ Reaction of TiCl, with the disilacyclobutane, Me,Si(CH,),SiMe,,
gave a reddish-brown liquid identified from analysis, 'H NYR and mass
spectra as the silylmethyl derivative, C13Ti0{28i(Me)2Sﬂ‘le2Cl (20).

Tris(m-cyclohexenyl)titanium(IIT) has been prepared in 10% yield
from cyclohexenylmagnesium bromide and TiCl,, as a red-brown paramagnetic
solid which decomposed slowly in toluene solution at 23° (21). Ina
paper by Wilke and coworkers six different types of allylmetal derjvatives
are distinguished on the basis of infrared and lH NMR spectral data;
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viz., 7, g, T and o-dynamic or static. The spectra of allylzirconium
and allythafnium compounds, MA,, (COTIMA,, (COTIM(Met),, (COTIM(Crot),,,
where M = Zr or Hf, A = allyl, Met = methylaliyl, Crot = crotyl,

COT = cyclooctatetraenyl, are discussed and the compounds classified
according to the above scheme. A comprehensive discussion of spectral
data and the variaficm of behaviour with temperature is given (22).

The ionic nature of the lithium alkyltitanium camplexes,

Li{ TiMe,R]-solvent, where R = C1, Me, Fh or CH,Ph, has been shown by
conductivity measurements in THE and diethyl ether (23).

In connection with olefin polymerizing systems, the reactions
between Ti(CH,Ph),*Al(CHyPh),, and Ti(CH,CgH,Me-p)+AL(CH,CcH, Me-p) were
investigated using cryoscopyas well as lH NMR and mass spectroscopy.
The extent of the reaction reached a maximm at Al/Ti ratios between u
and 5, and resulted in elimination of one benzyl ligand as toluene
(or p-xylene) and reduction of titanium(IV) to titanium(III) in a compound
formilated as, (PhCH,)sTICHAL(GH)PR),. - Dibenzylzine also reduced
Ti(GL,Ph), but the mixture did not polymerize olefins (24). 1In the
polymerization of butadiene, Ti(CH,Ph), and its o-chloro and o-fluoro
analogues showed only slight activity, which was increased somewhat by
addition of AlEt;. In the presence of AlCl,, predominantly ecis-1,% or
trans-1,4-polybutadiene was formed (25). v

The action of 2 moles of diphenylamine on tetrabenzylziveonium in
benzene displaced two benzyl groups and produced yellow, crystalline
(PI‘!G-IZ)ZZ{'(Nth)Z in 50% yield (26).

’()nly one aryl has been reported, (Z,u,s—ﬂeacsﬂz)uﬁ-?j}tzo ,
prepared in 60-70% yield from TiCl, and RMgBr. Thermolysis at 235°
gave mainly mesitylene, dimesityl, toluene and ethane (27).

CYCIOPENTADIENYL, COMPOUNDS _
Reduction of Cp,TiCL, with aluminium in THF in the presence of CO

has been foind to yield Cp,Ti(C0), in 87% yield. The reaction was
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explained by an equilibrium between the initially formed (szTiCl)2 and
co, .

(Cp,TiCl),+2C0 === Cp,TiCl,*Cp,Ti(CO),
Zinc and magnesium are also active in this reaction. Reduction of
Cp'l‘:iCl3 with Mg in the presence of cycloheptatriene gave CpTi(C.lH7) (28).
Carbonylation of cyclopentadienyltitanium derivatives to give Cp2'.'|'.':i.(CO)2
can be facilitated by addition of AlEt,, which increases solubility by
camplexation. In this way, Cp,Ti(CHyPh),, Cp,TiCl, and (Cp,TiCl), in
heptane were converted to the carbonyl by CO at atmospheric pressure and
ambient temperatures. In aromatic solvents secondary reactions during
carbonylation led to polymeric compounds containing Ti-O bonds. During
the course of this work the new benzyl derivatives, szﬂf(aizl’h)z,
(Ind),Ti(CH,Ph),, (Ind),Zr(CH,Ph), and (THINd),Ti(CH,Fh),, where
Ind = nm—indenyl, and THind = tetrahydroindenyl, were prepared from
PhCH,MgCl and the appropriate metal halide. The red, crystalline
monocarbonyl , szTi(CO)PMe3, was also obtained by displacement of cne CO
fraom +the dicarbonyl with PMea. Mention is made of (It'1CI)2T:'_(CO)2 and
(‘I‘I-l:[nd)zT:i.(CO)2 but no details are given (29).

Electrophilic cleavage of the C-Zr bond in alkylzirconium compounds,
formed by addition of Cp,Zr(Cl)H to olefins, has been investigated further.
In particular the erythro- and threo- forms of Cp,Zr(C1)CHDCHDCHe, were
cleaved by Bz-2 with retention of configuration. The compounds formed by
insertion of CO, SOZ and O between the C and Zr of this alkyl derivative
were detected spectroscopically and their NMR pavameters tabulated (30).

Terminal or intermal olefins can be converted to primary alcohols by
oxidation of the alkylzirconium, Cp,Zr(C1)R, formed by addition of the
olefin to CppyZr(C1)H. Protic oxidizing agents such as peroxides and
per acids form the alcohol directly, whereas dry cxygen forms initially
the alkoxide which must be hydrolyzed (31). With 1,3-dienes the zirconium
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s2-addition to the sterically less hindered
olefinic unit to give v,6-unsaturated complexes in 80-30% yield.
Treatment with CO at 20° and 50 psi followed by hydrolysis then gave
v,6-unsaturated aldehydes, while reaction with N-bromosuccinimide led to

bromides, sometimes mixed with the derived cyclopropylcarbinyl bramide (32),

e.g.,
% 7 Newo
}-—\ + CpZZI‘(Cl)H . Ct
ZrCp, wf
+
i’ “Br

Br

In like manner, addition of CPZZr-(Cl)H to acetylenes proceeded
stereospecifically eis giving vinylzirconium derivatives, e.g.,
CPZZ!‘(C]_)C(Me)=CHEt from MeC=CEt. With N-bromosuccinimide,
M-chlorosuccinimide or iodine, vinylic halides could be formed in 53-100%
yield with retention of C=C stereochemistry (33).

Triethylgermyl derivatives have received some attention from Russian
workers. In tetrehydrofuran, Cp,TiCl, formed a con;plex‘with
bis(triethylgermyl)cadmium, Cp,TiCl,.CA(GeEt,), , which was readily
oxidized in air (38). In aromatic solvents slow decomposition occurred
at 200, )

Cp,TiCL,"CA(GeEL,),, —» Cp,Ti(CL)GeEL (+CAFEL GaCl
At higher temperatures, reduction of titanium occurred. With Hg(GeEt,),
and ijl‘iClz in benzene, metallic mercury formed immediately together with
(Cp,TiCl), and EtyGeCl. With CpZZr-C].2 in toluene bis(iriethylgermyl)cadmium
gave Cp,Zr(CL)GeEt, in 41% yield (35).

The meticulous work of Kaminsky and coworkers on the products of the
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reaction between Cp,Zr(l, and AlEt, has continued. A range of compounds
has been isolated and characterized including szzr(Cl)Et, and several
organozi.rconimn—altml._inimn campounds containing groups of the type
-Z'r-C—C—Al/, —Z'.x\-C—-C'im:
f D | <Al

! il
_Zr(c-c-zzl) , and-—zr( c-gAl-)?. Preparative
procedures are given and the kinetics of their interconversion discussed (36).
The 1H NMR spectra of several of the complexes are detailed in a separate
paper (37) with reference to structures, conformation and coalescence
temperatures.
The doubly methyvl-bridged titanium-aluminium complex,
C e e
i S A

Cp/ \Me/ ~ Me
has been prepared from \x,pZD_Cl)z and I;:'.:’i_h‘-".e,+ in toluene at 0°. The green,
peremagnetic complex decomposed slowly in solution at 0°. The corresponding
yttrium compound was also isolated. Under the same conditions, NaAlH,Me,
gave the hydrogen-bridged, (_‘pzTiI-IZAlHe2 (not isolated in a pure state)

while A12Me formed the 1:1 complex, szTiA'LMeSCl, the bridging ligands

6
of which cculd not be identified (38).

The trimetalliic titaniun(III) species, (szTiX)ZMX.Z, where M =Zn,
Be or Mn, and X = C1 or Br, have been reinvestigated (3). They were
prepared by two general methods; reduction of titanium(IV) species by
free metal, or addition of metal halide to a titanium(III) species. The
crystalline cyclopentadienyl compounds were solvated, but substitution into
the cyclopentadienyl rings allowed solvent-free crystallization. Changes
in basicity of solvent can cause dissociation of the trinuclear complexes.
Thus in diethyl ether, (szTiCI)_22nClz.ZCGH6 dissociated to szTiCL whereas
in IME the ionic complex, (szTi.IHE)z.(ZnZCls).CsH » was formed containing
the cation, [szﬂﬁ;Tisz]zﬂ The benzene molecules in both structures
reside in the crystal lattice. X-Ray structural data were mentioned in

the first section.
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Attempts to replace the chlorides of CpTiCl2 with two l-methylallyl

groups resulted in the formation of a butadiene complex,

CeTic, 1-MeallylMgBr  CpTith’-C Hc)(h-g i)

CpTiCl,
The brown diamagnetic complex was thermally stable (decomposing at 85°C)
but sensitive to oxygen. The mode of attachment of the ligands was
indicated by the infrared, 'H NMR, 1°C NMR and mass spectra and also by
the nature of the products obtained on bromination (39).

Thermal decomposition of bis(cyclopentadienyl)titanium diaryl
campourks, szTiR.z, where R = Ph, 3-MeC‘5 N h-HeCGH,* or 3,!4-M=_»ZC6H3, was
found to be first order with activation energies of 20-30 kcal mole T,
depending on the nature of R. A reaction mechanism was proposed in which
the first and rate determining step in the decamposition is the conversion
of one of the o-bonded R ligands to a m-bonded activated state. The effect
of deuterated ligands on the activation energies was also studied (40).

In a separate paper similar considerations were applied to the benzyl
derivative, Cp,Ti(CH,Ph),. Thermal decomposition occurred by abstraction
of hydrogen from Cp rings with quantitative formation of toluene. The
reaction was first order with an activation energy of 16 kcal mote L (u1).

Differential thermal analyses of like campourds, CPZTiR‘Z’ where R = H,
Me or Ph, have been carried out by other workers (42).

Photolysis under UV light of the cyclopentadienyl and indenyl
derivatives, CpyTiMe, and (Ind),TiMe, in pentane under an atmosphere of
CO gave the carbonyls, sz'l‘i(CO)2 and (Ind),Ti(C0), in about 50% yield (43).

DiamagneﬁcszTisshasbeenusedasasupportinadilutesingle
c:cystalparamagnetic!eeonaxmestudyoprzvss- This work has provided a
quantitative determination of the relative metal orbital character and
the directional properties of the unpaired electron in paramagnetic
Cp ML, compourls. The results were taken as evidence for the non-validity

of the Ballhausen-Dahl model for db and d2 bis(cyclopentadienyl)metal
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derivatives, and for the inadequacy of the Alcock model (h4). Similar

EPR ts carried out on (nS—HeCSHu)ZVCIZ diluted in

(ns-MecsHu)2T:'LCJ.2 supported the premise that the metal orbital characters
of the unpaired electron are not strongly dependent on the nature of the
ligands, L. A comparison of X-ray structural data showed that the C1-Ti-Cl
bond angle of 93.2" is 6° larger than the C1-V-Cl angle, and the Ti-Cl bond
length of 2.368 is 0.04] shorter than V-Cl. These differences are in
havmony with the unpaired electron in the vanadium(IV) complex occupying

a molecular orbital which is antibonding with respect to the V-L bonds.
Since most of the spin density is localized in the xz plane, a significant
interaction with the Cl ligands is possible, from which was rationalized
both the decrease in the I-M-L angle and the antibonding effect on the M-L
bond as the number of electrons occupying this MO is increased (5).

Data from molecular orbital calculations and photoelectron spectra
obtained for do, at and d2 titanium and vanadium compounds c;f type Cpytly,
were found to support the interpretations from the EPR and crystallographic
data, that the umpaired electron resides primarily on the metal atom in an
a,-type molecular orbital composed of 34 2 with a small but significant
amount of 3dxz_yz ard virtually no 4s character. Fhotoelectron specira of .
C‘p2MC12 and (ns-b(ecsti,+)2m12 were measured and interpreted using
approximate molecular orbital calculations (45).

Several organochalcogian derivatives have been prepared. Reaction of
szT:i.Cl2 with thiosalicylic acid and toluene-3,4-dithiol in the presence of
Zn, Mg or Sn, and with ethane-1,2-dithiol in the presence of Zn, gave

bimetallic complexes, sametimes solvated with acetone or THF (46); e.g.,

Cp,Ti
% S

ll- e Mg-Me,CO L = thiosalicylato
cp,Ti””
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Ligend exchange reactions between Cp’I‘iCl2 and sodium salts of
dithiocarbamic acids have given the titanium(III) dithiocarbamates,
CpTi(SZCNRZ)z,WhePe R = Me, Et, Pr and R2 = (CH?)S’ to which a monomeric

five-coordinate structure was assigned (47),

Ti
—_p T
vd Nsd
L N
NR, NR,

type,

R
C NO
p\‘n//é\\ﬁ{/
7N

have been prepared from szTi(E.'R)z; vhere ER = SMe, SPh, SeMe, SePh or
TePh, and Hg[Fe(C0) N0, at roam temperature in acetone, their rates of
formation increasing in the order, E=S<Se<Te. The blue to violet camplexes
were stable under nitrogen but solutions in DMSO decomposed immediately in
air. The 1H NMR spectra showed the presence of isomers, probably efs- and
trang- forms of the ER groups (u8).

Mono- and bis(cyclopentadienyl )titanium(III) carboxylates,
[cpTito,CR), 1, ana Cp,Ti(0,CR), have been prepared by reduction of .the
corresponding titanium(IV) tri--and dichlorides with NaBH, followed by
treatment with the appropriate carboxylic acid (49). Spectral and
magnetic data agree with those reported earlier. Several triorganosiloxo
derivatives-of titanium of types, Cp,TiCL(OSiRR,) and CpTi(OSiRR});, where
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R, R' = Me or Ph, have been prepared from the iitanium halide and the
silano! in the presence of triethylamine, or from the sodium siloxide.
Resistance to hydrolysis increased with the number of phenyl groups in the
siloxo ligand. Correlations were made between substituents on the silicon
and the Cp proton rescnances in the PMR spectrum (50).

Titaniv.m——éontairﬁng carbenoid complexes were made by treatment of
(C0)5CrC(OLIIX, where X = NMe, or Fh (obtained from Cr(C0); and LiX), with
Cp,TiCl, in methylene dichloride at -30°.  The carbenoid,
(CO)SCzc{o'ric;azc:l] X, where X = Ph,was more stable than X = NMe,, which
decomposed at room temperature (51). Infrared and electronic structure
were reported. ‘

Chemical tm.nsformationé of the 8-diketonates, CpMR,, have been
studied, where M = Zr or Hf, R = acetylacetonyl, benzoylacetonyl or
dibenzoylmethanyl, and R3 can be a mixture of these. With HCl or acetic
acid, the B-diketonate ligand was replaced more readily than Cp. When
Ry was a m:.xture of B-diketonate 1ligands, disproportionation occurred
readily (52). With bromine, the Cp ligands were cleaved more readily from
both U.L‘ph‘[R3 and szl“le giving mainly RZHBI‘ together with a small anuunt of
Cp,MBr, (53).

Three papers describe amidotitanium derivatives. The reaction of
Cp,TiCl, with NaNRR' gave Cp,TiCL(NRR') and Cp,Ti(NRR' )y, where
R, R' = Ph, H; Ph, Ph; p-ONC.H,, H (5. Displacement of amine from
(RZN) Ti, where R, = Me, or CSHIO’ by a cyclopentadiene, CSH,_'R‘R“, where
R', R* = H, alkyl, S:LMe or G&iea, led to the compounds (C5H R‘R“)TJ.(NRz)a,
vm:.mwenemsﬂyredons. The infrared and Raman spectra were detailed
and discussed- (55). 1In a separate can;mehensiie paper, trends in the 1H
and 1% MR spectra of these amido compounds were analyzed. As the size
of R, R' and R" increased, bending of the rings forced a departure from
the h® structure of (RN);TiCp and in the direction of the h structure of
(RN);TE(CHR'R™).  The indenyl compound, (Ind)Ti(Me,); probably has
a trihapto nmnylrllgalﬂ (56). ’

B:femneu p. 318
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A series of polypyrazolylborate camplexes of type, Cp. T1(qu xm&),
where x = 0, 1 or 2: Pz = pyrazolyl or substituted pryazolyl, has been
prepared from (sz’J.‘i(‘.'l.)2 with KHBPZ3,. KePz, , KHB(3,5—Mesz)3 and NaHthz.
The red complex, Cp'I‘iClz('r{BPza) from CpTiCl, and KHBPz3, could be reduced
with zinc to CpTiCl(HBPz,), which was alsc made from CpTiClz. The
tetrapyrazolylborate complex, Cp, TiBPz, , reacted with a further szTiCl in
the presence of NaBPh, giving the spiro compound (57),

0, O T
/ NIZ \ -
N NV

N—N N

@@"-

Studies of optical activity in tetrahedral chiral titanium compounds

sz i

have continued. The full paper describing the various types of activity
has been published (58). In some campounds the only chiral element is an
asymmetric titanium atom (Type A). A second chiral element can be
introduced in three ways:— (i) as an asymmetric carbon atom on a Cp ring
(Type B), or as the a-carbon in a trimethylene bridge (Type B'); (ii) as
an asymnetric carbon &tam in the o-bonded ligand A (Type C); (iii) if one
of the Cp rings carries two different substituents an asymmetric plane is

1 1
e -
/EI\A- lc\a A /T::\A
cl Ct a
(ot 4 :

{Dg or Dg)
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introduced and two diastereoisomers are possible, corresponding to the two
configurations, b, and DB.

Numerocus examples are given of the preparation of various members of
each class. Their H NYR spectra, which allow the detection of chiral
characteristics, are discussed. By asymmetric destruction of racemic
forms of some of these complexes with mandelic acid, optically active
species have been isolated. The syntheses of the substituted
cyclopentadienyl campounds from fulvenes have been published in separate
papers (59, 60), and the trimethylene-bridged derivatives are also described
elsevhere (61). Asymmetric phenoxotitanium derivatives, Cp,Ti(0Ar)(0QAr®),
were obtained by successive or simultaneous replacement of both chlorides
of CpyTiCl, in the presence of base. Mixtures of campounds were obtained
including the redistribution products. Selective displacement of OAr
ligands by Cl occurred on treatment with HCi, the ease of replacement
following the sequence, OC‘:)H“C‘SH5 > OC6H3Me2—2,6 = OCSHZ.Fie3-2 24,6 >
0C6H3He—3—(}me2-6 > OCGH,_*Cl-2 (63).

The complex, CpCPTi(ClC F, where Cp' = m-CgH, (Mey, has now been
separated into its enantiomeric forms. The racemic form of the compound
was converted to the alkoxide, CpCp'Ti(CGFs)O(HZCH(I“b)Ph, which was separated
into its diastereoisomers by TLC. By the action of HC1 in benzene each
diastereoisomer was converted stereospecifically to the corresponding
enantiomer of Cp('.‘p'T:i.(Cl)CsP5 (6u).

Complexes of Type A of general formula, CpCp'Zr(Cl)R, where
Cp' = ﬂ-CsHuGMg.,_and R = OcsHll’ OCHZPh or C}Izph, have now been made with
zirconium campounds (65).

Several papers describe physical measurements carried out on known
compounds.  Vardable temperature 'H NMR studies of Cp,Zr(BH,),,

Cp, HE(BH, ), and Cp,Zr(H)HH,, indicated rapid exchange of CcHy and BH, protons.
With increasing temperature, resonarnces due to both types of ligand protons
broadened in a manner consistent with exchange between two nearly equally

Bgfm p. 378
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populated sites. The invariant nature of the lines on dilution was taken
as evidence for an i-ntr-amolecular exchange. Free energies of activation
were calculated and possible mechanisms discussed (66).

Exchange of Cp ligands between (Cp,TiCl), and [(dg-Cp),TiCl],, has
r;-een observed in benzene under photolysis at 313 nm. The rates of
exchange were monitored by mass spectral measurements (67). The He(I)
pl'x:otoe'l.ectrpn spectra of Cp2HC12, where M = Ti, Zr or Hf, have been
measured. The spectral bands are mainly due to ionization of electrons
localized on tte cyclopentadienyl ligands. The one-electron transition
energies from MO calculations agree well with the experimental band
maxima (68).

The system, sz'l‘i.Cl2 + Mg, has been found useful for the reduction
of organic halides to alkanes. Both alkyl and aryl halides are reduced
in good yield at 0°. Deuteration experiments indicated that the reducing
hydrogen originated from the Cp ligands. Azo campounds, a-haloketones
and a-haloesters ave also reduced (69).

In a paper in memory of Professor Ziegler, the effect of adding smail
quantities of water to the system, sz'ric12 + MezAlCJ_, is described. An
active catalyst for olefin polymerization was produced. Neither
oxygen nor alcohols had the same effect (70). The photoinduced
polymerization of styrene in the presence of the titanium compounds,
TiCly, Ti(CH,Ph),, Cp,TiCl,, Cp,Ti(CLIC,H; and Cp,Ti(Cl)CPhy has been
investigated. In the case of those compounds with a Ti-C bond, polymerization
occurs by a radical mechanism (71). Cyclopentadienyltitanium compounds
attached to styrene-divinylbenzene copolymers through the Cp mng have
been prepared. After reduction with Buli or Na’CmHa’ the complexes
showed enhanced effectiveness as olefin hydrogenation catalysts (72).

OTHER n—-BONDED COMPLEXES.

A series of ring-substituted sandwich compiexes, CpTi(h7-é7HéH1),



375

CPTi(h7-C9Hg) and (hs—R)Ti(h7-—C7H7), where R = CcH,CMe,, CcH,SiMe, or
indenyl, hag been synthesized. Their infrared, NMR and mass specira
were measured and discussed. The compounds were mede from CpTiC13
(or hS-RTiCl3), treated with iso-C3H.7r!gBr in the presence of excess
C7H7R, or with 3 moles of cyclononatetraenyllithium (73). As mentioned
in the previous section, xﬁagnesium metal is alsc a satisfactory reducing
agent for the preparation of CpTi(C7H7) (28).

A synthesis of cyclocctatetraenetitanium chloride, (CSHS)TiCl.'I'rEF,
has been reported from TiCl3 and K2C8H8 in THF. Adducts of type
(CSHB )TiCl.L, where L = Et,NH, pyrrclijine or pyridine, were obtained by
displacement of THF by L. 'me~uncanplexai campound , (CBHB)TiCl, could
be isolated by repeated washing of the THE adduct with ether. Single
crystal X-ray structure determination showed the uncomplexed derivative
to be a tetramer, while the THF adduct is a dimer (10). Treatment of
(CBHS)TiCl.'IHE‘ with RMgX, where R = allyl, 1- and 2-methylallyls X = C1
or Br, in ether gave the allyl derivatives, (hS—CaHB)Ti(h:iR), while in THF
(he—CBHS)Ti(hS-R) .THF were obtained.  The paramagnetic compounds were
sensitive to air and water and decomposed slowly at room temperature (74).

&ddition of iodine to CpTi(CBHB) in ether gave the monoiodide,
Cp(CBHB)TiI,or the triiodide, Cp(CSHB)TiI3, depending on stoichicmetry.
The iodides were stable to air but not to water, and treatment with LiFh
or KCNS removed the iodide ions leaving the original campound. The lack
of parent peaks in the mass spectra of the iodiaes was taken as indication
of the ionic nature of the compounds and highlighted the extreme lability
of the iodide ions (75). Metallation of CpTi(CaHa) with LiBu was more
difficult than CpTi(C7H7), and in contrast to the latter compound, took
place on the Cg ring. Qualitative molecular orbital considerations
indicated a smaller polarity of CpTi(CSHB) campared with CpTi(C7H7), which
was reflected in the dipole moment and the positive charge on the metal
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as shoun by ESCA. 'I‘heeCBH8 ring appears to be virtually neutral whereas
C,H, ring carries a charge equivalent to 0.7-0.8 electrons (76).

The He(I) photoelectron spectrum of Cer(C7.H7) has been measured and
compared with those of the corresponding niobium and molybdenum derivatives
and with the 3d analogues. Molecular orbital considerations are
discussed (77).

Similtaneous addition of K,CgHy and NaC4H, to TiCl, in benzene or
toluene gave a green solution fram whichindenylcyclooctatetraenyltitanium(IIT)
was isolated. The poorly soluble compound could be sublimed at 130°/10 “mm,
and was sensitive to water and to oxygen. Comparison with CpTi(CBHB)
and analysis of the infrared spectrum gave evidence of the arcmatic
character of the indenyl and cyclooctatetraenyl ligands and of the
sandwich structure of the compound (78). Electronic configurations have
been proposed for dicyclooctatetraenyltitanium and vanadium complexes on
the basis of group theorv considerations of symmetry and molecular
orbitals (79).

In a series of arenetitanium(II) compleres of type,

<==sR
CI\ /CI\T. /Cl\ /

Nat”’ Ner? \c

prepared from TiClq + AL+ A1013 + arene, stability was found to increase
in the order, benzene < toluene < xylene < mesitylene < durene <
hexamethylbenzene. So much so that the last two were best made by
displacement of benzene fram CeHge TiCLL;AIZCIS. With increasing methyl
substitution of the aramatic ring the conductivity in benzene also
increased at a rate inversely proportional to the ionization potemtial of
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the arene. The lH NMR spectrum of the hexamethylbenzene derivative
could be measured but the lower members of the series are paramagnetic (80).

The preparstion of the di(n-arene)titanium complexes, (C8H6)2Ti’
(MeCBHS)ZTi and (mes)zTi, where mes = mesitylene, has been described.

The arene is cocondensed with metal atoms genereted in a metal
vapourization apparatus. Symmetrical sandwich structures for the
camplexes are proposed on the basis of ]‘H NMR, infrared, mass and
pﬁotoelectron spectroscopy (8l). The full paper on the catalytic
oligomerization of butadiene using catalysts derived directly from metal
atams or di(n-arenel)titanium compounds has been published (82).

Titaniun atoms alone do not cause polymerization but in the presence of
alkylaluminium halides, cyclododecatriene isomers resulted. The
predominance of the e, t, t-isomer over the ¢, ¢, t-isomer in this reaction
was reversed in the presence of PPh3.

The dianions generated from the eloso-carboranes, 1,2—CZR2810H10,
where R = H or Me, have been shown to react with TiClu, Zz-Clq and VC13 to
give a series of anionic metallocarboranes formilated as »
[MC(C,R,B, jH ),1°7, with M in the formal +2 oxidation state and isolable
in good yields as tetraalkylammonium salts. The orange to red titanium
derivatives were moderately stable in air but the purple zirconium complex
(R = Me) decamposed campletely in air in 20 minutes. Both the B and 'H
NMR data indicated fluxionality in solution (83). The crystal and
molecular structure of the methyl derivative,[u,u'-Ti-(l,s-czsloﬂmuez)z]z'
has been determined (12) (see Crystal Structures and structure A below).

Mixed ligand titanacarboranes have been isolated from the reaction
between Cp'I':iCl2 or Cp’[':i.Cl3 and Na2C2810H12‘ After treatment with zinc dust
the complex, [u-Cp-u,l,a-ﬁczamHn]‘ was isolated as the red
tet:aethylamn:mnm salt, containing titanium in the +2 oxidation state.
Similarly from (CBHgI‘:'.CJ. and Na,C,BgH,, in THF, the air-sensitive,
paremagnetic, [Ee,N)[2-®cp)-3,1,2-Tic,B 4 ] was isolated.
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Oxidation with Hy0, led to neutral 3-( 8_CgHy)~3,1,2-TiC,BH,  , with

proposed structure B, stable in air to 300°C (84).
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