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Abstract. The published data on the major methods for the
synthesis and chemical conversions of titanocene derivatives
containing titanium—carbon G-bonds are systematised. The bib-
liography includes 288 references.

1. Introduction

The chemistry of dicyclopentadienyltitanium (titanocene) deriva-
tives is one of the most rapidly developing branches of the
chemical science. The interest in titanocene derivatives is partly
due to their ability to catalyse various chemical processes, e.g.,
polymerisation, isomerisation and hydrogenation of alkenes,
cyclotrimerisation of acetylene derivatives, fixation of molecular
nitrogen under mild conditions and many other reactions. These
compounds acquire increasing popularity as additives to fuels and
high-temperature lubricants, rubber accelerators, lacquer and
water-repellent components, antiknock compounds, ezc.

Among other compounds of the titanocene series, titanocene
derivatives containing Ti— C o-bonds are still the least known due
to the thermal instabilities of the majority of representatives of this
class and, to some extent, their high sensitivities to oxygen and
atmospheric moisture. High reactivities of titanocene derivatives
containing Ti—C o-bonds with various organic and inorganic
substrates and the presence of several reaction centres in some of
them open broad prospects for their application in both organic
synthesis and in the preparation of diverse organometallic com-
pounds including novel representatives of the known types of
titanocene derivatives. The published data on the major methods
for the synthesis of titanocene derivatives containing Ti—C
o-bonds isolated from various reaction mixtures in individual
state and the most typical chemical transformations are consid-
ered. The principal characteristics of titanocene derivatives (col-
our, solubility, air resistance, thermal stability, structure, etc.)
have been described in the majority of the original papers and
therefore fall outside the scope of this review.
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I1. Methods for the synthesis of titanocene
derivatives containing Ti — C c-bonds

1. Reactions of titanocene halides with organic derivatives of
non-transition metals

Reactions of titanocene dihalides with organolithium, -sodium,
-magnesium or -aluminium compounds constitute a classical
method for the synthesis of titanocene c-derivatives; depending
on the reagent ratio, both mono- and dialkyl- or diaryl derivatives
can be prepared.

Dimethyltitanocene (1) was prepared by the reaction of
titanocene dichloride (2) with an excess of methyllithium, methyl-
magnesium halides or lithium tetramethylaluminium at reduced
temperatures. Diethyl ether is the most convenient solvent for
such syntheses.! >

. Et,O )
CpoTiCl, + MeX —> CpaTiMes
2 1

Cp = CsHs; MeX = MeLi, MeMgHal, LiAlMey .

Dimethyltitanocene derivatives 3 containing various substitu-
ents in m-bound cyclopentadienyl ligands are prepared from the
corresponding dichlorides.

Cp!Cp?TiCl, + MeX —> Cp'Cp®TiMe,

3

MeX = MeLi, MeNa, MeMgHal, Me;Al.

Cp! Cp? Ref.
C5H4MC C5H4MC 6
CsMes (Cp*) CsMes 27 6
1,2,3-MC3C5H2 1,2,3-MC3C5H2 6
C5M€4H C5M64H 6-8
C5M64(CH2CH2CH = CHz) C5M€4(CH2CH2CH = CHz) 9
CSHS CsMes 10
C5H3(SiMC3)2 C5H2(SiM€3)3 11
1,3-Bu5CsH; CsHs 12
C5M65 C5MC4(CH2)2NM62 13
C5M65 C5H4CM62C]3H9 14

Dimethyltitanocene derivatives with bridges between the
cyclopentadienyl ligands, such as compounds 4,'>-1° 5220 and
5b,2!-22 are known.
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R}
RIR2X TiMe, | TiMe,
R}
4 5a
1 2 3
R! RZ R} X Ref. Me2Si/©\
Me Me H C 15 TiMe,
H Bu"H C 16 MCQSi/
Me Me H Si 17,18
Me Me Me Si 19 sh

The binuclear titanocene-like complex 623 with a bridging
(dimethylsilylidene)dicyclopentadiene ligand and the complex 724
in which the role of a bridge is played by biphenyl-2,2’-diyl have
been synthesised.

Me Me
N\ ./
Si \\Me
Til
NG
Cp*TiMe, Me,TiCp*
6 (£)-7

The reaction of titanocene dichloride (2) with phenyllithium
or phenylmagnesium halides gave diphenyltitanocene
Cp,TiPh,.#2°-28  Diphenyltitanocene derivatives containing
substituents in both m-bound cyclopentadienyl ligands, such as
compound 8, and o-bound phenyl rings, such as compounds 9,
have been described.

Cp! Cp!
TiPh TiAr
C 2/ ’ Cp? 2
g L
Cp!' Cp? Ref. Cp! Cp? Ar Ref.
CsHs CsMes 10 CsHs CsHs 3(4)-MeCsH4 27, 28
C5H5 C5HMC4 7, 8 C5H5 C5H5 2-M€2NC6H4 27
C5M65 C5Me5 7, 8 CSHS CSHS C()FS 4, 29,
C5MC4 30
MeZSi/ 19 CsHMey; CsHMey 4-MeCgHy 7,8
C5H5 C5M65 4-M€C5H4 7, 8
C5M64

The reaction of titanocene dichloride (2) or its derivatives with
benzylmagnesium chloride or benzyllithium results in dibenzyl-
titanocene  derivatives Cp,TiBn,,3' =33 (CsH4Me),TiBny,>?
(C5H4SiMe3)2TiBn233 and [(C5H4)2SiMez]TiBn2.16

Syntheses of titanocene derivatives in which o-bound organic
radicals contain a heteroatom, e.g., CpoTi(CH,SiMes),,34-37
[(C5MC4)2SiMCz]Ti(CH2SiMe3)2,19 [(C5H4)2S1M62]T1
.(CH:SiMes)2,2!  Cp2Ti(CH2GeMes)z,*”  CpaTi(CH2SPh),, %
Cp2Ti(CH2PPh,),,* Cp*(Cp)Ti(CH2PPh,),,4! etc., have been
described.

Thiophene #? or trichlorothiophene (compounds 10a,b) can be
used as o-bound substituents.*?

/@ X
/s
Cp2T1

S

\ 7

10a,b
X = H (a), Cl (b).

The reaction of titanocene dichloride (2) with cyclopentadie-
nylsodium afforded tetracyclopentadienyltitanium in which two
cyclopentadienyl ligands were linked by m-bonds, whereas the
other two ligands, by o-bonds.**~47 Presumably, this complex
underwent rapid (on an NMR time scale) n 2 o rearrangement of
the ligands at 20 °C.46-48

The reaction of an excess of ferrocenyllithium with titanocene
dichloride (2) results in diferrocenyltitanocene CpaTiFca
(Fc = CsHsFeCsHy).*° The reaction of titanocene dichloride (2)
with an excess of 2-(dimethylaminomethyl)ferrocenyllithium (11)
yields the symmetrical complex 12. Under similar conditions,
bis(pentamethylcyclopentadienyl)titanium dichloride yields the
monoferrocenyl-substituted complex 13.3°

NMez

FcN
Cp.TiCl, + Fe —_— szTi\
2 FcN
(@) n
11
FcN
Cp5TiCl, + 11 —> Cp3Ti
Cl

13

/\—NMez
FcN = Fe .

©

The reaction of titanocene dichloride (2) with o(m)-carboran-
1-ylmethylmagnesium bromides leads to carboranylmethyl-sub-
stituted titanocenes 14a,b and 15.3'-52 Dicyclopentadienylbis(o-
carboranylmethyl)titanium 14a, contrary to the majority of tita-
nocene derivatives containing Ti—C o-bonds, is stable in air at
20 °C over a long period of time and is decomposed only on
melting at 185 °C.

CH,C—CR
Cp2TiCl, + RC—CCH,MgBr — Cp,Ti BioHio
2 B/IOHIO CH,C—CR
14a.b BioHio

R = H (a), Me (b).

CHzCB[oH[()CMe
szTiC]z + MeCBmHmCCH2MgBr e Cp2T1
2 15 CHzCB[()Hl()CMC

Titanocene dichloride (2) reacts with an excess of sodium,
lithium or magnesium acetylenide to give titanocene diacetyle-
nides Cp,Ti(C=CR);, where R = Ph,>3-35 SiMes,%%57 CF3,>
Et, Pr", Bu", Bu' (see Ref. 56), cyclo-C¢cH;1, PhoCHCHa,,
n-C6H13,55 FC, Rc (RC = C5H5RUC5H4);59 (CECR)z =
(C=C—-2-CcH4—C=C—-2-CeHs4—C=C).%°  Similar com-
pounds were prepared from titanocene dichloride derivatives
containing substituents in cyclopentadienyl rings, viz.,
Cp,Ti(C=CR),, where Cp’ = CsHyMe: R = Ph, cyclo-C¢H 1,
H-C6H13, thCHCHz,SS SiMe3 ;56 Cpl = C5H4SiMe3: R = Ph,
SiMe3,%¢ C=C—C=CEt°’! Fc,%6 Rc;? Cp = CsHyMes,

R = SiMe;;*  Cp' = Cp*, (C=CR), = (C=C—2-C¢Hy—
C=C— 2-C6H4 —C= C);6O Cp, = C5H4CH2CH2NM62 . R =
SiMes;** Cp' = CsHsX (X =Ph,P, Ph,P=0, Ph,P=5),

R = Bu! (see Ref. 65).

Symmetrical dicyclopentadienyltitanium derivatives with
other o-bound organic groups, e.g., Cp,TiBuj (see Ref. 66),
Cp2TiEt,,*” Cp,Ti[C(Ph)=CMes]>,*® Cp,Ti(CF=CF>),% and
[MeSi(CsHy),]TiBuj (see Ref. 18), have been synthesised.

The reactions of titanocene dichloride (2) or its derivatives
containing substituents in the cyclopentadienyl ligands with
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organodilithium or -dimagnesium compounds yield metalla-
cycles. Thus titanaindans 18a,b,”® 19a '8 and 19b !° were prepared
from the dichlorides 2, 16, 17a,b and 1,2-bis(chloromagnesio-
methyl)benzene.

Qe Q
s s ce

18a,b
R = H (2, 18a), SiMe; (16, 18b).
R4

Me-Si TCl gCl
+
€201 1C1H g )

17a,b

P
—> Me,Si T<:©

19a.b
R = H (a), Me (b).
The dilithium derivative 20 was used for the preparation of
substituted titanaindan 21.7!

SiMes

Mele
Cp2T1Clz + ©<: — szT1§:©
20 SiMe; MesSi 21

Titanaindene 22 is produced by the reaction of titanocene
dichloride (2) with the dilithium derivative 23.72

Li .
Cp.Ti
CpTiCl, + <Li — Ph—
2 X
Bun Ph .
a3 But 9y

The reaction of titanocene dichloride (2) with 2,2’-dilithiobi-
phenyl 72 or 2,2’—dilithiooctafluorobiphenyl 73 gave titanafluor-
enes 24a.b.

Cp2T1C12 + —> Cp.Ti

24a, b
X = H (a), F (b).

Diverse titanacyclic compounds Cp,TiL, have been described
in which the cyclic structures are formed owing to the ligands L,.

Lz Ref. Lz Ref.
N (CHb)s 77,78
CeHy-2 74
[ e CH>CH(Me)CH> 79

CstiMezxsiMechz 80
(X = CHa, O, SiMe»)

CstiMezsiMechz 80

Bun

CH»
l CH>»

Titanocene dichloride (2) reacts with 1,1-dimethyl-1-sila-3-
magnacyclobutane (25) to give thermally stable 3,3-dimethyl-1,1-
dicyclopentadienyl-1-titana-3-silacyclobutane (26).5!

75,76

SiMe;
D P szTi/\SiMez
Mg A4

25 26

Cp,TiCl, +
2

1-Titana-3-metallacyclobutanes 27 and 28 were prepared by
the reactions of bis(bromomagnesiomethyl)titanocene with
dichlorodimethylgermane 82 or titanocene, zirconocene and haf-
nocene dichlorides. 83

Me,GeCl
e szTi/\GeMez
CH>MgBr N
Cp.Ti — 27
CH,>MgBr CpoMCl
L szTl/\Msz
A4
M = Ti, Zr, HI. 28

1,1-Dicyclopentadienyl-1-titana-2-methylidenecyclobutane
(29) was synthesised by the reaction of titanocene dichloride (2)
with vinyllithium in THF in the reagent ratio of 1:2.848
Presumably, this reaction proceeds via divinyltitanocene, which
is rearranged into 2-methylidenetitanacyclobutane 29 at temper-
atures above —78 °C.

cpoTich + 2~ 5 cpoTi

2
29

Monoalkyl- or monoaryl titanocene chlorides are formed
upon treatment of titanocene dichloride (2) with equimolar
amounts of organolithium or -magnesium compounds. Thus
methyltitanocene chloride derivatives 30 were prepared using
methyllithium, methylmagnesium chloride or trimethylalumi-
nium.

Cp!'Cp?TiCl, + MeX —> Cp!Cp?Ti(Me)Cl

30
MeX = MeLi, MeMgCl, MesAl.
Cp! Cp? Ref. Cp! Cp? Ref.
CsHs CsHs 86-89 CsHs 1,3-BuiCsH; 12
C5H5 C5H4CH(M€)Ph 90
CsH CsH4M 91
o srae Me:Si 1718

CsHsMe CsHqMe 91

The complexes Cp!Cp?Ti(Me)CIAIMexCl where
Cp! = CsHs, Cp?=CsH4yMe, CsH4SiMe;; Cp'=Cp?=

CsHy4SiMes, have also been synthesised.”?
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Reactions of titanocene dichloride (2) or its derivatives con-
taining substituents in the cyclopentadienyl ligands with trime-
thylsilylmagnesium chloride (1:1) yield the trimethylsilylmethyl
derivatives 31a—d. Compounds 31e—h were prepared in a similar
way.

Cp'Cp>Ti(CH,EMe3)Cl

3la-h
Compound 31 Cp! Cp? E Ref.
a C5H5 C5H5 Si 33, 93, 94
b C5H4MC C5H4MC Si 33
C C5H4SiM€3 C5H4SiMe3 Sl 33
CsHy
d Me>Si Si 17,18
AN
CsHy
e C
sHss CsHs C 93
f CsHs CsHs Ge 93
g CsHs CsHs Sn 93
h CsHsMe CsH4Me C 33

The reaction of titanocene dichloride (2) or its analogue
containing a bridging dimethylsilylene group with an equimolar
amount of benzylmagnesium chloride gave Cp,Ti(Bn)Cl (see
Ref. 86) and [Me>Si(CsHy),]Ti(Bn)CL.!7

Chlorotitanocene derivatives Cp,TiCI(L) containing bulky
ligands [e.g., L = CH,CH,CHR'CR?=CH,, where R!=
R2=H; R!'=H, R?=Me; R!=Ph, Ry=H; L=
CH,CMe>,CHCR!=CR2CR3=CH,, where R! = R2= R3 = H;
R!' = R?=H, R*=Me; Rl = Me, R2=R3=H;R! = R3=H,
R2 = Me; R! = R? = Me, R; = H] were synthesised by the reac-
tion of titanocene dichloride (2 ) with the corresponding organo-
magnesium compounds.®’

Titanocene dichloride derivatives containing substituents in
the cyclopentadienyl ligands react with sodium acetylenides
(charge ratio 1 : 1) to give the monoacetylenides Cp5TiCl(C=CR)
[Cp’ = CsHyMe, CsHSiMe;, R =Ph, SiMe; (see Ref. 56);
Cp’ = CsH4SiMes, R = C=CEt (see Ref. 61)].

The reaction of titanocene dichloride (2) with pentafluoro-
phenyllithium in ether yields bis(pentafluorophenyl)titanocene
(32) and pentafluorophenyltitanocene chloride (33).>° The
monopentafluorophenyl titanocene derivative 34 was prepared
by treatment of cyclopentadienyl(zerz-butylcyclopentadienyl)tita-
nium dichloride with pentafluorophenylmagnesium bromide.*®

szTiClz + C()FgLi i szTi(C(,F‘g)z + CPQTI(C(,FS)CI

2 32 33
Cp Cp
TiCl, + C¢FsMgBr —> Ti(CeF5)Cl
Bu'CsHy Bu'CsHy 34

The chlorotitanocene derivatives 35 containing various alkyl-,
aryl-, alkenyl- and other o-bound ligands were synthesised by
reactions of equimolar amounts of the corresponding dichlorides
with organomagnesium or -lithium compounds.

Cp!
Ti(R)Cl
o . (R)
T35

Cp! Cp? R Ref.
CsHs CsHs Ph 86
CsHs CsHs Et 86,97
CsHs CsHs Prn 86
CsHs CsHs CH,PPh; 40
CsHs CsHs ﬂ% 98

Cp! Cp? R Ref.
C5H5 C5H5 CHQOMQ 99
CsHs CsHs CF,=CF 69
Fe
CsHs CsHs 100
CHzNMeg
C5H5 C5Me5 CHzPth 41
C5H4Me C5H4Me CH20Me 99
C5Me5 C5M€4(CH2)2NM62 CH2 =CH 13

The bromotitanocene derivative Cp,TiBr(CH.MgBr) was
prepared from titanocene dibromide and CH»(MgBr),.!0!

The alkyl- and aryl(dicyclopentadienyl)titanium(11l) deriva-
tives 36—38 have been described. They are prepared by treating
dicyclopentadienyltitanium(Ill) chloride or its derivatives con-
taining substituents in the cyclopentadienyl ligands with organo-
lithium, -sodium or -magnesium compounds at —78 °C.

Q
<

TiR

R Ref. R Ref.
Me 102-104 CHCMCQCHzCHzC(R) = CH2 95
Et 102 (R = H, Me)
Bu® 102 2(3,4)-MeC¢Hy4 105
Ph 105 2,6-Me>CeH3 105, 106
2,4,6-MesCgH> 105 C(Me)=CHMe 107
CeFs 104, 105 Bn 108

"

TiR
MCs @
37

R Ref. R Ref. R Ref.
Me 108,109 Pr" 108 C,Ds 108
Et 108,109 Bn 108 C;3Dy 108
CH,Bu! 108 CH>,=CH 108 CMe=CHMe 109
Ph 108 CDs 108

R} R2 Ref.

R} @

TiR2 Mey Me 110
/@ Mes Ph 110
R,
38

1,3-Bus  Me 111

The dicyclopentadienyltitanium(Ill) derivatives 39a—e con-
taining a heteroatom in the alkyl substituent have been obtained.

@ Compound39 R Ref.
. a SiMes 104
TiCH>R b PPh, 40

c (CH2).OMe 112

d (CHz)QSMe 112

39a-e e CH,OMe 112
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It is assumed that the titanium atom in compounds 39b—e is
additionally coordinated by the heteroatom of the o-bound
ligand.40-112

Treatment of the dicyclopentadienyltitanium(Ill) chloride
dimer or its derivatives containing substituted cyclopentadienyl
ligands 40a—d with lithium or sodium phenyl- or trimethylsilyl-
acetylenides at —78 °C yields the paramagnetic complexes 41a—d
which are converted into the dimagnetic complexes 42a—d upon
heating.”’ 54,57,113,114

/CR 1
Cp! Cp! c&_ P
N RC=CM N, Ti
TiCl /Tl N , —
40a-d 4la-d
Cp!
\ C¢CR
,_—Ti 1
RC=CT 1\
2
424 P
M = Na, Li.
Compound  Cp! Cp? R Ref.
a C5H5 C5H5 Ph 54
MeCsHy MeCsHy Ph 113
C C5H5 C5H5 SiM63 57
/C5H4
d Mezsi\ Ph 17,114
CsHy

Dicyclopentadienyltitanium(IlI) ~ monoacetylenides  are
formed as side products upon treatment of titanocene dichloride
(2) with an excess of acetylenides EC=CR (E = BrMg, Na, Li;
R = Ph, Et, Pr", Bu", Bu!, SiMe3).>¢ The formation of a dicyclo-
pentadienyltitanium(111) ~ derivative  Cp2Ti(2-MeOCH2C¢Hy)
proceeds through preliminary reduction of Ti(IV) to Ti(III) in the
reaction of titanocene dichloride (2) with an equimolar amount of
bis(2-methoxymethylphenyl)magnesium in THF. This is the first
Ti(111) derivative in which the titanium atom is coordinated by
oxygen. A similar reaction with bis(2-N,N-dimethylamino-
methylphenyl)magnesium '3 affords the Ti(Ill) complex
Cp,Ti(2-Me>2NCH,CgHy). Reactions of Cp,TiCl, with sterically
hindered lithium alkyls devoid of B-hydrogen atoms, such as
LiCHPh; or LiCH(SiMes3), yield the Ti(1l1) complexes Cp,TiR
[R = Ph,CH, (MesSi)>CH]. Dicyclopentadienyltitanium(III)
chloride was found to be the intermediate product of these
reactions.!1¢

Treatment of titanocene dichloride (2) with n-butyllithium
yields Cp,TiH which adds to allylamines 43 and 44 to give
1-titana-2-azacyclopentanes 45 and 46.'!7

Bu"Li Cp2T1 >

szTiClz + \/\N(Bun)R —_— \N
7\
2 43 R Bu»
45
Bu
' NW BuLi szTi(j E\/TiCm
CpsTiCl, + — N N
2 NN 5 SN \B .
Bu 44 U 46 u

The binuclear complex 47 was prepared by the reaction of
dicyclopentadienyltitanium(I11) chloride with N,N'-bis(o-lithium-
phenyl)-N,N-di(n-butyl)ethylenediamine 48.74

[Cp.TiCl]» +

Bu®
NCgH4Li-2
[ —> CpoTi x /Tisz
N N

NCgH4Li-2 \
Bu® Bu“/ \_/ Bun

48 47 (40%)

The reaction of dicyclopentadienyltitanium(I1I) chloride with
lithium tetramethylaluminate in toluene at 0 °C was used to
prepare the complex Cp.Ti(up-Me)AlMe, containing two
bridging methyl groups.''® The titanocene derivatives Cp,Ti.
(u-Ch)(u-CH2)AlMe, (see Ref. 119) and Cp,Ti(u-CH2),PPhR
(R = Me, Ph)'?0 containing bridging methylene groups have
also been synthesised.

The reaction of titanocene dichloride (2) with isopropylmag-
nesium chloride in a nitrogen atmosphere at temperatures below
—78 °C affords [Cp,TiPr,N, with a coordinated nitrogen
molecule.’?!  The complexes [Cp.TiR2N> [R = CH:Bu!,
CH»SiMes , 3-MeCgHy, 2,6-Me>CgH3,'22 C(Me)=CHMe (see
Ref. 107)] were prepared from dicyclopentadienyltitanium(11I)
chloride and organomagnesium compounds under similar con-
ditions.

The phosphine titanocene derivatives 49 containing ¢-bound
methyl- or trimethylsilylmethyl groups were synthesised by the
reaction of the phosphine complexes 50 with organolithium
compounds. 23

“ RLi / R
MesSi Ti 2y MesSi Tis

/

50 49
R = Me, Me3SiCH2.

PMe,Ph

It was shown that the complexes [Cp.TiR2]M (M = Li, Na;
R = Me, Et, Pri) stable only at low temperatures are formed upon
treatment of titanocene dichloride (2) with an excess of organo-
lithium or -sodium reagents at temperatures below —70 °C.124
The complex [n°-(CsHMeq):Ti(n!-C=C—C=CSiMe;3),]~
[Li(THF),]* was isolated and characterised by X-ray diffraction
analysis. This is the first complex in which the Li atom is located
between the inner triple bonds of the ethynyl ligands.!?’

2. Synthesis of titanocene c-derivatives using unsaturated
organic compounds

Reactions resulting in metallacyclic titanocene complexes con-
taining Ti—C o-bonds can arbitrarily be divided into three
groups:

1. Formation of a metallacycle by cross-linking of two un-
saturated compounds including those m-coordinated by a metal
atom;

2. Formation of a titanacycle by incorporation of an unsatu-
rated compound into the Ti—C o-bond;

3. Addition of molecules containing several multiple bonds to
dicyclopentadienyltitanium derivatives.

The first type of reactions include reduction of titanocene
dichloride (2) with naphthalenesodium '?® or metallic magne-
sium '27-128 in the presence of diphenylacetylene resulting in 1,1-
dicyclopentadienyl-2,3,4,5-tetraphenyl-1-titanacyclopentadiene
(51).

Mg or Na/CoHg PhC=CPh

Cp2TiCl, Cp,Ti

2
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Ph
Ph
PhC=CPh CpoTi
/
gh Ph
Ph
— CpaTi—|| —] 51
C
52 Ph C(Ph)=CHPh
H>O .
L =+ CpoTi
O—T1Cp2

53 C(Ph)=CHPh

It is believed '*° that this reaction proceeds through the
reduction of titanium(IV) to titanium(II) with subsequent forma-
tion of the tolan —titanocene m-complex 52. Supporting evidence is
provided by the fact that 1,1-dicyclopentadienyl-2,3,4,5-tetra-
phenyl-1-titanacyclopentadiene 51 is formed as a result of inter-
action of the complex 52 with tolan,'?® while treatment of the
intermediate compound 52 with water gives the binuclear complex
53.127

Titanacyclopentadienes 54a,b were synthesised by the reac-
tion of the tolan—titanocene complex 52 with phenylacetylene or
hex-3-yne.!3°

Ph
Ph
~
52 + RIC=CR2 —> Cp,Ti
RZ
R!' 54ab

R! = Ph, R? = H (a); R! = R? = Et (b).

The dimerisation of alkynes and the formation of titanacyclo-
pentadienes 51 and 55a—d occur in the reaction of the diphosphi-
ne—titanocene complex 56 with acetylene, dimethylacetylene or
methylacetylene or of the titanocenedicarbonyl 57 with tolan or
diacetoxyacetylene.

Rl
Cp2Ti(PMes)» ~ R?
10= 2
56 |—>R C=CR, opemi
/
Cp2Ti(CO), R2
1
57 R
51,55a—-d
Compound R! R2 Ref.
55a H H 131-133
55b Me Me 134
55¢ Me H 133
55d OC(O)Me OC(O)Me 135

51 Ph Ph 135

1,1-Dicyclopentadienyl-2,3,4,5-tetraphenyl-1-titanacyclopen-
tadiene (51) was prepared by treatment of the titanocene complex
with  bis(trimethylsilyl)acetylene 5813¢ or of the n-allyl
titanium(111) complex 59137 with an excess of tolan. The titana-
cycle 51 is also formed in a photochemical reaction of dimethylti-
tanocene (1) with tolan in pentane.!38-140

SiMe3
C
szTi—w
58 SiMes

szTi _‘:‘,>
59

CpgTiMez
1

PhC=CPh
— > 51

hv
CsHiz

In contrast to the reaction of the bis(trimethylsilyl)acetyle-
ne—titanocene complex 58 with tolan, its reaction with mono-
substituted acetylenes yields alkenyltitanocene acetylenides.!4!

SiMe; CH=CHR
Cp.Ti—|| + RC=CH —> Cp,Ti
C _
58  SiMe; C=CR

R = Ph, Megsi, MC(CH2)3 .

The reaction of titanocene with bis(trimethylsilyl)butadiyne
gives the titanacyclopentadiene derivative 60.!42

Me}si éc SiMe3
C
szTi
SiM63
C
N
C
MesSi 60

Cross-linking of ethylene and acetylene ligands and the
formation of 1,1-bis(pentamethylcyclopentadienyl)-1-titanacyc-
lopent-2-ene derivatives 61a,b take place in the reaction of
bis(pentamethylcyclopentadienyl)(ethylene)titanium (62) with

methyl- or dimethylacetylene.!3 R

Me
CH2 ~
Cp;Ti—]| ~+ RC=CMe —» Cp3Ti
o O
6la,b

R = H (a), Me (b).

Compounds containing a titanacyclopentene fragment were
prepared by reactions of (acetylene)(trimethylphosphine)di(cyclo-
pentadienyl)titanium with ethylene !4 and by reactions of (di-
phenylacetylene)di(cyclopentadienyl)titanium ~ with  tricyclo-
[5.2.1.0%8]deca-2,5,8-triene. 45

Acetylene —titanocene complexes enter into heterocyclisation
reactions with carbonyl compounds. Thus the tolan—titanocene
complex 52 reacts with an equimolar amount of acetone #6147 or
benzaldehyde 47 to yield titanadihydrofuran metallacycles.

Ph
Ph Ph
C RIC(O)R2 ~
cpTi—] RCORT CpaTi{, R!
C THF o—<g:

52 Ph
R! = R? = Me; R! = Ph, R? = H.

The titanadihydrofuran derivatives 63a,b are formed by
reactions of acetone or acetaldehyde with dimethylacetylene — ti-
tanocene (64)'3* or acetylene(trimethylphosphine)—titanocene

(65) 44 complexes.
Me
Me Me

¢ RIR2CO ~
Cp.Ti—|] ——— CpTi R!
C b )
64 Me R®

63a

/PMC3 =
1R 2 .
CpaTi RIR2CO_ szTl\/j<R1
S O

HC=CH R?
65 63b

R! = H,R2 = Me¢; R! = R2 = Me.

The reaction of carbon dioxide with alkyne-—titanocene
n-complexes results in the binuclear c-vinylcarboxylate com-
plexes 66. Their oxidation by atmospheric oxygen gives titanadi-
hydrofuranones 67.
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R R
R R R
c CO . 2 VAR
CpoTi—{|| ——=» Cp-Ti, —» CpyTi
C 20°C \ \
R /0 o) 0™ o
Cp-Ti 66 67

R = Ph’l48—150 SiMe3’l49, 150 Me.134

Titanadihydrofuranone (67) (R = H) was prepared by the
reaction of carbon dioxide with the trimethylphosphinacetylene —
titanocene complex 65.!4* The reaction of the ethylene —titano-
cene complex 68 with CO, yields titanatetrahydrofuranone.!'43

/PMC3 ' SN
CpaTi co,  Cp2Ti
N\ _—
HC=CH o

o
65 67

CH, CO,

CpaTi—||

—_— szTl
CH N
68 2 0o

O

The reaction of dimethyltitanocene (1) with alkynes in boiling
benzene in the dark is a typical reaction of the second type, which
consists in the formation of titanacycles due to incorporation of
unsaturated compounds into the Ti— C o-bond. In the first step,
methyl(vinyl)titanocene complexes 69a—e are formed; in the case
of R =Ph"! and CgFs (see Ref. 152), these complexes were
isolated in an individual state. In the second step, methane is
abstracted from the complexes 69a—e resulting in the titanacyclo-
butene derivatives 70a—e.'3!-153 In-depth studies of these reac-
tions have been carried out.!>*

Me
szTiMez + RC=CR — szTl/
1 CR —=CRMe

R

70a—e
R = Et(a), Pr" (b), Ph (c), MesSi (d), CeFs (e).

Titanacyclobutene derivatives were prepared by the reaction
of bis(pentamethylcyclopentadienyl)titanium chloride with prop-
argyl bromides in the presence of samarium diiodide with sub-
sequent treatment of the reaction mixture with an equimolar
amount of the corresponding halide. !5 156

Rl
1) Sml>

, 2) R2X N\
Cp3TiCl + RIC=CCH,Br ——> Cp;Ti R2

R!' = H; R2 = Bn; R! = Me, RZ = MeC =CCH,, Bn;
R! = Ph, R2 = Bn, PhC=CCH;; X = Hal.

Diphenyl-substituted titanacyclobutene 70c was synthesised
by the reaction of titanocene dichloride (2) with tolan and
trimethylaluminium. This reaction proceeds via the intermediate
vinyl derivative 71.15¢

Cl
MesAl .
Cp.TiCl, + PhnC=CPh —> Cp,Ti
2 CPh =CPhMe
71
Ph

—> CpoTi N Ph
70c

Thermal reactions of alkynes with diphenyltitanocene are also
accompanied by insertion of alkyne into the Ti—C o-bond. It is
believed !57-138 that the phenylenetitanium complex 72 is formed
in the first step as a result of splitting of the benzene molecule from
diphenyltitanocene. Subsequent insertion of alkyne into one of the
Ti— C o-bonds results in titanaindenes 73a—c.

Rl
2
CpoTi” R
. A R!C=CR2
Cp-TiPh, —— szTi<© -
—PhH
72
73a—c

R' = R2 = Ph(a), R' = R? = C¢Fs (b), R! = SiMes, R? = Ph (c).

Analogous reactions yielding mixtures of substituted titana-
indenes 74a—d occur on heating of m- or p -tolyltitanocenes in the
presence of alkynes.'> The formation of a complex mixture of
reaction products in the case of the m-tolyl derivative is explained
by the fact that this compound yields a mixture of isomeric
phenylenetitanium complexes 75 and 76 upon heating.!>®

. PhH . RC=CR
CpsTiCsHyMe-4 - Cp{l"l@\ _—
Me
75
R R
CpoTi” R i R
JE— +
Me 74a 74b Me
Me
) PhH ) RC=CR
Cp2T1C6H4Me—3 T 75 + szTl —
76
R R
R N R
Cp2Ti Cp.Ti
—> 74a + 74b + +
Me Me
T4c 74d

Titanaindene 73a was prepared by reduction of titanocene
dichloride (2) with magnesium in the presence of tolan and
o-bromofluorobenzene.!8

Heating of diphenyltitanocene derivatives in the presence of
alkenes results in titanaindenes 77.1%0

RI
@ Y T NR?
Tl\

R! = H, Me; R2 = H, Me, Bu".

The 1,1-dicyclopentadienyl-1-titanacyclobut-2-ene deriva-
tives 70c,d,f—h were prepared by the reaction of alkynes with the
titanium —aluminium complex 78 in the presence of pyri-
dine 16112 or with carbene —titanocene complexes 79.163 165

Ph
CH,=CHR?
—_—
A
Ph R!

77
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Cl\ , Alkylidenetitanacyclobutanes 85 react with alkynes at 70 °C
Cp-Ti AlMe, R in benzene or toluene to give alkylidenetitanacyclobutenes
\CH/2 N 80.171,172
78 CpoTi R3 RIWRZ RIWRZ
Cp.Ti=CH, PR} 70c,d, f—h
79 Cp!Cp>Ti + RC=CR* ——> Cp'Cp?Ti{ H>—R’
—CyHy

R} = Mes, MePh, Bts; R2 = R3 = Ph (70¢), SiMe; (70d);
R2 = CMe =CH,, R? = Et (70f); R2 = Et, R3 = CMe =CH, (70g);
R2 = CEt =CH,, R? = Me (70h).

Alkylidenetitanacyclobutenes 80 are formed in reactions of
alkynes with the titanocenevinylidene complexes 81.16°
CHR!

Cp.Ti=C=CHR!' + R2C=CR?® —> Cp,Ti Y R?
81
80 R?

R! = Ph, Pr", n-CsH,;; R2 = H, Pr", n-CsH;, Ph; R3 = Pr", Ph, SiMe;s.

The titanacyclobutane derivatives 82a—d result from reac-
tions of trisubstituted alkenes with the carbene — titanocene com-
plexes 79.163-165 Titanacyclobutanes 83a—c¢ were prepared by the
reaction of terminal alkenes with titanium — aluminium complexes
in the presence of 4-dimethylaminopyridine (DMAP).°!-167 The
titanium —aluminium complex 78 yields the titanabicyclopentane
derivative 84 in the reaction with 3,3-dimethylcyclopropene.!68

R2
R3
Cp,Ti=CH,- PR} + R2CH =CR3R* —> Cp,Ti R
79
82a—d
Rj = Me;, MeoPh, Ety; R? = R? = H; R* = Bu" (a);
R? = R? = H, R* = Bu'(b), R? = H, R?® = R* = Me (¢);
R2 = R* = Me; R3 = H (d).
Cl
Cp!Cp? i/ \Al CH,—CR!R? M>C ICp?Ti R!
P pTl\/ Me, + CH,= p Cp-Ti R2
CH»
83a—c
Compounds 83 Cp! Cp? R! R? Ref.
a C5H5 C5H5 Me PI‘i 167
CsHsMe CsHsMe But H 91
C C5H5 C5H4Me Bu‘ H 91
/C]\ Me_ Me Me
szTi\ AlMe, + ZS — Me
CH/2 CpsTi
8 84

Titanacyclobutane derivatives react with alkynes to give
titanacyclobutenes and the corresponding alkenes. Thus titana-
cyclobutenes 70c,i were synthesised from diphenylacetylene and

titanacyclobutanes 83c—e. Ph

cpICpZTi<>R + PhC=CPh————=Cp!Cp?Ti, >—Ph
—RCH=CH,

83c—e 70c.i
Titanacyclo-  Cp' Cp? R Titanacyclo-  Ref.
butanes butenes
83e C5H5 C5H5 Bl.ll 70c 169, 170
83d CsHs CsHs Pri 70¢ 169, 170
83¢ C5H5 C5H4Me Bu‘ 70i 91

85 80 R*

Cp' = Cp? = CsHs: R! = R2 = Mg; R! = Mg, R2 = Pr;

R3 = R* = Me, Et; Cp! = Cp? = CsMes: R! = R2 = H,

R3 = R* = H, Me, Ph, SiMes, SiBuj; R? = Pr*, R* = H;

R3 = Me, R* = Et; R3 = Et, R* = Me; R3 = Me, R* = MeC=C;
R3 = Ph, R* = PhC=C; R3 = Me, R* = Ph;

R3 = Ph, R* = Me; R? = Ph, R* = SiMes.

Reactions of titanacyclobutane complexes with 1,1-dimethyl-
and 1-isopropyl-1-methylallenes result in the formation of alkyli-
denetitanacyclobutene derivatives 80 (R! = R?2 = Me, R! = Me,
R2 — Pl‘i; R3 — R4 — H).172’ 173

Some reactions of titanacyclic complexes with unsaturated or
carbonyl compounds are accompanied by expansion of the metal-
lacycle. Thus 1,1-dicyclopentadienyl-3,4-diphenyl-1-titanacyclo-
pentadiene reacts with phenylacetylene to give a nine-membered
titanacycle 86. 1,1-Dicyclopentadienyl-2,3,4,5-tetraethyl-1-tita-
nacyclopentadiene forms a similar cyclic derivative 87 in a
reaction with diethylacetylene.!7*

Ph
Ph
CpaTi{ + PhC=CH —> Cp.Ti
Ph X~ Ph
Ph 86
Et
Et i Et Et
S\
Cp.Ti + EtC=CEt — Cp,Ti
Et - X R
Et Et Et
87

Insertion of aliphatic ketones into the Ti—C o-bond of the
titanacyclobutene derivatives 70 results in six-membered metalla-
cycles 88.17°

R! R! R2
szTi \ R2 + R3R*CO —> szTi\
O

R3
70 88 R

R! = R2 = Ph: R? = R* = Meg; R3 = Me, R* = Ph, CH,=CH;
R3 = Ph, R* = cyclo-C3;Hs; R! = Ph, R? = Me: R? = Me, R* = Me, Ph.

Reactions of 1,1-dicyclopentadienyl-1-titana-2,3-diphenylcy-
clobut-2-ene 70c with aldehydes yield mixtures of isomeric titana-
dihydropyrans 88 and 89.17°

Ph Ph Ph Ph Ph
Cp,Ti N ph + RCHO —> Cp,Ti + Cp,Ti
0O >—o
70c 88 R R 89

R = Mg, Ph, Bn.

The expansion of the metallacycle also takes place in reactions
of 1,1-bis(pentamethylcyclopentadienyl)-1-titanacyclopropane 90
with methylidenecyclopropane or 1-methylidene-2-phenylcyclo-
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propane '7® and the ketene—titanocene complex 91 with ethyl-
177
ene.

Cp’z‘Ti<I + J>_ —
90 R

R = H, Ph.

. // CyHy .
Cp2T1<| e szTl\/l
o © 0

The metallacyclic compounds 92 were prepared by reactions
of the carbene — titanocene complex with ketenes.!”8

Cp2Ti=CH, + R,C=C=0 —> szTi\/>=CR2
o
92

R = H, Ph.

Cp>Ti

Reactions of bis(trimethylphosphine)titanocene (56) with 1,2-
diphenylcyclopropene,!” 3-enones and d-inones belong to the
third type of reactions leading to the formation of titanacyclic

compounds. '8
f Ph

Ph Ph
Cp.Ti N> ph
70c
o R Me
Il | O—
‘ MeCCH,CHCH,CH=CH, ¥
Cp.Ti(PMe;), Cp-Ti }R
56 —
R = H, Ph
Me
— O—
MeC(O)(CH,);C=CR Y
Cp.Ti
R
R = H, Me.

A reaction of the bis(trimethylsilyl)acetylene —titanocene
complex 58 with diynes was used for the preparation of bicyclic
titanacyclopentadiene derivatives 93.18!

R
SiME3

C
CpoTi—]||  + RC=C(CH,),C=CR —> Cp,Ti
C

58 SiMes T

n=2R=Me,Bu;n=4,R = Et.

The reaction of the bis(trimethylsilyl)acetylene —titanocene
complex 58 with 1,4-diphenylbuta-1,3-diyne results in titanacy-
clocumulene 94,82 while the reaction with acetone azine gives the
1-titana-2,3-diazacyclopent-3-ene derivative 95.183. 184

Ph

58 + PhAC=C—C=CPh —> Cp,Ti <—}

Pri

N—

(o
C
\/ \Me
95

58 + Me;C=N—N=CMe, —> Cp,Ti

The reaction of di(carbonyl)di(cyclopentadienyl)titanium (57)
with  1,1,3,3-tetramethyl-2-thiocarbonylcyclohexane gives a
monomeric alkylidenetitanathiirane containing a n2-(C—S)-
bound thioketone ligand.!85 The reaction of di(carbonyl)di(cyclo-
pentadienyl)titanium (57) with bis(trifluoromethyl)thioketene
yields a titanacycle in which the titanium atom is bound to two
thioketene ligands.!86

FiC
CF;
S
CpsTi(CO) + (CF3),C=C=S —> Cp2Ti/ S
; X
F:C” “CF;

3. Miscellaneous methods for the synthesis of titanocene
c-derivatives
In some cases, addition of various substrates to n-bound organic
ligands of titanocene derivatives results in the formation of Ti—C
c-bonds.

Treatment of di(n’-cyclopentadienyl)(n?-ethylene)titanium
(68) with alcohols, phenols'®7- 188 and water 88 gave mono- and
binuclear derivatives of ethyltitanocene.

Et
ROH T,/
> P2 1\
CH, OR
i Et Et
68 CH: [\
HZO . .
L~ » szTl\ /T1Cp2
O
R = Mg, Et, Ph.

The reactions of acetylene titanocene complexes with alcohols
or phenols yielded c-alkenyl complexes 96.187 188
PMe OR?
/" ROH S
— CpoTi

CR! =CHR'
6

Cp2T1

R‘CX=CR1

R! = Ph, Me; R2 = Me, Et, Ph.

Bis(n’-pentamethylcyclopentadienyl)(n3-allyl)titanium  (97)
reacts with allyl bromide to give the titanacyclobutane complex
98.189

CpETi—\,> + CH,=CHCH,Br —» Cp;Ti<>CHZCH=CH2

97 98

Reactions of the cationic n-allyl complex 101 with benzylmag-
nesium chloride or propiophenone enolate lead to the titana-
cyclobutane derivatives 99 and 100.'%°

_ BoMeCl CpgTi<>Bn

.
[CPE“—>} BF, —MeCH=CPh »
p =

O * .
——— Cp>Ti

CHMeCPh
100 (6]
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Bis(pentamethylcyclopentadienyl)titanium hydride reacts
with alkenes to give the o-alkyl derivatives Cp;TiCH,CH,R
(R = H, Me).108

Reactions of bis(trimethylphosphine)titanocene (56) with an
equimolar amount of 3,3-disubstituted cyclopropenes afford the
titanocene(vinylcarbene) complexes 102.'°! The complex 102
(R!=R?=Ph) was prepared together with the complex
Cp,Ti(PMes) = C=C=CPh; by treatment of titanocene dichlor-
ide with two equivalents of butyllithium in the presence of
trimethylphosphine and 3,3-diphenylcyclopropene.'%?

! ,,PMeg

RI_ R
szTiél;Meg)z—&- A — CpgTi&\C S
10, CHCH=CR'R

R! = R? = Mg, Ph; R! = Me, R? = Ph.

Reduction of titanocene dichloride (2) by isopropylmagne-
sium halides in the presence of methylidenecyclopropanes, meth-
ylidenecyclobutane or methylidenecyclopentane results in the

di(cyclopentadienyl)(cycloalkylmethyl)titanium(11I)  complexes
103 and 104.1°3
| R] RZ
Cp.TiCl, + R! Rs PrMeBr_ oo TicH,
2
R? R* 103 R3 R*

R!,R% R3 R* = H, Me.

. PriMgX )
Cp.TiCl, + ), — > Cp.TiCH> ),
2

n=12,X=Cl,Br.

Titanium enolates of the formula Cp>;TiMe(OCR' = CR?R?)
were prepared by heating bis(pentamethylcyclopentadienyl)di-
methyltitanium(1V) in the presence of epoxides, e.g., cyclohexene
oxide, cis- and trans-but-2-ene oxides.!*

The titanocene sulfide and titanocene oxide complexes 105
enter into [2+ 2]-cycloaddition reactions with alkynes to give
titanaoxa- (106a) and titanathiacyclobutenes (106b).!%>- 196

/X RIC=CR2 X
CpETi\ szTi\ yC—RZ
105 Py (|7

106ab R!

106a: X = O; R! = H; R2 = Me, Bu!, Ph, 4-MeC¢H4; R! = R2 = Ph;
106b: X = S; R!' = R2 = H; R! = H, R2 = Ph, Me;Si.

The azatitanacycles 107 and 108 are prepared by the reaction
of the complex 109 with acetylene or ethylene, respectively.
Reactions of the complex 109 with phenyl- or trimethylsilylacetyl-
ene yield acetylenides 110.'%7

HC=CH szTi®

N
107 Ph
. C2H4 .
Cp-Ti=NPh —}—>"* » szTl\/>
109
108 Ph
NHPh
[RE=CH_ i
1o C=CR
R = Ph, Me;Si.

Some titanocene derivatives containing Ti—C o-bonds were
prepared by the reduction of titanocene dichloride (2) in the
presence of unsaturated compounds. Thus its reduction by
magnesium in the presence of Schiff’s bases prepared from a,f-
unsaturated aldehydes yields titanazacyclopentenes 111.1%8

Rl
N
. _ e Mg ./
CpsTiCl, + RIN=CHC(R?)=CHPh —> Cp,Ti, |
2 R2
Ph
111

R! = Bu!, 4-MeC¢Hy, R? = H; R! = cyclo-C¢H;j, R? = Me.

Reduction of bis(pentamethylcyclopentadienyl)titanium
dichloride by magnesium in the presence of 1,4-bis(trimethylsi-
lyl)buta-1,3-diyne (112) results in the n3-enyne complex 113.1%°

M
CPiTiCly + MesSiC=C—C=CSiMe; —o»
112
Me;SiC\ giMeg
Y
113 SiMe;

Reduction of bis(trimethylsilyltetramethylcyclopentadienyl)-
titanium dichloride by magnesium in THF in the presence of
bis(trimethylsilyl)acetylene  gives n>:n!-[CsMe4Si-Me,CHa).
[n3-CsMes(SiMes)]Ti(111).200

Reactions of ylides Me;_,(MexN),P=CH, (n = 1, 2) with
titanocene dichloride yield complexes Cp?TiCl(CH=PR!R3),
where R! = NMe,, R2 = Me; R! = Me, R2 = NMe,.20!

Reactions of the titanocene(dicarbonyl) 57 with alkyl iodides
gave the acyl complexes Cp,Til[C(O)R], where R = Me, Et, Pr',
Bu™ (see Refs 202, 203). Acyl titanocene halide derivatives are also
formed upon treatment of the titanocene(dicarbonyl) 57 by
organic acid chlorides 29%203 or by treatment of alkyl(titanocene)
halides with carbon monoxide.?0*

I11. Reactions of titanocene derivatives containing
Ti— C o-bonds

Reactions of titanocene derivatives containing Ti — C o-bonds are
little studied. The published data on the reactivities of these
compounds are conventionally divided into two groups, viz.,
reactions involving Ti—C o-bonds and those with retention of
these bonds.

1. Reactions with retention of Ti — C o-bonds

Reactions of halide derivatives of titanocene c-complexes with
organometallic derivatives of non-transition metals belong to the
most typical reactions of this type. Thus reaction of alkyl- or
aryltitanocene chlorides with organolithium compounds was used
for the preparation of the complexes 114, which contain two
different o-bound organic radicals.

LiR2
Cp'Cp2Ti(RHCl ——» Cp'CpTi(R})R2

114
Cp! Cp? R! R? Ref.
CsHs  CsHs Me Ph 205
C5H5 C5H5 Me 4-MCOC6H4 205
C5H5 C5H5 Me 4-MCC6H4 205
C5H5 C5H5 2-thier1y1 Me 206
C5H5 C5H5 2-thieny1 Ph 206
C5H5 C5H2 2-thieny1 C=CPh 206
C5H5 C5H5 CHZSiMe3 CECX"l 207
C5M65 C5M64(CH2)2NM62 CH = CH2 Me 13
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Cp! Cp? R! R? Ref.

C5H5 Bu‘C5H4
C5M65 C5M65

CeFs CH,CH=CH, 208
CH=CH, Me 209

ax = SiMe3 5 3,5-(M62NCH2)2C6H3 5 4-NCC6H4, 4-C5H4N, FC, 4-1-3,5-
(MezNCH2)2C(,H2 .

In some cases, synthesis of this type of compound is compli-
cated by side reactions. Thus the attempts to prepare non-sym-
metrical ethyltitanocene derivatives by the reaction of
bis(pentamethylcyclopentadienyl)ethyltitanium chloride with
methyllithium, benzylpotassium or vinyllithium yielded only the
ethylene complex Cp3Ti(n3-C>H,4) concomitantly with the libera-
tion of the corresponding hydrocarbon. Treatment of bis(penta-
methylcyclopentadienyl)vinyltitanium  chloride 115 with
benzylpotassium or dimethylphosphinomethyllithium gave the
complex (n3-CsMes)(CsMesCH»)Ti — CH = CH,.2%° The reaction
of the complex 115 with vinyllithium yields 1,1-bis(pentamethyl-
cyclopentadienyl)-1-titana-2-methylidenecyclobutane ~ (116).2%°
Presumably,  bis(pentamethylcyclopentadienyl)divinyltitanium
(117), which is formed in the first step of this reaction, is
decomposed to give the derivative 118. The latter adds the ethyl-
ene molecule at the Ti=C bond to give the final product 116.

Cl
Cp;Ti + H,C=CHLi —>
115 CH=CH,
CH=CH3
—> [Cp>Ti R
—CoHy
CH=CH2
117
Cp>T
I CoHy P2
—> Cp;Ti=C=CH, ——»
118 116 CH»

Apparently, reactions of phenyltitanocene chloride with
butyl-, vinyl- or benzyllithium afford the intermediates
Cp.Ti(Ph)R (R = Bu®, CH=CH,, Bn) which are further con-
verted into phenyldicyclopentadienyltitanium(I1T).2%°

Treatment of alkyl- or aryltitanocene chlorides with alkali
metals alcoholates 9% 26-210-213 or thiolates 87-214 or with lithium
amides 2!° results in the replacement of chlorine atoms.

Cp'CpTiRHCT M, pIcpTi(R)OR?

M = Na, Li; Cp' = Cp? = CsHs: R! = C¢Fs, R? = Me, Et;

R! = Me, R2 = CH=CH; R!' = 2-thieny1, R2 = 2,4,6-(N02)3C6H2 R
3,4-(NO,).CeH3; Cp! = CsHs, Cp? = CsHysCH(Me)Ph,

Rl = CﬁFS, R2 = 2-M6C6H4; Rl = R2 = Me.

R2SLi
Cp:Ti(R)Cl ——» Cp,Ti(R"SR2
R! = Me, R? = 4-NH,C¢Hy4; R! = 2-thienyl, R? = Bn, 2-thienyl.

S

57 LiNRy /s
N HERN

Cl NR:

N N

Reactions of 2-thienyltitanocene chloride with potassium 2,4-
dichlorophenoxyacetate, mercury(I) benzoate or silver trifluoro-
acetate were used for the preparation of the corresponding
2-thienyltitanocene acylates (119).216

szTi

c 119

M =K, R =2,4-ClL,CsH3;0CH,; M = Hg, R = Ph; M = Ag, R = CF3;.

The reaction of pentafluorophenyltitanocene chloride with
sodium hydroxide occurs with the retention of the Ti—C o-bond
and results in the substitution of the hydroxy group for the
chlorine atom.?!!

Some transformations of dicyclopentadienyltitanium(I1I)
derivatives under the action of various oxidants, which may even
include dimethylzinc, dimethylcadmium and PbCl,, occur with
the retention of the Ti—C o-bond. Thus reaction of ethyl-,
phenyl- or vinylbis(pentamethylcyclopentadienyl)titanium with
dimethylzinc 2!7-28 or dimethylcadmium 2!7 afforded methyltita-
nocene derivatives along with metallic zinc or cadmium.

I MMe R
Cp;Ti—R —— CpETi\ +
Me
R = Et, Ph, CH=CH; M = Zn, Cd.

M

N =

The methylbis(pentamethylcyclopentadienyl)titanium deriva-
tives Cp>Ti(Me)X, where X = Cl, OMe, N = CHBu!, are also
formed in the oxidation of the corresponding Cp5TiX derivatives
by dimethylzinc or -cadmium.?!7-218 It is noted 2! that dimethyl-
mercury does not enter into such reactions.

Alkyl- or acyldicyclopentadienyltitanium(IV) chlorides were
prepared by oxidation of o-alkyl- or oc-acyldicyclo-
pentadienyltitanium(III) derivatives by lead dichloride.!9%-219

Treatment of dicyclopentadienyltitanium(I11) derivatives with
diphenyl disulfide is also accompanied by the oxidation of Ti(III)
to Ti(1v) with the retention of the Ti—C & -bond.!02 103,107

Rl
. Ph,S; .
Cp,Ti—R! ——— Cp,Ti

SPh

R' = C(O)CMe=CHMEe; 2,6-Me,CsH3;N=CR?2,
R2 = Me, Et, Bu™.

In some cases, reaction of dicyclopentadienyltitanium(III)
o-derivatives, e.g., complexes 120 and 121, with iodine also occurs
with the retention of the Ti— C o-bond resulting in titanium(1V)
derivatives.!03.220

CR! . CR!
CpTid N\ 2 cpTid N\
T~NR? | T~NR?

120 !

R! = Me, R2 = 2,6-Me,CeH3; R! = Ph, 2-MeC¢H,4,
R2 = 2-MCC6H4, 2,6-M62C(,H3.
RI RI
i /
== szTi\
C=NR? I

CpgTi/

121
R! = Ph, 2-MeCg¢H4; R? = 2-MeCgHa, 2,6-Me2CeHs.

Sometimes, reduction of titanocene c-derivatives occurs with
the retention of the metal—carbon o-bond. Thus the reaction of
alkyltitanocene chlorides with zinc or magnesium yields
titanium(I1I) complexes.*0- 104

R

N
Cl

M = Zn, Mg; R = C¢Fs, Me, CH,SiMes, CH,PPh,.

M
CpoTi —> Cp,Ti—R
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Reaction of titanaindan 122 with naphthalenesodium occurs
with the opening of the metallacycle and the formation of the
complex 123.2%!

MesSiCsHy
\ <:© C]()Hx, Na
/Tl _—

MC3SiC5H4 122

Me3SiC5H4
TlCHz CHzNa
Me3SiC5H4 123

—

In some cases, the role of reducing agents for titanocene
o-derivatives is played by organolithium compounds. Thus the
reaction of di(cyclopentadienyl)diphenyltitanium(Iv) with phe-
nyllithium in ether results in the reduction of Ti(1V) to Ti(1II) and
the formation of diphenyl(cyclopentadienyl)titanium(Ill) and
diphenyltitanium(11). Diphenyl(cyclopentadienyl)titanium(III) is
formed first. An excess of phenyllithium causes the decomposition
of the Ti(Ill) complex, the diphenyltitanium being the final
product.??2223

PhLi
CpaTiPhy ——> [Cp,TiPhy]~Li* —=

— > [CpsTiPhs]~Li* —>CpTiPh, + CpLi

CpTlPh2 + PhLi =— [(:]Z)"l—‘11)}1_7)]7LlJr ?

°

—> TiPh, + CpLi

Reactions with retention of the Ti—C o-bond include the
formation of complex bimetallic compounds based on titanocene
o-derivatives. Thus reactions of diphenyltitanocene with diphe-
nylzinc or triethylaluminium yield the binuclear complexes
(CsHy4)4TioPhoZn (see Ref. 224) and [Cp(CsH4)TiHAIEt], in
which Ti and Al atoms are linked through a bridging hydride
ligand (see Ref. 225).

It is of note that the derivatives of the type Cp,TiX,AlIR»
(X = Cl, 1, Br; R = Alk, Ar) are the most well-studied titanium —
aluminium complexes;>?¢ however, they do not contain Ti—C
c-bonds and are therefore not considered in this review.

The bimetallic Ti(I1T) complexes in which the alkali metal ion
was incorporated between the acetylenide fragments (tweezer
complexes) were synthesised from titanocene acetylenides and its
derivatives containing substituents in the cyclopentadienyl
ligands. Thus the complexes 124 were prepared by the reaction
of (n*>-CsHMey),Ti(n!-C=CSiMes), with alkali metals in tol-
uene 63227

M€4 ///CSIMC3
@ /C
Ti

M+

& L
Mey \CSiMe3

124
M = Li, Na, K.

A similar complex [(n3-CsHMey),Ti(n'-C=CC =CSiMe3);
[Li(THF)2] " (see Ref. 125) was prepared by treatment of bis-
(tetramethylcyclopentadienyl)(4-trimethylsilylbuta-1,3-diynyl)ti-
tanium in THF with an excess of 1-lithio-4-(trimethylsilyl)buta-
1,3-diyne.

Bis(alkynyl)titanocenes are very good chelating ligands owing
to their ability to form bimetallic complexes with copper(I),
iron(I1) and silver salts. Thus reactions of bis(trimethyl-
silylcyclopentadienyl)bis(trimethylsilylethynyl)titanium with
CuCl, FeCl, and various silver salts yield the complexes 125a—g.

//C&Me; ///C51M63
. / MX, . .
(MG3SIC5H4)2T1\ e (MG3SIC5H4)2T1\ MX,
C C
- X
CSiMes 125a—-g CSiMes
Compounds 125 M X n Ref.
a Cu Cl 1 228,229
b Fe Cl 2 228,230
c Ag Cl 1 230
d Ag CN 1 230
e Ag SCN 1 230
f Ag NO; 1 230
g Ag ClO4 1 230

In the reaction of the complex 125a with lithium acetylenides,
the chlorine atom is replaced by the ethynyl group to give
complexes of the general formula (n°-CsH4SiMes),Ti.
.M'-C=CSiMe3),CuC=CR, where R = SiMe;, Bu!, Ph.?*
The structurally similar copper and silver complexes
(n3-CsH4SiMe3),Ti(n'-C=CSiMe;),MR, where M = Cu, Ag
and R = 2,4,6-Me3CgH», have been synthesised.?3!

Bis(trimethylsilylcyclopentadienyl)bis(ferrocenylethynyl)tita-
nium (126) reacts with nickel tetracarbonyl or tetra-
kis(triphenylphosphine)palladium to give the complexes 1279
and 128.232

/CFC
C
Ni(CO)4 . ./ .
> (MG3SIC5H4)2T1\ NiCO
CFc
g Cq
C 127 CF
/ [
(MC3SiC5H4)2Ti —
N C /CFC
A\ C
126 CFc [Pd(PPhs)s ) J
— (MC}SIC5H4)2TI\ PdPPh3
C
N\
128 \CFC

Reaction of the complex 126 with silver hexafluorophosphate
yields the complexes 129a — ¢ in which the silver ion is bound to the
four triple bonds of the acetylenic groups.?** Compounds 129d.e
were prepared analogously.

CR? R2C

/C/&

R!CsHy),Ti
( 5 4)2 \

N
C

Agt Ti(CsH4R'), | PFg

/
N\ /C
\CRZ R2C 7
129a—e

R! = H, R?2 = Fc (a); R! = Me;Si, R? = Fc (b);
R! = H, R? = (C=C(),Fc (¢); R! = MesSi, R? = Ph (d);
R! = MesSi, R? = Rc.

Bis(trimethylsilylcyclopentadienyl)(trimethylsilylethynyl)tita-
nium and bis(trimethylsilylcyclopentadienyl)(hexa-1,3-diynyl)-
titanium chlorides form the complexes [(CsH4SiMes)>Ti(R)CI].
.CuBr [R = C=CSiMe;,2** C=C—C=CEt (see Ref. 61)] with
copper(I) bromide. The complexes 130 were synthesised from

CR?
.
A

\c
N

(R'CsHy),Ti MX,,

130 CR?

Rl = MezNCHQCHz N l{2 = Me3Si, MX,, = AgCl,
R! = Ph,P, PhoP(0), PhoP(S); R2 = But, MX,, = CuCl, Mo(CO)s;
R! = Me;Si, R? = Ph, MX,, = CoCO.
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dialkynyltitanocene derivatives containing various substituents in
the cyclopentadienyl ligands.®3-235

The reaction of the triyne titanacycles 131 with bis(cycloocta-
diene)nickel Ni(COD), yields the binuclear complexes 132.90

C c” ;
Cp! Cé/ ) Cp! = ¢

C/
micop TNL AN 6

C

/N C
2 c

e P §/c i
131 132

Cpl = sz = C5H5, C5M654

AN
=

Dicyclopentadienylbis(diphenylphosphinomethyl)titanium
and  Dbis(dicyclopentadienyldiphenylphosphinomethyltitanium)
oxide form the complexes [Cp.Ti(CH2PPh,),Rh(CO)Cl], (see
Ref. 40) and O[Cp,TiCH,PPh,],Rh(CO)C1%*¢ with dicarbonyl-
rhodium chloride. The cationic complex [Cp.Ti(CH,PPh;),Rh.
.(COD)]"[BPhyg]~ was prepared by treatment of dicyclo-
pentadienylbis(diphenylphosphinomethyl)titanium  with  the
rhodium complexes [LoRh(COD)]* [BPhy]~, where L = Ph;3P,
COD.?¥7

The reaction of titanacumulene (133) with dicyclopentadie-
nylzirconium occurs with the cleavage of the central C=C bond
and results in the formation of the heterodimetallic titanocene —
zirconocene complex 134 with a o, m-alkynyl bridge.!4?

C=CBu!
+ Cp2Zr —> szTi/ ZrCp»
Bu‘CéC/
134

2. Insertion into Ti — C c-bonds

Transformations of titanocene derivatives occurring with inser-
tion of various fragments into Ti—C o-bonds have been
described.

Thus isocyanides are inserted into the Ti— C o-bonds of alkyl-
or aryltitanocenes 36 to give the titanacycles 135 at 20 °C. At the
same time, at —78 °C the reaction of the complexes 36 with
isocyanides yields exclusively the adducts Cp,TiRI"R?NC.

2
/R
(RIC)T'RZ m, (RIC)T'/ﬁ
1 1
5 ;62 20 °C 5%-5)2 \N
135 R
R! R? R3 Ref.
H Et 2,6-Me>CsH3 102
H Bu 2,6-Me>CgH3 102
H Me 2,6-M62C5H3 102, 103
Me Me 2,6-M62C6H3 109
H Ph 2-MeCgHy 220
H Ph 2,6-M62C5H3 220
H 2-MeCeHy 2-MeCeHy 220
H 2-MCC5H4 2,6-M62C6H3 220

Insertion into the Ti— C o-bond takes place in the reaction of
cyclohexyl isocyanide with dimethyltitanocene (1) 238 or the meth-
ylidenetitanacyclobutene complexes 136 ' as well as in reactions
of zert-butyl isocyanide with 1-oxa-5-titanacyclopentanes 137237
or bis(methylethynyl)titanocene 138 in the presence of dimethy-
lanilinium tetraphenylborate.>40

Me
Me C=N—C¢H,;-cyclo
-/ cyclo-CeH 1 NC .
szTl\ _— Cp2T1\
1 Me Me
C(,H“-CyC]O
R N/
R
cyclo-CgH 1NC y
Cp5Ti N R ——— Cp>Ti
R
136 ”
R = Me, Ph. R
/O
0 R e CpaTi
Cp5Ti E——
N\
137 But
R = Me, Et, Pri.
N
CM CM
C// ) C// :
/ Bu‘'NC / B
szTl\ P —— /C\ BPh;
C\\} [PhNMe,H]* BPh; CpaTi NBut
138 CMe C=NBu!

As in the case of isocyanides, reactions of alkyltitanocenes
with nitriles at low temperatures give the adducts Cp,TiR!- R2CN
(R! = Ph, 2-MeCsHy, Bn, C¢Fs; R? = Me, Bu', Ph, 2-MeCsHy,
2,6-Me>CgH3).2*! An increase in the temperature leads to dimer-
isation of the nitrile ligand.?*?

R! R! R!

R2CN J A J s ma N\
Cp,TiR! ———— Cp,Ti —> Cp,Ti R® R? TiC
p2 “7soc. TP2UIN b2 I
N=CR? N=C—C=N

R! = Ph, 2-MCC6H4, Bl’l, C6F5; R2 = Ph, MC, 2-MCC6H4.

Treatment of methyltitanocene chloride with equimolar
amounts of nitriles in the presence of sodium tetraphenylborate
gives the complexes 139 which further yield the azaalkylidene
derivatives 140 due to the insertion of the nitrile molecule into the
Ti—C bond.?43.244

+

Me Me
cptil =X, Jepnl BPh; ——»
P2 "NaBPh, p211 4
Cl N=CR
139
i
N=CR
C Ti/ R BPh,
—_— p2 \\N_C/ 4
TN
Me
140

R = Mg, Pr, Ph, Bu.

In this reaction, trimethylsilyl cyanide is isomerised into the
corresponding isocyanide, which forms an n2-iminoacyl complex
[Cp.Ti(CMe =NSiMe;)(C=NSiMes)] * BPh; with methyltitano-
cene chloride (see Ref. 244).

Reactions of the titanaluminium complex Cp,Ti(u-Cl).
.(u-CH»)AlMe, or 2-tert-butyl-1,1-bis(cyclopentadienyl)-1-tita-
nacyclobutane with tert-butyl cyanide in the presence of trime-
thylphosphine or 4-(N,N-dimethylamino)pyridine gives first the
vinylimide complexes 141, which react with an excess of nitrile to

yield the 2,6-diaza-1-titanacyclohexa-2,5-diene  derivative
142.245,246
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CH2
Cp2T1< \AlMez — L
Cl Bu'CN e Bu'CN
T» Cp.Ti \ _—
szTi B — N_?:CHZ
141 Bu!
But!
But
/N —
—_— szTi\
N=
142 But

L= PMCg, 4-M€2NC5H4N.

2,6-Diazatitanacyclohexa-2,4-dienes 142 (R = Bu!, Ph) are
formed upon refluxing of tert-butyl or phenyl cyanide with
dimethyltitanocene (1) in benzene.!>!

R
Me
C T'/ —>RCN C T'/N_
1
PENC Paa PPN
Me g
R
R = But, Ph. 142

The direction of reactions of titanocene c-derivatives with
carbon monoxide depends on the reaction conditions and the
structure of the organometallic compound. Thus treatment of
alkyl-, aryl- and vinyldicyclopentadienyltitanium(I1I) derivatives
as well as ethyl- or methyltitanocene chlorides with carbon
monoxide leads to the insertion into the Ti—C o-bond eventually
resulting in the acyltitanocene complexes 143.109,204,247,248

Cp! Cp!
ik O Nk
1— 1—(C—
/ / Il
Cp? Cp?
143

Cp! Cp? R T/°C Ref.
C5H5 C5M€5 Me —70 106
CsHs CsMes Et —-70 106
C5H5 C5M€5 Me 0 247
C5H5 CsMes 1’1-C5H11 0 247
CsHs CsHs C(Me)=CHMe 20 106, 248
CsHs CsHs 2-MeCeHy4 20 106, 248

The products of CO insertion into the Ti— C bond (144 —146)
were prepared by treating acetonitrile(methyl)titanocene tetra-
phenylborate >** or the corresponding titanacyclopentane and
titanaoxacyclopentane derivatives 77-23° with carbon monoxide.

N R
C(O)Me o
e - . e/
szTl\ BPh;  Cp,Ti Cp;Ti
N=CMe
144 O 145 O 146
R = Me, Et, Pri.

Reactions of chromium and tungsten hexacarbonyls with the
methyl(vinyl)titanocene derivative 147 occur as the insertion of
CO into the Ti—C o-bond and the formation of the bimetallic
complexes 148.13

Cp! Me Cp! (0)
’ Ny + M(CO)y ——> ’ N Nemico
Y N (CO)s ~CH, /1 —M(CO)s
Cp? CH=CH> Cp?
147 || 148

Cp! = CsMe4q(CH,)2NMe,, Cp? = CsMes; M = Cr, W.

In contrast to alkyldicyclopentadienyltitanium(I1I) deriva-
tives, pentafluorophenyltitanocene reacts with carbon monoxide
(25 °C, 1 atm) with the formation of the carbonyl complex
Cp,Ti(CO)CgF5.247 Photochemical reactions of dimethyl- or
diphenyltitanocene with carbon monoxide 2> 140 or treatment of
dibenzyltitanocene 29424 and titanaindan derivatives 18a,b7° in
benzene with carbon monoxide gave the titanocenedicarbonyl
Cp2Ti(CO),. It was noted that the reaction of carbon monoxide
with dibenzyltitanocene in pentane is sometimes associated with
the intermediate formation of the benzylacyl complex
Cp,Ti(COBn)Bn.?#

Reactions of some titanocene derivatives with carbon dioxide
also occur by insertion into the metal —carbon c-bond. Thus the
photochemical reaction of dimethyltitanocene with carbon diox-
ide in pentane (16 °C, 20 h) results in methyltitanocene acetate
Cp,Ti(Me)[OC(0O)Me].?* Passage of carbon dioxide through a
solution of dimethyltitanocene in toluene at 80 °C leads to the
insertion of CO, simultaneously into two Ti — C o-bonds resulting
in the titanocene diacetate Cp,Ti(OC(O)Me),.>>!

Treatment of diphenyltitanocene with carbon dioxide in
xylene at 8090 °C gives the titanacyclic compound 149.251,252

O, _
[Cpﬂi@} s Cp.Ti
\

o0—C

N\
72 149 \o

Ph
J/ 80—90 °C

szTi
—PhH
\Ph

It is believed that compound 149 is formed as a result of
insertion of carbon dioxide into the phenylenetitanium complex
72 formed upon splitting of the benzene molecule from diphe-
nyltitanocene.

Reactions of m2-iminoacyl complexes with carbon dioxide
occur by insertion of CO; into the Ti—Alk bond and yield
dicyclopentadienyltitanium(IIT) acylates 150.102

CO,

—Z> Cp,Ti(OCOR)
CeH:Mer-2,6 150
R = Me, Et, Bu".

The product of insertion into the Ti—C o-bond 151 was
obtained in the reaction of the binuclear complex 152 with CO,.23

i
Bu O—C—@\ Bu'
e S _
Cp.Ti N o, szTi/ TN
hH, 10 °C  Cp,Ti
P
. > p211
Cp.Ti N ) AN N
7 S 0= G Ny
152 O 151

The insertion into the Ti—C o-bond and the formation of
O-sulfinates take place in the treatment of dimethyl-, diphenyl- or
bis(2-thienyl)titanocenes 254~23¢ and methylchloro- or methyl-
(pentafluorophenyl)titanocenes 234 257- 258 with sulfur dioxide.
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R! R!
Il
R? 0 O—S—R?
Ti< —= Ti<
oy
O
R! R!

R! = H, R? = Me, Ph, 2-thienyl; R! = R2 = Me.

R! R!
Il
/Me O—S—Me
Ti
AN
R2

SO,
—

Ti

VERN

R2

QO
Q0

R] = CH(MC)Ph, R2 = C5F5; Rl = H, R2 = Cl, C6F5.

The reaction of carbon disulfide with vinyldicyclopentadie-
nyltitanium(11l) gives the paramagnetic insertion product
Cp-Ti[SC(S)CMe = CHMe].'%7

3. Cleavage of Ti — C o-bonds

Whereas the nt-bond between the cyclopentadienyl ligand and the
titanium atom is stable in acidic media, the Ti—C o-bonds are
easily cleaved by acids. Thus dialkyl- and diaryltitanocene deriv-
atives react with an excess of hydrogen chloride to give the
corresponding titanocene dichlorides.

~ Ha ,
Cp!Cp?TiR, —— Cp'Cp?TiCl,

Cp! Cp? R Ref.
CsHs CsHs Ph 259
CsHs CsH;s Me 260
C5H5 C5H5 Fc 49
CsHy
Me,C M 260
2 \ (]
CsHy
C5H4Me C5H4Me C=CR? 56
C5H4SiMe3 C5H4SiMC3 C=CR? 56

aR = Et, Pr?, Bu®, Bu!, MesSi, Ph.

Titanocene dichloride is prepared by treatment of titana-
cycles, such as 1,1,-dicyclopentadienyl-1-titanacyclopentane,”®
1,1-dicyclopentadienyl-1-titanafluorene,”? titanacyclopenta-
dienes 54a,b'30 or titanabicyclopentane 84, 1°% with an excess of
hydrogen chloride.

The complexes Cp'Cp?TiCl, containing two different
n-bound cyclopentadienyl ligands were prepared by the reaction
of hydrogen chloride with the titanocene derivatives
CpiTi(Cp?)Cl in which the two cyclopentadienyl ligands were
linked by =-bonds and one cyclopentadienyl ligand, by
o-bonds,261.262

Reactions of dialkyl- or diaryltitanocenes with equimolar
amounts of hydrogen chloride result in the cleavage of only one
Ti—C o-bond and yield alkyl- or aryltitanocene chlorides
Cp!Cp?Ti(R)Cl and Cp3Ti(R)Cl, where Cp!= CsHs,
Cp? = CsMeyH: R = Me, Ph, 4-MeCgHy;” Cp! = Cp? = CsHs,
R = 2-thienyl,>'# 3,4,5-trichloro-2-thienyl.#> The cationic com-
plex [Cp,TiMe] " BF; was prepared by the reaction of dimethyl-
titanocene with an equimolar amount of fluoroboric acid.?63

In contrast to the majority of titanocene o-derivatives, bis(o-
carboranylmethyl)- and bis(pentafluorophenyl)titanocenes are
relatively stable in acidic media and are converted into titanocene
dichloride only after prolonged boiling with hydrochloric
acid.>**> The retention of the c-bond between the titanium

atom and the perfluorophenyl ligand was also observed in the
treatment of methylsulfinate and perfluorophenyltitanocene alco-
holates Cp(CsH4CHMePh)Ti(CeFs)(02SMe) (see Ref. 257) and
Cp(CsH4CHMePh)Ti(CcFs)OR (R = Me, 2-MeC¢Hy) with
hydrogen chloride.”®

The cleavage of Ti— C o-bonds takes place upon treatment of
alkyl- or aryltitanocenes with organic acids. Thus dimethyltitano-
cene reacts with equimolar amounts of acetic,2°> benzoic or
2-phenylpropionic acids 2°* with cleavage of one of methyl groups
eventually resulting in the corresponding methyltitanocene acyl-
ates.

. RCO>H -/ Il
Cp.TiMe;, ——> szTl\ o)
Me

R = Me, Ph, CH(Me)Ph.

Treatment of dimethyltitanocene with an excess of phenyl-
propiolic or trifluoromethanesulfonic acid results in the replace-
ment of two o-bound methyl groups by acid residues.?3-2% The
reaction of pyridine-2,6-dicarboxylic acid with dimethyltitano-
cene yields the complex 153.260

0C(0)

7
0C(0)
153

The formation of titanocene diacylates takes place in the
reaction of bis(2-thienyl)titanocene 10a with 3,5-dinitrobenzoic,
perfluorobenzoic and trifluoro-, trichloro- and tribromoacetic
acids.*?

0—C—R
. RCO-H ol
Cp.Ti B —— szTl\ le}
\ ) e
0

10a
R = 3,5-(N02)2C6H3, C6F5, CF3, CC13, CBI‘3.

The reaction of methyltitanocene chloride with benzoic or
phenylacetic acids afforded mixtures of titanocene dichloride with
the corresponding titanocene diacylates Cp,Ti[OC(O)R]; their
formation is due to symmetrisation of the intermediate chloroti-
tanocene acylates Cp,TiCI[OC(O)R].2¢7 The formation of a
CpaTiMe,, Cp,TiMe[OC(O)CF3] and Cp,Ti{OC(O)CF3]> mix-
ture is also observed upon treatment of 1,1,3,3-tetracyclopenta-
dienyl-1,3-dititanacyclobutane ~ with trifluoroacetic acid.'®’
Reactions of (2-thienyl)titanocene chloride with trichloro- and
tribromoacetic, perfluorobenzoic or 2-nitrobenzoic acids gave the
corresponding chlorotitanocene acylates.?!°

Ja.
S RCOH /

. Il
Cp2Ti
\ P2 \ (0]
Cl Cl

CpgTi

R = CC13, CBI‘}, C(,F5, 2-N02C(,H4.

It is of note that treatment of some methyltitanocene alcohol-
ates Cp,TiMe(OR!) (R! is benzyl, menthyl, bornyl) with benzoic
or diphenylacetic acids results in the cleavage of the alkoxide
ligand (rather than the methyl ligand) and affords the methyltita-
nocene acylates Cp,Ti(Me)OC(O)R?, where R? = Ph, CHPh,.26”

Ti—C o-bonds are cleaved upon the action of hydrogen
chloride on alkyl- or aryl[dicyclopentadienyltitanium(III)]
and their complexes with molecular nitrogen or
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nitriles. 103105, 112,241,268 The titanocene monochloride formed at
low temperatures (— 78 °C) is oxidised to titanocene dichloride at
20 °C.

The Ti—C bond is also cleaved under the action of some
alcohols and phenols on titanocene derivatives. Thus reactions of
dimethyltitanocene with an equimolar amount of alcohols bearing
bulky radicals gave the methyltitanocene alcoholates
Cp,Ti(Me)OR [R is benzyl, menthyl, bornyl,26” CHMeCgH 7,
CMePh,, CHPr"Ph, CHPhBn, CH,CH = CHP1™ (see Ref. 264)].
Titanocene trifluoromethanesulfonate alcoholates Cp,Ti(O3SC-
F3)(OR), where R = Me, MesSi, Me;Bu'Si, are formed upon
treatment of methyltitanocene trifluoromethanesulfonate with
the corresponding alcohols.?65 Reactions of dimethyltitanocene
with (+)-(2R,3R)-dimethyl and (+ )-(2R,3R)-dibutyl tartrates 26°
and reactions of diphenyltitanocene with 2,2-dimethylpropane-
1,3-diol ?7° yielded the binuclear complexes 154 and 155, respec-
tively.

1\|/1e Ph
R02CTOT1CP2 Me><:o+icm
cszo""' CO-R Me OPsz
Me 154 155 Ph
R = Me, Bur.

A bimetallic complex was also formed when chromotricarbo-
nyl(hydroxymethyl)benzene was used.?”!

R CH>OH
Cp Ti/ + —
2
AN

Cr

Br Oc/l \CO
Co
—_—
S
szTl\ ¢
r
Bt oc” | Sco
Co

The reaction of bis(2-thienyl)titanocene (10a) or (2-thien-
yDtitanocene chloride with picric acid, 4-hydroxybiphenyl or 3,4-
dimethylphenol afforded the corresponding titanocene dipheno-
lates and chlorotitanocene phenolates.?!3

/ \
S

_OR
CpTi ROH_ CpaTil_

\ o

10a

[\ OR

. ROH N

szTl\ — CpoTi

cl cl

R = 2,4,6-(NO>)3:CsH2, 4-PhCsHy, 3,4-Me>CsH.

The cleavage of the Ti— C o-bond by propane-1,3-dithiol has
been described.?’?

S(CHALS S(CH»)3S
HS(CH»);SH
Cp,TiPh» (—zﬁ> Cp.Ti TiCp>

S(CH»)3S

Treatment of dialkyl- or diaryltitanocene derivatives with
halogens results in the cleavage of the metal —carbon c-bonds to
give the corresponding titanocene dihalides Cp,TiX, (X = Cl,
Br, I).31:42.56,73,78,79,273,274 1t was shown that the reaction of

(2-thienyl)titanocene derivatives with iodine proceeds in a step-

wise manner; the o-bound thienyl group is split off in the first
step.275:276

S I .
— Cp,Ti
\X \X

szTl

X = 3,4-Me>C6H30, PhS, PhoN, Cl, 2-thienyl.

Treatment of alkyl- or aryldicyclopentadienyltitanium(III)
derivatives with an excess of halogens occurs as the cleavage of
the Ti— C o-bond and the oxidation of the titanium atom leading
to the formation of titanocene dihalides.!03- 112,268

Substitution of chlorine atoms for o-bound alkyl or aryl
ligands takes place in the reaction of dialkyl- or diaryltitanocenes
with mercury dichloride.

HgCl

Cp,TiR, ——— Cp,TiCl, + RHgCl
R Ref. R Ref.
Me 251,277 Bn 36
Ph 278,279 o-carboranylmethyl 66

The cleavage of o-bound pentafluorophenyl ligands in bis-
(pentafluorophenyl)titanocene under the action of TiCls (see
Ref. 255) or BCl; was observed.’> The cleavage of Ti—C
o-bonds and the formation of titanocene dichloride takes place
upon treatment of dicyclopentadienyl-2,4-bis(trimethylsilyl-
ethynyl)-3,5-bis(trimethylsilyl)titanacyclopenta-2,4-diene ~ with
S>Cl,,28% as well as upon treatment of Cp,Ti[C = CFc], with nickel
chloride.®?

Exchange reactions of methyl and phenyl groups for halogen
atoms upon treatment of dimethyl- or diphenyltitanocene with
titanocene dihalides have been studied.?!

szTiRz + szTin —_— szTl(R)X
R = Me, Ph; X = F, Cl, Br, 1.

It was found that reaction rates decrease in the following
order: I > Br > F > Cl for dimethyltitanocene and I > Cl >
Br > F for diphenyltitanocene.

Heating of dimethyl- or diphenyltitanocene with chloroform
or carbon tetrachloride is also accompanied by the cleavage of
Ti—C o-bonds resulting in titanocene dichloride.?’”-27° Heating
of diphenyltitanocene with benzyl chloride yields a titanocene
dichloride — (cyclopentadienyl)titanium trichloride mixture.?8!
1,1-Dicyclopentadienyl-1-titanacyclobutane reacts with benzyl
or allyl chloride to give alkyltitanocene chlorides Cp,Ti(CH,R)Cl
(R = Bn, All).?82

Cleavage of Ti—C o-bonds takes place upon treatment of
diphenyltitanocene with benzoyl peroxide.?®3-285 When this
reaction is carried out in isopropyl alcohol, titanocene dibenzoate
Cp,Ti(O2CPh); is formed as the major product. The dicyclopen-
tadienyltitanium fragment is destroyed in ether or benzene to give
the cyclopentadienyltitanium dibenzoate CpTi(O2CPh),. In con-
trast to reactions of diphenyltitanocene with benzoyl peroxide,
treatment with 3- or 4-nitrobenzoyl peroxides is not accompanied
by the cleavage of the titanocene fragment and the corresponding
titanocene bis(nitrobenzoates) are formed.?8¢

The Ti— C o-bonds of methyl- or butyltitanocenes are split off
under the action of pyridine derivatives.?87

R! = Me, Bu; R? = 2-Me, 2-Ph, 2-CH=CHo..
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Reactions of thienyltitanocene chloride with acetylacetone,
benzoylacetone or dibenzoylmethane gave the corresponding
chlorotitanocene B-diketonates.?83

1
/@ o ¢
S R!COCH,COR? v —

- . 1
N Cp.Ti N /
Cl O

CpgTi

R2
R! = R? = Mg, Ph; R! = Ph, R? = Me.

* * *

The data presented demonstrate high reactivities of titanocene
derivatives containing Ti— C o-bonds. The ease and selectivity of
reactions involving these bonds, the possibility of titanium to exist
in different oxidation states and the formation of complex
bimetallic compounds suggest that titanocene c-derivatives are
promising reagents for fine organic and organometallic syntheses.
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