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Abstract

The synthesis and reactivity of Group 4 ketimide complexes, comprising bent-metallocene, half-sandwich and cyclopentadienyl-free compound
is described. Neutral compounds of general formulasM{N=CR!R?)X and CgM(N=CR!R?), have been prepared by transmetallation reac-
tions of metal halide derivatives with appropriate lithium, tin or silicon ketimide derivatives and by acid—base reactions between ketimines and
anionic ligands attached to the metals. Ti(lll) and cationic M(IV) bent-metallocene complexes have been mainly prepared by nitrile insertion into
metal—-carbon or metal-hydride bonds of bis-Cp systems. Metallacyclic ketimide complexes are also described. These were obtained as a result
oxidative addition reactions, nitrile insertions and nitrile additions to unsaturat€difonds in bent-metallocene systems.

Half-sandwich and cyclopentadienyl-free complexes were prepared aiming at the synthesis of olefin polymerization catalyst precursors throug
transmetallation reactions. Titanium systems containing one Cp ring and one ketimide ligand in particular have proven to be highly active ethylene
propylene and 1-hexene homopolymerization catalysts when activated by MAO. The activities reported in styrene homopolymerization are slightly
lower although CpTi(N=C'Bu,)Cl, catalyses living styrene/ethylene copolymerization. This emerging role of ketimide ligands as ancillary ligands
in the reactivity of early transition metals is quite recent and comes from their inertness towards insertion of unsaturated substidtesridsv
and electrophile attack.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ketimide ligand$ (R,CN™) are unsaturated, monoanionic
- ligands with a &N double bond. The negative charge is centred
* Corresponding author. Tel.: +351 218419172; fax: +351 218464457.
E-mail address: ana.martins@ist.utl.pt (A.M. Martins). -
1 Ketimide ligands are also known as methyleneamido, alkylideneamido,
0010-8545/$ — see front matter © 2005 Elsevier B.V. All rights reserved. azomethine, azaalkenylidene or azavinylidene ligands.
doi:10.1016/j.ccr.2005.09.018
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& Ref.
&:C/ C 2 M ) Ti, Fﬂ - R2 : Ph [15]
0 \R p\M.‘.nCl IM=Ti, R = F° = p-MeCehls 18]
o’ Nue_pl 4M=Ti,R"=R?="Bu [15]
C{\ 5M=Ti,R' = Ph, R = Me [15]
R R H\ /H 2.8 R® 6M=2r,R'=R®=Ph (15]
7 C 7M=2Zr,R'=R?="Bu [15]
M=E=N=—C N C, |
= A= 8M=27r,R' = By, R = Me [21]
R R N
M M Chart 2.
4e 2e’ 4e
chart 1 (A) Transmetallation reactions involving Group 4 metal halide

derivatives and the appropriate lithium, tin or silicon

on the nitrogen atom that has two orbitals available for bonding. ~ ketimide derivatives.
The ketimide moiety is thus capable of donating two or four(B) Acid-base reactionsinvolving the appropriate ketimine and
electrons to a metal centre, depending on its bonding mode, as  anionic ligands attached to the Group 4 metal.
depicted belowChart J). (C) Hydrozirconation of nitriles.

The terminal linear arrangement is the most common bondin¢P) Oxidative addition reactions.
mode in @ Group 4 metal complexes and it is, in general, fre- (E) Insertion of nitriles in M-C bonds.
quently observed in transition metal derivatives. In this bonding(F) Nitrile coupling reactions.
mode, nitrogen hybridisation ip and thus the MN—C angles  (G) Nitrile addition to unsaturated-< bonds.
are close to 180

The first ketimide complexes were obtained while studying?. ;. Bent-metallocene derivatives
the reduction of nitriles with magnesium or aluminium alkyl
compounds to afford ketimindd—4], amines[5,6], aldehydes  2.7.7. Cp,M(N=CR'R?)X compounds
[5,7,8]and ketonef9,10]. These reactions are wellknownsince  Transmetallation reactions involving Group 4 metal halides

the 1950's and although some authors inferred then that ketimidgnd main group ketimides (Method A), especially lithium
metal complexes were the intermediates in these reactions, it wgstimides, are the most straightforward synthetic route to

not until the 1960’s that metal and metalloid ketimide complexeketimide complexes. It is therefore not surprising that the
started to be isolated and characterifet-14] These initial  first Group 4 ketimide compound, €R[N=C(CF)]CI, 1,
studies were extended by Lappert and co-workers to transitiofas obtained by reaction betweensTiCl, and LIN=C(CRs)-
metals, including those of Group[45,16] Since then, many [16] or MesSnN=C(CFs)> [20]. Other complexes of the
Group 4 ketimide complexes were obtained, most of them inype CEM(N=CR'R?)CI prepared by metathesis reactions
the course of bent-metallocene systems studies. Half-sandwiglith lithium ketimides are described below. Compou2d
and cyclopentadienyl-free ketimide-supported compounds haugas also obtained by reaction with N&N=CPh [15]
also been reported. (Chart 2.

The ketimide moiety in Group 4 metal compounds is rela-  Complexesl-8 were all obtained in good vyield, with the
tively robust. The terminal linear arrangement limits the reactivexception of5, probably because the in situ generation of
ity of the nitrogen towards electrophiles and the ligands are alspiN=C(Ph)(Me) from LiMe and benzonitrile is not a suitable
inertto insertion reactions when compared to vinylidene ligandsgeaction once it is known that treatment of nitriles with LiMe
their carbon-based analogues. In agueous acidic media, hoWoes not afford the corresponding lithium ketimides in a signif-
ever, they afford the corresponding ketimine or ketone. Recentlycant exten{22].
advantage of the inertness of these ligands has been taken by The analogous GZr[N=C('Bu)(CHs)]Cl, 9 [23], was pre-
using them as ancillary ligands in olefin polymerization catal-pared by reaction of GZrCl, with a lithium azaallyl derivative,
ysis [17]. Following the trend that has marked Group 4 metalLiCH,C(Bu)NH, that undergoes 1,3-sigmatropic rearrange-

chemistry for the last decad¢B8,19] in which nitrogen- and  ment to afford the ketimide derivative (E(L.)).
oxygen-based ligands have been replacing one or both Cp lig-

ands of metallocenes, Group 4 ketimide complexes have prove Bu
to be active olefin homo- and co-polymerization catalysts. c
AN
CpZrClh, + g7 ey, /er;‘\ .+ LiCl
2. Group 4 ketimide complexes Li Cp \C\/ Bu
Me
Group 4 ketimide complexes have been obtained as the rest 9 (1)

of several reactions as listed below (A-G). Methods A and B

have been used with the purpose of synthesising ketimide com- Methyl derivatives o8 and9, Cp,Zr[N=C(‘Bu)(Ph)]Me,10
plexes. The other pathways led to ketimide complexes as aresljitl], and CpZr[N=C(‘Bu)(CHs)]Me, 11 [23], were obtained
of nitrile insertion or coupling and oxidative addition reactions. by treating the parent chlorides with LiMe.



120 M.J. Ferreira, A.M. Martins / Coordination Chemistry Reviews 250 (2006) 118-132

CooT 80°C
*Ti _
P2 CoHa

HN=CPh e
> [Cp*sTi=C=CHy| —— 2 = Cp,*Ti{

J
20 °C C—Ph

Cpo*Ti —= = | /
N\, -CH, Ph
cH 12
Scheme 1.
A different synthetic approach was followed in the synthe- Cp\ 19 M= Ti. R = Me. X = OSIM
. . - . . " = 11, =WNe, X = IvVies
sis of Cng(CH—CHZ)(N—CPhZ), .12 [24]. This F:omplex was /M;\\X 20 M = Ti, RR = (CHa)s, X = OSiMes
prepared by the acid—base reaction of+@¥tp with the allene Cp N:c—R 21 M=Ti R=Ph, X = HNCHPh,
complex CTi(=C=CHy,) (Method B) that was prepared in situ \R 22 M =Zr, R = Ph, X = HNCHPh,
by thermal decomposition, as depictedScheme 1The X- 19-22
ray structure ofl2 shows that the ketimide ligand occupies the Chart4
art 4.

plane that bisects the Cp(cent)-M—-Cp(cent) angle and displays

approximately a linear MN—C angle, allowing, in this way, the

overlap of the nitrogenr-donor orbitals with the LUMO of the 2 7.2. [cp/zM{N=CR1R2}(NECR)]+ compounds

bent-metallocene fragment. Insertion reactions of nitriles in MC bonds of cationic
Nitriles insert in Zr-H bonds to afford zirconium ketimide titanocene and zirconocene complexes constituted a model

complexes (Method C). Compounds LZp[N=C(H)(R)ICl  for olefin insertion in M-C bonds. These reactions led

(13-15) were thus obtained by insertion oflCR in the to the synthesis of ketimide compounds of the type

Zr—H bond of CpZrHCI [25,26] Complex15 was charac- [Cp,M{N=CR!R?}(N=CR?)][BPhs] (23-34) (Method E)

terized by single crystal X-ray diffraction and displays essenexcept when MgSiC=N is used[31-33] In this case, the

tially the same structural features referred above far insertion reaction does not lead to a ketimide ligand but to

The hydrogen of the ketimide and the chloride attached t@n w?2-iminoacyl group because MSIC=N exists in equi-

zirconium arecis, as commonly found in hydrozirconation |ibrium with the corresponding isonitrile M&IN=C, which

reactions[27]. Alkylation of 15 with LiCgHs—p-Me affords  replaces the original nitrile and preferentially inserts into

Cp2Zr[N=C(H)(CHzPh)](»-MeCgHa), 16. Hydrozirconation the metal-carbon bond, leading to [Ji(CNSiMes){n?-

also led to CpZrH{N=C(H)(p-MeCsHs4)}, 17, obtained by C(Me)=NSiMe3}][BPhy] [31] (Chart 5.

reaction ofp-MeCsH4CN with (CppZrH2),. Reaction of this

compound with CHI gave CEZrl{N=C(H)(p-MeCsH4)}, 18

[28] (Chart 3. ‘

2
CpTi(OSIMe3)(N=CR1Ry)  (RiR2=Mey, 19; RiR, p\M_..uNEC’R EY
=(CHyp)s, 20), were obtained by oxidative addition p‘/ """'N;.C/Fﬁ
(Method D) when CpTli(Me2SiC=CSiMe;) was treated \
with R,C=NOSiMe;. The structure oR0 was confirmed by R
single crystal X-ray diffraction. In this case, the—_N—-C 23-34, 37, 38
bond is slightly bent (165.5(2), possibly due to steric Ref.
reasons [29]. Similarly, CpTi(Me;SiC=CSiMe;) and 23M=Ti, Cp' = Ind, R'=Me, R? = 'Bu 31.32]
CpZr(py)(Me;SIC=CSiMe3) react with two equivalents 24M=Ti, Cp' = Ind, R'=Me, R% = Ph [31,32]
of HN=CPh to afford CpTi(N=CPh)(HNCHPh), 21, and 25 M = Ti, Cp' = Cp, R'= Me, R? = Me [31i
CpZr(N=CPh)(HNCHPhp), 22, respectively. The molec- 26 M :Ti’ Co' = Cp’ HﬂzMe’ R~ Ph 1)
ular structures of21 and 22 show that the compounds are P,
isostructural. The ketimide ligand is close to linear and the 27 ™=ThCP'=Cp. RfMe’ R; nB“ (31]
~NH-CHPH, fragment displays typical bonding parameters ~ 28M=TiCp'=Cp, R =Me, R = Pr (31]
for amido ligandg30] (Chart 4. 29M =Ti, Cp'= Ind, R'=Me, R" = Me [31]
30 M =Ti, Cp'» = CpCp*, R'=Me, R? = Ph (31]
31M=2Zr, Cp' = Cp, R'=Ph, R* =Me [33]
N 13 Cp'=Cp, R=CHg, X = CI 32 M = Zr, Cp' = MeCsH,, R'=Ph, R? = Me (33]
/Z&'f( 14 gp: = gp. 2 = (F;hH >]§h= gl N 33M = Zr, Cp' = Cp, R'=Me, R? = Me (33]
Cp' N::c\/H 12 CS' - Cg: R OHP. X = p-MeCeble 34M=7r,Cp' = Me<35|1—|4, R'=Me, R? = Me2 (33]
R 17 Cp' = Cp*, R = p-MeCgHy, X =H 37 M=1Zr, Cp'=Cp, R'=2-CH,,5-CHapy, R" = Me  [34]
13-18 18 Cp' = Cp*, R = p-MeCgHy, X = | 38M=2Zr, Cp' = Cp, R'=H, R? = CDy [35]

Chart 3. Chart 5.
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[CpsTiR(NCR)][BPh,] [Cp2ZrR(NCR)][BPh,] Scheme 3lepicts sequences of reactions that lead to the for-
o mation of the cationic zirconocene ketimide comples§sand
nsertion l i NCR 38. The ketimide ligand ir37 forms by insertion of acetonitrile
[CpoTi(N=CRRYJ[BPh,] [CpoZrR(NCR),J[BPh,] in a zirconium—carbon bond 38, formeq upon the activation of
ana carbon—hydrogen bond of 2,6-lutidine, wher88sesults
NCR,\‘ /nsertion from the insertion of acetonitrile in a zirconium—hydride bond,

formed by H elimination in36. The driving force for these reac-

. tions is the formation of methane from the original methyl ligand
M=Ti, Zr of [CpZr(Me)(THF)]* and the acidic hydrogen atoms of coor-

Scheme 2. dinated 2,6-lutidine and-picoline. The lack of i in cationic

35 is responsible for the difference in reactivi84—36}

o When treated with B(gFs), CpZr[N=C('Bu)(Me)]Me,

It has been noted that the Cp ring influences the ease of theﬁ' afforded the cationic complex [GBr{N=C('Bu)(CHs)}]
reactions. In the systems above, indenyl compounds afford tWeB(C6F5)3], 39, that was characterized by NMR as an ion

fastest reactions, with the insertion being complete in less th air [23]. The lack of ketimide to azaallyl isomerization 38

1h, while Cp compounds can take several days for the reactiofytests for the greater stability of the ketimide ligand, as implied
to reach completion. Kinetic studies on the formatior24¢34 by the reaction depicted in E(L).

reveal that the mechanism of the insertion reactions depends

on the metal centerScheme P In the case of titanium, the

migration of methyl to the coordinated nitrile occurs prior to the2.1.3. Cp,Ti(N=CR'R?) compounds

coordination of the new entering nitrile ligand, as attested by Reported Ti(lll) bent-metallocene complexes containing one
the fact that insertion rates are independent of nitrile concerketimide ligand of the type Cfi i(N=CR!R?) (40-44) are
tration. On the other hand, the reactions mediated by zirconiurdepicted belowChart §.

require the previous coordination of nitrile and formation of 5- Compoundst0 and41 were the first Ti(lll) ketimide com-
coordinate, 18 electron reactants where insertion takes placpounds to be obtained and were synthesized by insertion of
The different mechanisms are primarily due to the difference iracetonitrile in a titanium-allyl group bonded to a ZlIl)

ionic radius of Ti(IV) and Zr(IV). moiety (Method E). Although not isolated, their formation was

[CpaM(N=CRR')(NCR")][BPh,]

CpoZrMe(THF)*

i) ‘@ , -CH,
iy __ s

+
+ THF 4 p @ CngF'NECCDg
CpaZr~ = Cp.Zr~ + CDsCN_ iy
3
J ®
35b

2| o

35a

36a 36b
CHZCN
\B-elimination
N /N)\/(Nj\ |-W|
Cpgzr\NCCH +C "ZF-}-N*
3 P "C-cp,
37
l-CH3CN CDsCN
H. CDg
+HN— G
Cpazr\ N
Cp=Zr. =
Cp " "N=CCDs
38

Scheme 3.
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Cp! 1 Cp' R!
R p ;
Ti—N=C N\N=Coge
/ Lo TN 1
Cp' R Cp \C—-—R
ke
40-44 4751
Ref.
40 Cp' = Cp, R' = Me, R? = CH,CH=CH, [37] 47 M =2r. Co' = Co. R = B2 = Ph Ref.
a1ce=cp, H11: Mez’ R’ = CHMeCH=CH, (7] a8M=7r Cpp'i cp;; Rl R2o p-MeCgHa {Eiw
:; gg. : gg 21 Z 22 : ;r; {2:} 49 M = Hf: Cp'= Cp,,F}1 =R?=Ph [15]
44 Cp' = Cp, R' = Me, R? = CH,CH=CH, [40] 50M=Zr, Cp'=Cp', R =H, R®=p-MeCeHy  [og]
51M=Ti, Cp'=Cp, R'=R?=CF; [15]
Chart 6.
Chart 8.

inferred by the hydrolysis products that afforded the correspond-
ing ketoneg37]. CpsTi(N=CPp), 42, was obtained by reaction Closely relate(_j ?n structure_ are the tita*nium(IV) carborane
of CpsTiCl with one equivalent of lithium ketimide (Method Ccomplexes containing one ketimide ligand. Gp—CzBoH11)
A). Like the two previous compoundd2 was not isolated but TiMe reacts with acetonitrile to afford Cfn°—CpBgH11)
detected by infrared and its structure inferred by the subsequeft(N=CMez)(N=CCHg), 45 (Method E). Crystallization from
reaction with AgBPh in the presence of traces of water that toluene afforded Cn-C2BgH11)Ti(N=CMey), 46. The X-
afforded [CE Ti(OH)(HN=CPh)]BPh, [38]. C; Ti(N=CMey), ray structures of these compounds show that they both adopt
43, was obtained by reaction of §fi(Me,SiC=CSiMes) with a bent-metallocene type structure with the ketimide ligand close
Me,C=N-N=CMe,. The X-ray structure of43 shows the O linearity. In45, the ketimide and acetonitrile ligands lie in the
ketimide ligand close to linearity and bisecting the angle define@duatorial plane between thé ligands, as well as the ketimide
by both Cp rings[39]. It is important to note that in titanijum ligand in46 [41].
systems the outcome of the reaction ofiA@eN—-N=CMe, with
reduced titanium centers depends on the substituents of the Q.4 Cply(N=CR'R?); compounds
rings. While Cp affords the Ti(lll) ketimide compound by a Compounds of the type GM(N=CR!R?), (M = Zr, Hf) have
mechanism not fully understood, less substituted Cp rings led tbeen isolated and are presented below. The synthesis of simi-
adifferent outcome for the reaction, with products resulting fromiar titanium derivatives is hampered, possibly by steric reasons.
C-H activation of a cyclopentadienyl methyl or the formation However, reference to the formation of p{N=C(CFs)2}2,
of a methyl azine grouf89]. Cp Ti{N=C('Pr)(GHa4)}(PMez), 51, has been done as unpublished widrk] (Chart §.
44, was obtained by thermal decomposition of the imido Compoundst7 and48 were synthesized by metathesis of
compound CpTi{=NCH,C(Pr=C(Me)C(Me}=CH,}(PMe3)  the parent chloride with the corresponding lithium ketimide
that was in turn obtained by vinyl insertion dPrCN in  (Method A) wheread9 was obtained by reaction of H}CPh
[Cp.Ti{«?C,C-C(Me)=C(Me)CH,}] in the presence of an with CpHf(NEt,), (Method B). The same method afforded a
excess of PMg(the insertion of nitriles in metallacycles contain- milder synthesis o#7 [15,42,43] The complex was character-
ing bothsp? andsp® metal-carbon bonds is discussed in Sectiorized by single crystal X-ray diffraction that shows one ketimide
2.1.9. The molecular structure @4 shows two molecules in ligand slightly bent (164.1(2) versus the other (173.7(3)
the unit cell, one with a FiN-C angle of 172.6(9)and other  This feature reflects the partial donation of electron density from
with an angle of 162.7(9) This latter value is rather abnormal one of the N-CPp, ligands to the metal centre, which may accept
for terminal ketimide complexes, and may be explained by thex maximum of 6 from the total of 8 electrons made available by
existence of two different but both significant canonical formsthe two ketimide ligands.
(see below). The zwitterionic structure depicted is consistent [CpsZr{N=C(H)(p-MeCsHa)}2], 50, was synthesized as
with near equivalence of bond lengths in the fulvene [#@]  depicted inScheme 4by reaction of hydrogen with the zir-
(Chart 7. conacyclodiimine [Cp CpoZr{k?N,N—N=C(p-MeCeH4)C(p-
MeCgH4)=N)}], 52, obtained by reaction of (GZrN2)>N with
p-MeCsH4CN [28].
, PMeg + PMeg
CpoTi N CpoTi N 2.1.5. Metallacyclic compounds
Pr Pr Compound 52, obtained by reductive coupling of two
J nitriles (Method F), is one example of metallacyclic ketimide
complexes. There are many compounds of this type that result
4 from oxidative addition reactions (Method D), nitrile insertion
44 in M—C bonds (Method E) or addition of nitriles to unsaturated
Chart 7. C—C bonds (Method G). Many of these compounds were
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p-MeC5H4
) N__-P-MeCeHs 1y, /N:<H
(Cp"2ZrNg)oN2  + p-MeCgH,CN Cpo*Zr{ I Cpg*Zr\
N ™p.MeCgH, N= ..
-Me
52 so P oreete
Scheme 4.

detected by NMR but were not isolated since they readily\N=C(*Pr)\CH,CH,—0-CgHg}], 54 [45], [CppZr{k2N,S—N=

tautomerize to enamines.

Oxidative addition of the NO bond of benzoxazole to
Cp2Zr(py)(MexSiC=CSiMe3) afforded the bimetallic complex
[Cp2Zr{k?N,0—N=C(H)-0-CgHs—0}]2, 53 (Eq. (2)) that dis-
plays two bridging ketimide moietig44]. The analogous reac-
tion with CpTi(Me2SIC=CSiMe;) fails.

SiMeg

0
2 CpZZ[Q[ + 2N @
PY SiMey

-2py
-2 Me3SiCCSiMes

QT
/[Zr]

[Zr]=CpoZr
53 )

C("Pr)CH(Me)S], 55 [36], and [CpZr{k’N,0-OCR,
CH,CH=CHCH,C(R)=N}], 57-64 [46], have been prepared.
When ketimide moieties are part of a metallacycle contain-
ing y-hydrogen atoms tautomerization to enamines is frequently
observed, as exemplified by the formatiors6f The hydrolysis
of 57-64 afforded the corresponding ketimines that then rear-
range to enamines obtained as mixtures of E and Z isofh@&}s
Doxsee and Mouser studied the reactivity of §Tig k>C,C—
C(RFC(R)CH}] (R=Me, Et, Ph) with nitriles and showed
that when metal-vinyl and metal-alkyl bonds are present in
titanocene metallacycles, the preferential site for insertion and
the number of nitrile molecules inserted depends both on the
vinylic substituents and on the nitril&¢heme B For R =Me,
Et or’PrCN double insertion occurs and compounds, [«
N,N-N=C(‘Pr)-C(R)=C(R)C(Pr)=N}] (R = Me,65; R = Et,66)
form [47], whereas (mesityl)CN reacts with [€fi{k°C,C—
C(Me)=C(Me)CH,}] to afford exclusively [CpTi{k?N,C—N=
C(mesityl)-CH,—C(Me)=C(Me)}], 67 [40]. The molecular
structure o0#%67 shows that the FiIN—C angle is only 143.5(3)
This value, more consistent wittp? rather thansp nitrogen
hybridization, is most probably due to the strain caused by

Nitrile insertion into M-C bonds of carbon- and heterome- the metallacyclic arrangement. For R=Ph, insertion occurs
tallacyclic alkyl complexes afford metallacyclic ketimide exclusively in the metal-alkyl bond regardless of the nitrile
complexes with concomitant ring expansion by two membersand therefore compounds of the type T k2N,C—N=C(R)-

As represented inScheme 5 complexes [CgZr{k°N,C—

Cpz

CH,—C(Ph)=C(Ph)}] 68-78 are obtained. [C#Ti{k*C,C—

CN ZrN

54
H. _Me H
CN S S Me
CngrIKS I~ CpoZr, _ Me CpoZr, |
PMes N HN
55 56

R_ R

R

57-64

o R R gR
HO HO
HO
coz’ N RCN _ (l) H.Q/Et,O

P2 N szz{ N \ T R
R NH IR S,

R H,N R

E z

57 R=Ph, R'=p-MeCgH; 61R=Ph, R = ‘Bu
58 R = Ph, R' = Ph 62 R = CH,CH,, R' = Ph
59 R = Ph, R'=p-CNCgH; 63 R=CH,CH, R'='Bu
60 R = Ph, R'= CH=CHCN 64 R=Me, R =Ph

Scheme 5.
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R 68 R = Ph, R' = Me
R'CN = '
Coo il p—R — .~ Cp,Ti. )R 69 R=Ph, R'=Et
"vinyl insertion" N= 70 R=Ph, R ='Pr
R R 71R="Ph, R'='Bu
65-78 72R =Ph, R = Ph
73 R =Ph, R' = p-FCgH,4
R'CN RCN 74 R = Ph, R' = p-CH30CgH4
R - 75 R = Ph, R' = p-CHaCgH,
"alkylfinsertion” "doublelinsertion”

76 R = Ph, R' = 0-CHyCgHy
77 R = Ph, R' = p-CF4CgH,

=1 R 78 R = Ph, R' = C4F5
N= RCN N=N_R
Cp2Ti Cp.Ti, |
_ Ne g
R R
R
67 A = Me, R' = mesityl 65 R = Me, R' =‘iF'r
79R=FEt, R ='Bu 66 R =Et, R'='Pr
80 R =Me, R'='Bu 81 R=Me, R'="Bu
Scheme 6.

C(R)=C(R)CH,}] reacts withBUCN to afford [CpTi{k°N,C—  as the major product (benzophenone is co-produced, but in a
N=C(Bu)-CH,—C(R}=C(R)}], 79, (R=Et) and a mixture smaller extent) an@3, which hydrolysis product is a diketone

of [CpaTi{k?N,C—N=C(‘Bu)}-CH,—C(R)=C(R)}], 80, and [45,49]

[CpgTi{KZN,N—N=C(tBu)—C(R)=C(R)C(’Bu)=N}], 81, when CpZr(RC=CR)PMe3 also reacts with nitriles (RCN)
R=Me. Attempts to obtai$1 by forcing the insertion i80  to afford compounds of the type [@Br{x?N,C-N=C(R")

have failed, which suggests that double insertion occurs onlfRCR}] (R=R =Et, R"=Ph,95; R=H, R ="Bu; R'='Bu,
when the initial insertion takes place at the metal—vinyl bond?6). The synthesis 6 shows preferential addition to the less
(Scheme B[47]. hindered carbofb0].

Addition of nitriles to unsaturated-@ bonds (Method G) is [2+2] addition of nitriles to [CpTi=CHz] was shown
also an important route to metallacyclic ketimide complexesto be a suitable pathway to the synthesis of azametalla-
Complexes [CpTi{K2N,C—N=C(R)CH2CH2}] (R=Me, 82; cycles 07-109). The titanium methylidene is assumed to
R=Et, 83; R='Bu, 84; R=p-MeCsHa, 85) were prepared by be generated in situ by decomposition of titanacyclobu-
addition of the corresponding nitrile to €H(C2H). Tautomer-  tane [CpTi{k?C,C-CH,C(BU)CH}], dimethyl titanocene
ization to the corresponding enamine depends on the nitrilQr Tebbe's reagentScheme ® The number of nitriles
being fast for82, very slow for83 and unobserved f84 and  inserted depends strongly on the nitrile: electron-withdrawing
85 (Scheme Y[48]. nitriles give stable 1:1 products that slowly convert to

Similarly, addition of nitriles to zirconocene=C bonds 2:1 products, whereas electronically rich nitriles favour
led to [szZr{KZN,C—N=C(”Pr)—o—C6H8}], 86, and to the formation of 2:1 products. Compounds of the type
[Cp2Zr{k2N,C—N=C(R)-0—CgH4}] (87-94) as depicted in [CP2Ti{x?N,N-N=C(R)CH,C(R)=N}] (101-108) are unstable
Scheme 8The X-ray structure 094 shows it to be a dimer, and tautomerize to [Gi{«k?N,N-N=C(R)CH=C(R)-NH}]
with the ketimide moieties bridging the two zirconium centres,[51-54] When R = 1-adamantyl09, no tautomerization takes
in a similar arrangement to the one foundsih The Z=N-C  place[53].
angles are close to 120due to ring strain. Hydrolysis of these ~ In the presence of PMe metallacycles of the type of
compounds affords the corresponding ketones, with the exce7-100 afford imido compounds of the type [@P{=NC(=
tion of 87 that affords a keto-alcoho89 that gives HN-CPh, ~ CH2)R}(PMes)] (Scheme 1) These vinylimido complexes

N H

N

P T /
Cp*oTi(CoHy) + RCN ———— = Cpo'Ti Cpo'Ti I

82 R =Me

83 R=Et

84 R ='Bu

85R = p—IVIeCGH4

R R

Scheme 7.
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CpEZ[ -

CN
AN CDQZI’\ ==
N=

PMeg
86
87 R = CH,CH,
88 R =Me
89R="Pr
RCN
Cpﬂr@ —_— CpQZr\Nf 90 R = CHCH,
R 91 R = (CH,)3CHCH,
87-94 92 R = (CH,)4C(CH3)(OCH,CH,0)
93 R ='Bu
R R - 94 R ="Pr
" =
oz RN, cpzz<|:(
R
R

95 R =R =FEt, R" = Ph
96 R=H, R ="Bu;R" ='Bu

Scheme 8.

react with unsaturated organic substrates as ketones and imin€p,Zr[N=C(H)(CHg)]CI, 13 and CpZr[N=C(H)(Ph)]CI, 14
to afford formal [4 + 2] adductsl0-113). with (CppMH2), (M=2Zr, Hf) afford bimetallic compounds
Zirconium compounds of the type fr{k°N,C-N=C(R)}~  CpZr[n-N=C(H)(R)](.-CI)MCp, (118-120), by dihydrogen
C(CH)C}] (114-117), have also been obtained by [2+2] reductive elimination frona (Scheme 1R The reductive elimi-
cycloaddition of nitriles to [CpZr(k2C,C—CH=CHCH,)], gen-  nation of aldimine via intermediateis not observed since it is

erated in situ$cheme 11[45]. an unfavourable thermodynamic ro(i2s].

The concept was extended to “early—late” heterobimetallic
2.1.6. Bimetallic compounds containing bridging ketimide compounds with the synthesis of £Jp[u-N=C(H)Phh
ligands CoCp, 121, obtained by reaction of [GFi{x’N,N—

As described above, most Group 4 metal ketimide comC(H)(Ph)N-N=C(H)Ph}]2, with CpCo(GHg)2. As shown in
pounds have terminal ligands, the exceptions being th&cheme 13the reaction proceeds via-C and N-N cleavage.
metallacyclic complexes53 and 94 that have bridging The molecular structure d21 reveals T-N—C angles of about
ketimide moieties. In non-metallacyclic compounds, there ard48 possibly due to the steric hindrance between the phenyl
other examples of bridging ketimide ligands. Reactions ofand the Cp rings. Due to the donation of the nitrogen lone

CpoTiMes
cm(}‘eu Fon Co,Ti(u-Cl)(1-CHa)AI(CHs),
-CHZ:CR ACN
[CpsTi=CHy)
RCN
97 R ='Bu
CpsTil >R 98 R = Ph
N 99 R = p-CF4CgH,
97-100 100 R = CgFs
{HCN
101 R = Me

106 R = p-M H
N : N R 102R = Et 1ggF{ i CIS%CE !
r - =p-
CpeTi, pH = CpyTi. ’ 103 R ='Bu 108 R = C4F e
HN nN=( H 104R = Ph - eTs
109 R = 1-adamantyl

R 105 R = p-MeCgH,
101-109

Scheme 9.
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RCN _PMeg
Cp,Ti &fsu CpoTil »-R —=—~CpgTi{
PMeg N N
-CH,=CH'Bu PMes \f
0
0 }/ r‘f’Ph
i
CpoTi, Ph)\H
= H
R N—Ph
110R ='Bu CpaTi,
111 R = 1-adamantyl A
112R ="Bu

113 R = 1-adamantyl

Scheme 10.
R H
P R RCN N= A
Cpgzr\Me -CH, [Cp?zr@ } CpEng (;92er0| ", (CPaMH,)y
114R = Me 9y H
115R = f‘Pr / cf\
116 R ="Pr N NTTR
117R=Ph cpazrl, = CpZ
“sMCp, Cl~-Mcp,
Scheme 11. c \H H \H
b a
[
pair to cobalt, the HN bonds are unusually long for titanium
ketimide complexes (about 2AQ and are longer than the €l
bonds (about 1.88), which is consistent with the difference Hie R
in metal radius[55]. Osakada and co-workers also reported /Ihi\ }}32:,@&&:5{
the synthesis of GZr[u-N=CRy],Pd(Me)Cl (R =Ph,122; P22 MOP2 120 R = Ph, M = Hf
R =p-MeCsHg4, 123), by reaction of CpZr[N=CR],> (R=Ph,
47; R=p-MeCgHg, 48) with (cod)PdCI(Me) through simple Scheme 12.

replacement of cod in the palladium coordination sphere. The

molecular structures of22 and 123 show the two bridging electron of Ti(lll) to the ligand as represented Sitheme 14

ketimide ligands bent at around 147and the ZrN bonds (Method F). The amount of the bent canonical form depends on

slightly elongated (about 24). As in 121, the Z-N distance  the extent of the metal—ligand backbonding and coupling pro-

is longer than the PeN distance (about 22&) [43]. ceeds as long as the R groups are not too bulky to prevent it by
A different type of bimetallic complexes was described steric hindrancg56]. The overall reaction corresponds to the

by Teuben et al. that report a series of bimetallic titanocen@xidation of titanium and reduction of the nitriles to imines.

complexes of the type Gpi(R)N=C(R)—C(R)NTi(R)Cp; Acidic hydrolysis of these compounds affords a synthetic

(124-140). The compounds were obtained from the couplingroute to cis-diketones or cis-diketimines. Compoundl27

of two cyanide radicals that form upon transfer of the unpairedeacts with HCI in ether to afford Ph€D)CEO)Ph whereas

!
js:/Ph N
4 e
SiMey CpoTi., II‘\I
Cc CpCo(CoH AN
CpoTil]  + (PRHIC=N-N=C(H)(Ph) — H%?hw“ CpeTi{ (CoCp
N
“SiMeg Ph' N I
CpoT{ N
L\"\'\\ ~Ph o
G 121
H

Scheme 13.
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124 R=R'=Ph

125 R = Ph, R' = p-CICgH.

126 R=Ph, R'=Me

127 R =0-CHyCgHy, R' = Ph

128 R = R' = 0~CHaCgH,

129 R = 0-CHyCgHg, R = p-CICgH,
130 R = 0-CH3CgHy, R' = Me

131 R = m-CHzCgHy, R = Ph

132 R= m—CHQCGH4, R'= 0-CH3C5H4

133 R = m-CHaCgHy, R = Me

134 R = p-CHaCgHy, R = Ph

135 R= p—CHgCaH4, R' = O—CH3C6H4
136 R = p-CH3CgHy, R' = Me

137 R =CHyPh, R'=Ph

138 R = CH,Ph, R' = 0-CHyCgH,

139 R= Cst, R'= p—CICGH4

140 R=Cl, R'=Ph

Scheme 14.

compound128 affords only the diketimine -eCH3CgH4C(= With the exception of166, decomposition of all com-
NH)C(E=NH)CgHa—0—CHgz that is stable towards further plexes afford the neutral species [THN=C(R)(Bu)}
hydrolysis. {CH2B(CsFs)2}{CsFs}] by methane elimination and transfer
of one GsFs ring to the titanium centrel$7-171) [58]. Studies
2.2. Half-sandwich derivatives of these reactions have shown that methane elimination is
intramolecular and favoured in polar solveni$7-171 are
The first mono-Cp ketimide compound reported,inactive towards olefin polymerization and addition of more
CpTi[N=C("Bu)('Bu)]Cly, 141 [57], was obtained by reaction B(CsFs)s does not reactivate the catalyst, making this a fatal
of CpTiClz with the corresponding lithium ketimide. The X-ray deactivation pathway. Compounti66 also deactivates by
structure of this compound shows that the ketimide ligandnethane elimination but through a different decomposition
is essentially linear, with the ketimide substituents roughlyPathway. Inthis case, one of the methyl groups of CH(S)lylis
parallel to the plane defined by the Cp ring. This arrangemerfctivated and the metallacyclic zwitterionic species [GRTN,
simultaneously minimizes steric repulsion and maximizesC—N=C(Bu)(CH)(SiMes)(SiMe2CHy) }(p.-CHz)(B(CeFs)s3)],
electron donation to the metal centre, since it places the
non-bonding orbital of nitrogen directed towards the acceptor

orbital parallel to the Cp ring plane of the CpTiGtagment. (|3p

No catalytic studies have been reported fdt and it took /N/Ti‘{fxz
over adecade for compounds of the typ&TiiN =CR'R?]X 1X? RW_?; X!
to be recognized as extremely active catalysts in olefin polymer- R
ization catalysis. Since then, a significant number of compounds 142-160
of this type were reported (see belov@hart 9.

The dichlorides were obtained by reaction of Tftl3 with 142Cp' = Cp, ' = 2 = Bu, X' =X = G [17n:;.59]
one equivalent of the corresponding lithium ketimide (Method 4 Cp'=Cp, R' = RZ = 'Bu, X = X2 = Me [55] ‘
A). Alkylation of these complexes with lithium alkyls or Grig- 144 cp' = cp, R' = R? = 'Bu, X' = X% = CH,Ph [60]
nard reagents afforded the correspondent derivatives. Com- 145cp'=Cp*, R' = R? ='Bu, X' = X2 =Cl [17,58,59]
plex Cp TIIN=C'Buy]MeCl, 147 was obtained by disproportion 146 Cp' = Cp*, R' = R ='Bu, X' = X* = Me [17,58]
of Cp Ti[N=C'Buy]Cly, 145, with Cp Ti[N=C'Buz]Me>, 146, 147 Cp'=Cp*, R' = R*="'Bu, X' = Me, X* = CI (58]

* o . Ve Rl _p2_t 1_ 2 _ :
catalyzed by B(@Fs)3. Cp TiIN=C{CH(SiMez),}('Bu)]Mey, 148 Cp'=Cp”, R7= R"= Bu, X' = Me, X" = CHzSiMes [17,58]
160, was obtained by methane elimination when"TMes 149 Cp'=Ind, R* =R"= Bu, X =X =Cl [17,59]
was treated with HNC{CH(SiMe3)>}> (Method B) [58]. :::’ gg - gﬁ::g 21 - 22 - ‘:E i, - iz - ;‘e [1;1
The molecular structures of Cp[N:CfBgz]le, 145, and 152 Cp' = Cp, R' = Me, A% = Ph, X' = X2 = I {17}
IndTi[N=C'Bu]Cl2, 149, display linear ketimide ligands and, 153 cp' = c,Me,SiMes, R' = B2 ='Bu, X' = X2 = CI (5]
similarly to 141, the ketimide substituents are roughly parallel 154 cp' = c,Me,SiMes, R' = R2 ='Bu, X' = X = Me (58]
to the Cp ring59]. 155Cp'=Cp*, R' ='Bu, R = Me, X' = X2 =ClI (58]

The applicability of CATI[N=CR!R?]X1X? complexes in 156 Cp' = Cp*, R' = Bu, R*=Me, X" = X* = Me (58]
olefin polymerization catalysis led to several studies involv- 157 Cp'=Cp*, R' = 'Bu, R® = CH,SiMes, X' = X* = Cl (58]
ing cationic species. Piers and co-workers studied zwitteri- 158 Cp'=Cp", R = 'Bu, R?= CH,SiMe, X" = X* = Me (58]
onic compounds of the type [CEi{N=C(R)(Bu)}Me—(p- 159 Cp' = CyHBu, ?1 = Ff:'B“’ X'=x=Cl , [61]

160 Cp' = Cp*, R' = 'Bu, R% = CH(SiMeg)p, X' =X =Me  [58]

Me)B(CsFs)3] obtained by reaction of the dimethyl derivatives
with one equivalent of B(gFs)3 (161-166) [58]. Chart 9.
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Scheme 15.

172, is formed &cheme 1h The activation of the silyl €H Ti(N=C'Buy)3Cl, 182 (see following section) with one equiv-
bonds is frequently observed in silyl amido Group 4 metalalent of NaCp or Nalnd, respectively. The X-ray structures of
complexeg62,63] these compounds show two ketimide ligands close to parallel in

Methyl-bridged zwitterionic compound$Cp Ti(N=C'Buz) relation to the Cp rings, whereas the third ligand stands roughly
Me}>(n-Me)][B(CsFs)4] are obtained as a 1:1 mixture of rac/ perpendicular in an arrangement that probably balances steric
meso isomers (CpgCp, 173; Cp=Cp, 174; CP=CsMes  and electronic demands. All ketimide ligands are close to lin-
SiMes, 175) formed by treatment of Cpi(N=C'Buz)Me, earity. It is interesting to note that these two complexes are
(CP=Cp, 142; Cp=Cp, 146, Cp=CsMesSiMe;, 154)  unexpectedly robust towards air and moisture, therefore attest-
with 0.5 equivalents of [PIC][B(CsFs)s] [64]. NMR studies  ing that the combination of a Cp ring and three ketimide ligands
showed that decomposition proceeds by methane loss afforgsrapped around a titanium atom provide a significant shielding
ing [{CpTi(N=C'Buyp)}(p.-Me)(.-CH2)TiCp' (N=C'Buy)][B of the metal centrg65].

(CeFs)a] (Cp'=Cp, 176; Cp'=Cp’, 177; Cp = CsMe,sSiMes, Closely related to ketimide ligands are phosphinimide lig-
178), also as a mixture of rac/meso isomers in thermodynamiands,”N=PRs. As mentioned for CFi(N=CR,)X>, analogous
equilibrium. CpPM(N=PRg)X, are olefin polymerization catalys{6§7,68]

It is interesting to note that there are no mono-Cp monoPhosphinimide moieties provide a better steric protection to the
ketimide zirconium compounds reported. CpZr@ine reacts metal centres since the P(V) atom adopts a pyramidal geome-
with one or two equivalents of LiNC'Bus to afford invariably  try through the bonding to three substituents, as opposed to the
CpZr(N=C'Buy)2Cl, 179. This is probably due to the bigger size coplanar arrangement found in ketimide ligands. This feature
of zirconium when compared to titanium, allied to the poor stericallows a better stoichiometric control of reactions as attested by
shielding provided by the ketimide ligand. In fact, although thethe synthesis of mono-Cp mono-phosphinimide zirconium com-
-butyl groups are bulky, their bulkiness is sufficiently distant toplexes[69] and monomeric bis-phosphinimide titanium com-
the metal centre to be an efficient shifg8]. A similar difficulty  plexes[70].
in controlling the stoichiometry of the products has currently  Titanium iminoimidazolide complexes represent a particu-
been reported in the synthesis of Group 4 amido complexear case of NCR, ligands, where R stands for imidazolin
[66]. or NR'» fragments. Complexes CpTi#)Cl,, 183, CpTi(L2)Xo,

Other mono-Cp compounds include 'TYN=C'Buz)z 184, CpTi(L%)Xy, 185, Ti(L1),Cl,, 186, and Ti(L})Cls, 187,
(Cp'=Cp, 180; Cp'=Ind, 181), prepared by reaction of have been reportd60,71](Chart 10.
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Chart 10.

ular tautomerization or by acidic hydrolysis, the ketimide moi-
ety resists insertion, nucleophilic and electrophilic attack. This
springs from the fact that in Group 4 metal complexes electron
donation to the metal is efficient and therefore the nitrogen lone
pair is not available for reactions. It is therefore not surprising
that ketimide ligands are suitable to be used as ancillary ligands
in catalytic reactions.

In 1999, Nova Chemicals patented complexes of the type
CPTIN=CR!R?]X1X? as catalysts in olefin polymerization
[17]. These compounds are good catalysts able not only to
polymerizea-olefins but also to give copolymers. Complexes
142 (Cp'=Cp, RR=R?='Bu, X}=X?=Cl), 145 (Cp =Cp’,
Rl1=R?='Bu, X}=X?=Cl), 149 (Cp =Ind, RI=R?='Bu,
X1=X?=Cl) and 159 (Cp=C4H4'Bu, R'=R?='Bu,
X1=X2=Cl) are very active catalysts in ethylene homopoly-
merization when activated by MAO (s@able ). When the

polymerization is carried at 2atm of ethylene, the order of
activities is149>145>142, the maximum activity occurring
electron system, is the tropidinyl anion. (trop) TH&'Buy)Cly, at 60°C. At higher temperatures, deactivation probably occurs,
188, was prepared by treatment of (trop) Ti®¥ith LIN=C'Bu,  since a decrease in activity is obserygfl]. At higher ethylene
and analogous complexes displaying phosphinimido ligandpressures (6 atm)42 and145 display higher activities, whereas
(trop)TiN=PRs)Cl> (R='Bu, ‘Pr) have been obtained using 149 shows a considerable decred6&,75] At all pressures,
LIN=PRs [72]. Ethylene polymerisation studies have been carthe activity increases with the increase of the Al/Ti ratio. MAO
ried on. plays an important role in the stabilization of the active species
since the activity of CpTi[NC'Buz](CH2Ph),, 144, when
activated by B(GFs)3 or a mixture of B(GFs)3 and AfBus is
considerably smallef60]. Once more, this may be due to the
As already mentioned, ketimide ligands failed to providefact that ketimide ligands fail to afford a good steric protection
effective steric protection to the metal centre since, even wheto the metals but the nature of the bonding between the hard
bulky substituents are present, these are relatively far away fromitrogen donor and the metal cannot be underestimated. All
the metal centres. While for titanium compounds the presence ahese complexes afforded linear polyethylene, with relatively
one or two Cp rings is sufficient to account for this situation, zir-small My,/M, values, except for CTI[N=C'Bu,]Cl», 145, that
conium is bigger and therefore only bent-metallocene systemigads to a largé4,,/M,, value of 74.4, when the polymerization
provide stoichiometrically controlled reactions. In the absencds carried at 6 atm.
of Cp rings even titanium reflects this feature. Complexes CgZr[N=C('‘Bu)(Ph)]Cl, 8, CpZr[N=C('Bu)-
Ti(N=C'Buy)3Cl, 182, was prepared in moderate yield by (CH3)|Cl, 9, CpZI[N=C(‘Bu)(Ph)]Me, 10, CpZr[N=C('Bu)-
reaction of TiCl with two equivalents of LINC'Bup. DFT cal-  (CHgz)|Me, 11, CpZr(N=C'Bu)>Cl, 179, CpTi(N=C'Buy)s,
culations have shown that the introduction of the third ligand had80, IndTi(N=C'Buy)3, 181 and Ti(N=C'Bu,)3Cl, 182, are also
a significant stabilization effef®5,73]thus hampering the syn- reported to polymerize ethylene, although they are less active
thesis of Ti(N=C'Buy)2Cl by this route. The X-ray structure (with the exception ofl79) then the half-sandwich complexes
of 182 shows linear ketimide ligands twisted in a propeller- described above (seEable 1. In common, these complexes
like way around the Ti—Cl axis. This arrangement is lost whemosses a surplus of ancillary ligands and require the removal of
the remaining chloride is replaced by the fourth ketimide lig-at least one ketimide ligand to generate a cationic species with
and. Ti(N=C'Buy)4, 189, was prepared either by reactionl82  one vacant coordination site. Compouidand10 are reported
with one equivalent of lithium ketimide or directly by reaction to polymerize ethylene in the presence of MAO. When com-
of TiCl4 with four equivalents of LINC'Bu, [65]. The analo-  pared to CpZrCl,, these are less active, probably becausé\Zr
gous complex Ti(NCPp)4, 190, was obtained by reaction of bonds are more difficult to cleave then-Zl bonds. They are
Ti(NMe2)4 with HN=CPh, (Method B)[15]. also less active then GgrCl(amido) systems, which accounts
Mixed ketimide-phosphinimide titanium compounds asfor a stronger ZrN bond in ketimide complexg@1]. A sim-
Ti(N=C'Bup)(N=P'Buzg)X2, (X=Cl, 191; X=Me, 192) have ilar situation is encountered for complex@snd11 that also
been obtained from Ti(NP'Bug)Cl3 [74]. show slightly lower activities when compared to #ZpCls.
When activated by B(gFs)3 these complexes are inactive in
ethylene polymerization, however, fél, the combination of
B(CsFs)3 with Al‘Buz or MAQ affords polyethylenf23]. These
Results previously presented demonstrate that thibbnd  results suggest that aluminium alkyls are capable of removing
in Group 4 ketimide complexes is relatively robust. With theone ketimide ligand and replace it with an alkyl. Compoa7gi
exception of proton attack on the nitrogen either by intramolecis a very active catalyst in ethylene polymerization, with activ-

Isoelectronic with the Cp ligand, consisting ofgh4 + 20

2.3. Cyclopentadienyl-free ketimide-supported complexes

3. Olefin polymerization catalysis
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Table 1
Ethylene polymerization data using titanium and zirconium ketimide compounds as catalyst precursors
Compound Co-Cat; Co-Cat:M T(°C) Activity (kg-polym/mol M h) Ref.
CpZr[N=C('Bu)(Ph)]CI,8 MAO; 1000 20 32 [21]
Cp2Zr[N=C('‘Bu)(CHs)]CI, 9 MAO; 1000 20 109 [23]
CpZr[N=C('Bu)(Ph)]Me, 10 MAO; 1000 20 240 [21]
CpZr[N=C('Bu)(CHsz)]Me, 11 MAO; 1000 20 233 [23]
B(CsFs)3/Al'Bug; 1/1 20 327 [23]
CpTi[N=C'Bu]Cl>, 142 MAO; 2000 60 7092 [59]
MAO; 15000 40 22100 [61,75]
CpTi[N=C'Bup](CH2Ph), 144 B(CsFs)3; 1.1 80 353 [60]
B(CsFs)a/Al’Bus; 1.1/20 80 464 [60]
Cp Ti[N=C'Bu]Cl5, 145 MAO; 15000 40 16600 [76]
MAO; 60000 25 30600 [76]
MAO; 2000 60 19710 [59]
MAO; 15000 40 16600 [61,75]
IndTi(N=C'Bup)Cly, 149 MAO; 15000 40 7700 [61]
MAO; 2000 60 28820 [59]
(C4H4'BU)Ti[N=C'Buy]Cl>, 159 MAO; 15000 40 14300 [61,75]
CpZr(N=C'Buy)2Cl, 179 MAO; 2000 80 5730 [65]
CpTi(N=C'Buy)3, 180 MAO; 2000 100 8.8 [65]
IndTi(N=C'Buy)3, 181 MAO; 2000 80 190 [65]
Ti(N=C'Buy)3Cl, 182 MAO; 2000 80 131 [65]

ities comparable to those obtained by GIN=CR!R?]X1X?  most active, whereas the Cpompound shows the lowest activ-
systems. Compound$0-182 also polymerize ethylene in the ity. The order of activities]42 >149 >159 > 145, (seeTable 9
presence of MAO. In the case 982, one ketimide ligand has suggests that like in propylene polymerization, steric effects of
to be replaced by an alkyl group whereas¥86 and181, itis  the Cp ring influence the systems activiéd,75]
likely that two ketimide ligands are removed, despite theremoval 142, 145 and149 have been reported to give ethylene copoly-
of Cp or indenyl, although less probable, may not be excludedners with 10-undecen-1-ol (séable §. Compound42 affords
[65]. the polymer with the highest incorporation of 10-undecen-1-ol,
Compoundsl42, 145 and 149 are also active in propylene probably because itis more resistant to decomposition by the co-
polymerization (sedfable 2. Here, the order of activities is monomer than the other two. Overall, the activity is much lower
149 >142>145. When compared to the order of activities in than for ethylene polymerization under the same condi{io®is
ethylene polymerization at the same pressid@,and145 are  Ethylene and 1-hexene copolymerization has also been reported
in reversed positions. Steric factors involving the methyl groupg61]. Complexed42 and149 show remarkable activities, even
of the Cp ring are believed to be at the origin of this. The higher than for ethylene polymerization. The activity depends
polypropylene produced is atacf&9]. on the concentration of 1-hexene, the Al/Ti ratio and on ethy-
Othera-olefin homopolymerization studies involving com- lene pressure. Th,, values are higher than those obtained for
pounds142, 145, 149 and 159 include styrene and 1-hexene ethylene homopolymerization when completd2 and149 are
polymerization. ComplexeBt2, 145 and159 afford syndiospe- used as catalyst precursors. Ad®, the M,,/M}, value is large
cific polystyrene in moderate activities when activated by(varying between 2.4 and 3.6). The most remarkable copolymer-
MAO. Activity increases with temperature, with the maximum ization results are those involving the living copolymerization
obtained at 80C. The Cp compoundl45 affords the highest of ethylene and styrene, catalyzed bi2/MAO [76]. Consis-
activity as well as the lowest value df,/M,, (seeTable 3. All tently, My, increases linearly with time. No loss of activity is
catalysts give syndiospecific polystyrene with unimodal molec-detected with time and the activity increases with ethylene pres-
ular distributions[75]. 1-Hexene polymerization studies with sure and with the temperature. Th&,/My, value lies between
142, 145, 149 and 159 reveal that the Cp complelkd2 is the  1.14 and 1.36 and styrene is uniformly distributed in the polymer.

Table 2

Propylene polymerization data using titanium ketimide compounds as catalyst precursors

Compound Co-Cat; Co-Cat:M T(°C) Activity (kg-polym/mol M h) Ref.
CpTi[N=C'Buy]Cl>, 142 MAO; 1500 20 12420 [59]
Cp Ti[N=C'Bu]Cl5, 145 MAO; 1000 0 1076 [59]

IndTi(N=C'Bu,)Cl>, 149 MAQO; 2000 0 49600 [59]
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Table 3
Styrene polymerization data using titanium ketimide compounds as catalyst precursors
Compound Co-Cat; Co-Cat:M T(°C) Activity (kg-polym/mol M h) Ref.
CpTi[N=C'Bu]Cl>, 142 MAO; 7500 80 580 [75]
Cp' Ti[N=C'Bu]Cl;, 145 MAO:; 7500 25 1790 [75]
(C4H4"BU)Ti[N=C'Bup]Cl>, 159 MAQ:; 7500 80 930 [75]
Table 4
1-Hexene polymerization data using titanium ketimide compounds as catalyst precursors
Compound Co-Cat; Co-Cat:M T(°C) Activity (kg-polym/mol M h) Ref.
CpTi[N=C'Buy]Cl>, 142 MAQO:; 8000 25 37500 [75]
MAQ; 8000 25 16800 [61]
Cp' TIIN=C'Bu|Cl>, 145 MAO; 800 25 569 [61,75]
IndTi[N=C'Buy]Cl>, 149 MAO; 12000 25 12700 [61]
(C4H4"BU)Ti[N=C'Buy]Cl>, 159 MAO; 800 25 1310 [61,75]
Table 5
Ethylene co-polymerization data using titanium ketimide compounds as catalyst precursors
Compound Co-monomer Co-Cat; Co-CattM T (°C) Co-monomer Activity Ref.
content (%omol) (kg-polym/mol M h)
CpTi[N=C'Bu]Cl>, 142 10-Undecen-1-ol MAO; 2000 25 9.5 124 [59]
Cp' TiIN=C'Bu|Cl>, 145 10-Undecen-1-ol MAQ; 2000 25 6.2 7 [59]
IndTi(N=C'Buy)Cl, 149 10-Undecen-1-ol MAQO; 2000 25 4.8 376 [59]
CpTi[N=C'Bu,]Cl>, 142 1-Hexene MAO; 200000 40 38.7 283000 [61]
Cp' TIIN=C'Bu,|Cl>, 145 1-Hexene MAQO; 10000 40 40.1 17000 [61]
IndTi(N=C'Buy)Cl, 149 1-hexene MAO; 200000 40 30.8 860000 [61]
(C4H4'BU)TI[N=C'Buy]Cly, 159 1-Hexene MAO; 10000 40 39.5 18000 [61]
Cp' TIIN=C'Bu]Cl>, 145 Styrene MAO; 1500 70 12.2 1290 [76]

Since no repeated styrene groups are detected in the NMR, it 8p mono-ketimide complexes of the heavier elements of this
believed that styrene insertion inhibits chain transfer, allowingGroup. However, Group 4 ketimide catalysts, especially titanium
the polymerization to occur in a living fashion. complexes that combine a Cp ring with one ketimide ligand,
have proven to be exceptional catalysts in ethylene, propylene
and 1-hexene homopolymerizations. With styrene, the activities
4. Concluding remarks are modest. The ketimide moiety may be removed by MAO and
replaced by an alkyl group when required, to afford cationic
Group 4 ketimide complexes have been obtained by a varizctive species. For mono-Cp mono-ketimide titanium systems,
ety of methods that include transmetallation reactions i”V0|Vi”9:opolymerizations with polar and apolar co-monomers have also
Group 4 metal halide derivatives and the appropriate lithiumpgen described. In particular, the ‘TN=C'Bu,)Cl, system
tin or silicon ketimide derivatives, acid—base reactions involv-ygg reported to afford living ethylene and styrene copolymer-
ing the ketimine and an anionic ligand attached to the Groug,tion.
4 metal complex, hydrozirconation of nitriles, oxidative addi- The tunning of electronic and stereochemical properties pro-
tion reactions, insertion of nitriles in MC bonds, nitrile cou-  yided by different ketimide R groups and the modulation of reac-
pling reactions and nitrile additions to unsaturatedXbonds.  tjyity achieved by combining ketimide moieties with other lig-
While bent-metallocene compounds have mainly been obtaineghds is still poorly explored. Nevertheless, the results described
from reactivity studies of elementary reactions promoted b)éuggest that the employ of those ligands as ancillaries of early

bis-Cp systems, mono-Cp and cyclopentadienyl-free ketimideyansition metal reactivity may give rise to new and interesting
supported complexes were essentially obtained to provide olefig:hievements.

polymerization catalyst precursors. The use of ketimides as

ancillary ligands in olefin polymerizations is possible due to
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