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Abstract

Mixtures of monocyclopentadienyltitaniumtrichloride derivatives [l0@l;, Cf = CsHs = Cp (1), CsMes = Cp* (2), Me = CHs]
and methyl-aluminoxane (MAQO), well known catalytic systems for olefins, styrene and dienes polymerisation, were characterised by ESR
spectroscopy. The assignment of the observed signals to defined structures was carried out by comparison with thg, &yatbtas;
VAl(iso-butyl);hydride,2/AlEt;, 2/AlMe3/[CPhs][B(CsFs)4).

In all the analysed mixtures titanium is partially reduced to the trivalent state and, gerfeshlbyys a higher tendency to reduction tf2an

At low Al/Ti ratio (R = 10) both in the presence of AIMeor MAO, 1 and2 produce similar Ti(lll) compounds: the bimetallic trinuclear
complex CTi[(.-Cl),AlMe;], (A and A* for 1 and2, respectively).

At higher ratio ® = 300, 500), new species are observed, at higherlues, compatible with a alkylation of the metal centre. In the system
1/MAO a rather unstable new species C appears initially2t1.977, and is progressively converted to a stable titanium hydride compound
(D).

In the systen2/MAO (R = 300, 500) the species*Gg = 1.975 and G (g = 1.977) are observed. Cand G form in the system
Cp*TiCls/AlMes/[CPh][B(CsFs)4] as well, i.e. in the presence of the ionising agent [GB{CsFs)4], which is also employed to activate
the half-metallocene precursors for styrene polymerisation, pointing to the formation of common species in the two catalytic systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the basis of an accurate ESR and UV-Vis investigation,
Mach et al.[12,13] studied in detail the molecular struc-

Half-metallocene complexes QpClz in combination ture of the products generated in the reaction of variously
with MAO or boron compounds have proved to be effec- substituted mono-Cp complexd3pTiCls (Cp = CsHs,
tive in promoting olefins, styrene and diene polymerisation CsHsMe, ... , CsMes) with AIEt,Clz_, (x = 1, 3).

[1-9]. Such a wide application spectrum stimulated many  The spectroscopifl4,15] and catalytic[15] behaviours
efforts to characterise these catalytic systems. In particular,of 1, 2 [14] and Cp(ORj [15] in the presence of MAO
ESR studies have been carried out since 1960s as a consewere then studied by Chien. Among others, the formation
quence of the fact that the Ti(IV) chlorinated precursors, of a titanium hydride species was observed and its reactivity
which are ESR silent, exhibit a catalytic activity in the towards styrene was demonstrated. Moreover, with the aid of
presence of suitable organoaluminium compounds (OAC), a special apparatus for electrodialysis, it was concluded that
which promotes the reduction to Ti(lll), where the unpaired the hydride is a neutral species, active in the polymerisation
electron makes the complexes paramagnetic. of syndiotactic polystyrene.

First studies on metal complexes with cyclopentadi- In the literature, however, the discussion concerning the
enyl ligands concern G@iXy derivatives in combination  charge and even the oxidation state of the catalytically active
with chloro alkyl aluminium compoundd0,11] Later, on species is still open.

In fact, recently, Grassi et dl16] showed the formation
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B(CsFs)3 or [CPh][B(CsFs)4] in chlorobenzene solution. In the reaction with AIMg and MAO at low Al/Ti molar
This species is reactive towargschlorostyrene, yielding  ratio (10) similar chemical species were generated from the
a new one agave = 1.971. This last signal was observed two precursors, differing only by the presence of the methyl
also in the system CfiiCl3/MAO/p-chlorostyreng17] and groups on the cyclopentadienyl ring. It was therefore pos-
was assigned to the active species during styrene polymeri-sible to investigate the spectroscopic differences caused by
sation. On the basis of these observations and of the coin-the methylated ring compared to the unsubstituted one. Con-
cidence of the concentration values of Ti(lll) adducts and versely, at high Al/Ti molar ratio, besides the similar ones,
of the active speciefl8], the authors argue that the ac- different reaction products were observed as well.
tive site in both catalytic processes is the cationic complex
Cp*Ti(Il)CH 3+,

On the other side, Baird and co-work§t9,20]claim that 2. Experimental
titanium can hardly be in the oxidation state Il in the species
active for styrene polymerization, considering that, in dis- 2.1. General procedures
agreement with the above mentioned authors, they could find
only traces of Ti(lll) adducts in the ionic catalytic systems  All experiments were performed under argon atmosphere

based on the mono-Cp precursors Cp{THCH3)s. by using standard Schlenk techniques. Toluene (Carlo Erba)
Recently, in the system CpiCls/MAO” (where MAC' was distilled under nitrogen over calcium hydride and stored
refers to vacuum treated MAQ), with Al/H= 700, Bryli- in flasks under activated molecular sieves 4A.

akov et al[21] observed a Ti(lll) concentration up to 10% of Cyclopentadienyltitaniumtrichloride, CpTigl (1) and

total titanium, mainly due to a speciesgat 1.970, together pentamethylcyclopentadienyltitaniumtrichloride, *TCl3

with a titanium(lll)hydride. On the basis of a detail&#C (2) were purchased from STREM and used as-received.

NMR study, Bryliakov et al. also show the formation of the Methyl-aluminoxane, MAO (10wt.% solution in toluene),

cation-like species C{i(IV)Me; " « Me- - - AI=(MAO), triethyl aluminium, AIEg, di-isobutylaluminium hy-

which is the main reaction product generated from CpG&Me dride, i-Bu,AlH were purchased from Aldrich and used

precursor, in presence of MAO as-received. Tetra(pentafluorophenyl) boron triphenyl
Finally, some ESR studies were recently carried out on methyl [C(Ph}][B(CsFs)4] was synthesised in our labora-

the system CpTiGIMMAO (MMAO = modified MAO in- tory.

cluding 11.5% isobutyl and 87.5% methyl groups) both in  dMAO was obtained by treating the commercial product

absencg22] and presenci23] of styrene. An accurate quan- under vacuum in order to remove some of the trimethyla-

titative evaluation of the results evidenced the possible oc- luminium (TMA) presentH NMR spectroscopy was used

currence of interaction between Ti(lll) sites, along with the for the estimation of the TMA content which is 26.7% (w/w)

correlation between Ti(lll) concentration and styrene con- in the commercial product and 15.8% (w/w) in dMAO.

version. The cyclopentadienyl derivative solution was always
Therefore, a unique description of these catalytic systemsadded to the organoaluminium compound (OAC) one. When

and a clear identification of the active species is still lacking. the effect of styrene was considered, this was added last.

Indeed, some further complexity is added by the possible

effect of the solvent, which is not the same in all experiments 2.2. ESR analysis

(toluene in[14,15,21-23] Cl-benzene irj16—18] and both

chlorobenzene and toluene|it9,20). The ESR measurements were recorded in the X-band at
In this work we aimed to the characterisation of the para- room temperature or 3% on a Bruker ESP300-E spectrom-

magnetic reaction products @&fand2 in combination with eter, equipped with a variable temperature unit. gtvalues

AlMez or MAO. In particular, we intended to point out are determined withia0.001 by comparison with the sig-

similarities and differences in the reactive behaviour of the nal of the 2,2-diphenyl-1-1-picrylhydrazyl (dpph) standard

two precursors. We explored different reaction conditions (giss = 2.0036 inserted in the cavity inside a capillary close

including variable Al/Ti ratio(R = 10-500, Ti concentra- to the sample tube. For quantitative evaluation, the double

tion and temperature and the presence of styrene, in ordeiintegral of the first derivative spectrum was compared with

to reproduce the catalytic environment. Even if the mixtures that of the standard VO(acacjacac = acetylacetonaje

of 1 and2 with AIMe3 do not represent catalytically active (0.001 M in toluene).

systems, their characterisation is important in the study of

MAO based ones, since free Allés present in MAO and 2.2.1. Calculations

some common reaction products are formed in both cases. All DFT calculations were performed using Amsterdam

Moreover, in order to discuss the assignment of some of Density Functional program 2.3.0 (ADHR4—26] using

the observed signals, they were compared with those reg-the integration scheme of te Velde et al. The electronic

istered on the reaction products dfin combination with configurations of the molecular systems were described by

DIiBAH or 2 in combination with AIEt and AlMes/[CPhg] unrestricted doublé-basis sets with polarisation functions.

[B(CsFs)a4l. The 12 configuration on carbon and aluminium,?1and
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Table 1

Full list of the analysed mixtures (OAC: organoaluminium compound)

49

Precursor OAC [Ti] (M) [OACY/[TI] (M/M) Observed species [Ti(lIigkr (% M/M)2
CpTiClz (1) AlMe3 0.01 10 A, C (aged sample) 12
MAO 0.01 10 A C 7-10
0.001 10 A C 3-5
0.001 300 C,D 16
0.001 500 (35C) C,D 26-24
Cp*TiCl3 (2) AlMes 0.01 10 A 7-8
MAO 0.01 10 A, D* 4
0.001 300 C, DL 4-5
0.001 500 (35C) Ck, Ci*, D L 7-14
MAO styrene 0.001 300, 1000 5C 48-55
dMAO 0.001 300 C, G5 L 4-7
dMAQO styrene 0.001 300, 1000 5C 50-57
AlEts 0.01 10 B 34-33

a Titanium(lll) percentage with respect to the total titanium content in the sample. The reported range of values is referred to the variatioa within th
first hour of reaction.

2< on aluminium and chlorine, and48<? 2p° on titanium ~ the titanium hyperfine pattern and thevalue, they were as-
were assigned to the core and treated by the frozen-coresigned to Ti(lll) specie$32]. Ti(lll) fraction is higher in the
approximation. Unrestricted calculations were carried out reaction ofl (12%, constant during the first 3 h of reaction)
for all the molecules including a titanium atom. A full ge- With respect t& (from 7 to 8% in same time interval). This
ometry optimisation was carried out, using BFGS energy behaviour can be explained assuming that the presence of the
minimisation algorithn{27]. The Vosko—Wilk—Nusaif28] more electron-rich ligand Cpin the latter case could limit
(VWN) local correlation potential (LDA) were applied to the expected tendency of the Ti atom to increase its electron
evaluate the density functionals. The computations were density by reduction (formally TiV) + e~ — Ti(lll)).

then performed recalculating the energies of the VWN op- A molecular structure can be assigned to A andby
timised structures including electron exchange and electroncomparison with the species*Bvhich forms in the anal-
correlation[29—31] through single point gradient-corrected 0gous system AlBRICp*TiCls (Fig. 1), as described in the
self-consistent calculations. literature[12,13] and is assigned to Cpi(w-Cl)4AIEt,:

In the species Aand B* the titanium isotropic coupling
and theg-values are the same within the experimental error;
only the line width is larger in the former case (11.6 G) than
in the latter (9.6 G). Therefore, it is very likely that they
have similar structures, only differing by the kind of alkyl
group on the aluminium. In particular, the coincidence of the
g-values together with the higher stability of chlorine bridges
with respect to methyl ones, induce to exclude Ti—X-Al

3. Results and discussion

The full list of the analysed systems is reportedable 1
We will discuss in the order the results obtained by mixing
1 and2 with AlMe3 then with MAO at low ratio(R = 10)
and, finally, with MAQO at high ratio R = 300, 500) where
the two precursors exhibit a remarkably different behaviour.

3.1. Reaction with AIMes

The solutions of the Ti(IV) precursotkand2 are obvi-
ously ESR silent because of the absence of paramagnetic
species, but, upon contact with the Alyl¢hey become ESR
active. The spectra registered at AlI&i10, [Ti] = 0.01M b
are reported irFig. 1. They show a constant shape during
the first hours of reaction with minor quantitative variations.
In both cases a simple ESR spectrum is observed, which can
be assigned to single species (A andiAthe case of and
2, respectively), whose magnetic parameters are reported in
Table 2 The signals show the hyperfine structure due to the 25G
interaction of the unpaired electron with the two titanium iso- —
topes with nuclear Splé (47TI’ natural abundance: 7‘4%) Fig. 1. ESR spectra registered on the mixtures: (a) Allte(b) AlMe3/2;
and 5 (*°Ti, natural abundance- 5.4%). On the basis of  (c) AIEts/2; R = 10, Ti= 0.01M, 5min after the contact.
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Table 2

List of the observed species with the relative magnetic parameters

Species Giso (0.0002) AH, peak-peak (G) 3iso(Ti) (G) aiso(H) (G) 8iso(Al) (G)
A 1.9724 10.7 15.3

Cc 1.977 9.3 2.2
D 1.989 2.9 8.6 7.2

Df 1.9847 2.9 5.4

of 1.9874 ~2 37 37
A* 1.9701 11.6 15.6

C* 1.975 12.3

(05 1.977 5.1 14

C; 1.973 8

D* 1.991 5.5 20

B 1.9701 9.6 15.6

L 1.991 5

@ Obtained from the simulation with the Public EPR Simulation Program WinSIM of NIEHS.

In a similar way the difference imAH between A
and B (11.6 G versus 9.6 G) can be explained consider-
Et ing that the ethyl is a more electron-releasing group with
/C|7A< respect to the methyl grouf83]. Analogous variations
Ti—Cl Et are observed also in*Awith respect to A: theg-value is
C,/ cl shifted away fromge and theAH value (which is corre-
\Al/\ Iated_ WIt.h am,(AI)) is slightly hlgher, pomtmg to a higher
/ Et localisation. This can be explained assuming that the alky-
Et lation of the cyclopentadienyl reduces the “spread” of
the unpaired electron on the ring and slightly increases
B* its interaction with aluminium. As it is shown below,
also in the reaction with MAO, similar effects were ob-
nearest bridging atoms other than chlorine. Therefore, theserved on products differing only by the alkylation of the

following structures can be assigned to A antt A ring.
Concerning the reaction mechanism of reduction, a simi-
lar one to that proposed in the literat|fe2] in the reaction
/Me Me of 1 or 2 with AIEt,ClI can be hypothesised: the homolytic
Cl—/Al C—Ar dissociation of the Ti-alkyl bond in the reaction intermediate
Ti—Ci Me T/ CI/ e CpPTi(IV) [( n-Cl)2AIEL][( -Cl)2AIELCIEL.
CI/ \CI / [\_(:l Indeed, we verified by DFT calculations that the ener-
N4 CR. / getic costs of the reactions: Qff(p-Cl)2AIMes],Me —
/ e AN CpTi[ (u-Cl)2AIMe5]2* +Me* are of only 6 and 5 kcal/mol,
Me Me/ Me respectively, for Cp and Cplerivatives, i.e. fully consistent
with the occurrence of some reduction at r.t. Analogous cal-
A A% culations about the reaction: QpCl,Me — CpTiCly* +

Me* yield the energetic cost of 47 kcal/mol, pointing out

As reported for B, the coupling to aluminium is not ob-  the destabilisation of the Ti-R bond by the presence of
served in A and A. In fact, the eleven-line superhyperfine di-u-chloroalane ligands. Indeed it is reported that, on
multiplet due the presence of two aluminium atoms is ob- the contrary of CpTi(IV)[{.-Cl)2AIEt2][( w.-Cl)2AIEtCIIEL,
served in this kind of adduct only if all the terminal ligands CpTiCLEt is a stable produdB4].
are chlorine atoms (i.e. Cpi(.-Cl)4AI2Cl4 [11,12])). When
one or more terminal chlorine atoms are replaced by alkyl 3.2. Reaction with MAO at low Al/Ti ratio
groups (i.e. CpTi(pu-Cl)4Al2Cls—, Et,) the multiplet shows

as a broad single line whose peak to peak line widtH By mixing 1 or 2 with MAO ([Ti] = 0.01 M andR = 10)
progressively decreases as an effect of the redagg@\l), the formation of the same Ti(lll) reaction products obtained
while g;,, is shifted towards the free electron valge[12]. with AlMe3 (A and A*, respectively) was observed during

Both such variations can be rationalised considering that alu-24 h contact time (se€igs. 2 and 3respectively). Their
minium is involved in progressively more covalent bonds, so formation could be ascribed to the presence of some free
that a lower hyperfine interaction with the aluminium nuclei AlMe3 in MAO. In fact, the initial Ti(lll) concentrations are
and a higher spin delocalisation can be expected. lower with respect to the reaction with AIMe7 and 4% in-
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simulation

Fig. 2. ESR spectra registered on the mixtures: AJNMgbottom, broken
line) and MAOL at increasing times after contact (continuous line);
R = 10, Ti = 0.01 M. The upper spectrum is the simulated spectrum
generated by WinSIM simulation program with the following magnetic
parameters;g = 1.977, aiso(Al) = 2.22, AH = 3.16 Gl (correlation
coefficient 0.998).

stead of 12 and 7% in casgésnd2, respectively. In the case
of 1, however, an increase of [Ti(lll)] is observed with time.
As in the reaction with AlMe, 1 is reduced more tha

In the reaction mixturel/MAO aged one day, a new

51

AH = 3.16 G! (correlation coefficient= 0.998), as shown

in Fig. 2 Concerning the-value, it is possible that the ob-
served shift towardge from the value 1.9724 of A to 1.977

of C could be due to the alkylation of titanium. Indeed, a
similar variation has been observed in the bis-Cp derivatives
from CpTiCl (giso = 1.980) to CpTiCH3 (giso = 1.986)
[33]. In conclusion we suggest the following structure for
C:where some of the X ligands could be Cl or Me and where

Me
@ Me —Al <
i x’ Me
/ N\
X X
N/
AI\
Me
Me
C

the rather unstablg3] Ti-alkyl bond could gain some sta-
bility from the bridging structure.

A completely different behaviour was observed for the
2/MAO mixture: neither an increase of the Ti(lll) fraction,
nor the formation of any other species occurs. After 2 days
ageing, however, a doublet*appears ag = 1.991, with
a spacing of 20GKig. 4). Comparing these values with

species C appears, whose amount increases continuousl?‘agnetic parameters reported in literature for the complex
during the following time of observation (48h) while A CP2TIH*THF (¢ = 1.992 anda(H) = 116 G) [35] or the

is progressively consumedrify. 2). C is characterised by

the g5, value of 1.977 and does not show the hyperfine
pattern of titanium, but a peculiar inflection point due to
the unresolved interaction with some nuclei with non-zero

Ti(l)-Ti(IV) dimer (Cp2TiH)2H (¢ = 1.994,a;(H) = 9.7,
ax(H) = 15.6) [36], it was assigned to a titanium hydride,
in agreement with Bryliakov et aJ21].

In conclusion atR = 10, the initial reactivity of both

nuclear spin. Considering the observed easy formation of Preécursors is dominated by the reaction with Alyierhile

Ti—Al adducts with chlorine bridges in the reactionlofvith
AlMeg, itis probably due to the interaction with one or more

the effects of ageing are different. Elapsing time promotes
the conversion of A to a probably alkylated species C and

aluminium atoms. Indeed, the spectrum can be simulatedY/€lds an hydride in the reaction mixture wigh

with the following parameterss = 1.977,a;,,(Al) = 2.22,

25G
_

Fig. 3. ESR spectra registered on the system MAQY/1 ([Ti] = 0.01 M)
immediately after the contact (a) and after 2 days ageing (b). For com-
parison the spectrum registered on AWRis also reported (c).

3.3. Reaction with MAO at high Al/Ti ratio

3.31. YMAO

In the case oft/MAO mixture, by raising theR value
to 300 the initial concentration of Ti(lll) increases up to
16% ([Ti] = 0.001 M). The spectrum shows the immediate
formation of the species C, already observed®at 10 in
the aged sample, and of a doublet, described in literature
[14], at giso = 1.989 (species D) with a spacing of 7.2G
and the hyperfine pattern 6f4°Ti nuclei (@, (Ti) = 8.5G)
(Fig. 4a).

For longer reaction times the total Ti(lll) concentration
remains stable, but C changes to D. Increastngp to 500
andT to 35°C, such a transformation becomes remarkably
faster and in these conditions C totally disappears in 20 min

1 The magnetic parameters were optimised with the Public EPR sim-
ulation program WinSIM of NIEHS.
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t=1d

t=6h

Cc
C t=0 255G D
—t—
Fig. 5. ESR spectra registered on the system DiBAHJ:1 at 1 h (a) and
(@) 2 days (b) of ageing and on the system MAQQO:1 (c) ([Ti] = 0.01 M).
R=500 systems Al(-But);H/Cp,TiCl, and Al{-But)s/Cp.TiCly,

B DT and O are to be assigned to two titanium—aluminium
adducts where the two metals are bonded through a mixed
chlorine-hydrogen bridge and double hydrogen bridge
respectively. In fact:

(1) in the species b the splitting in two components of
the main line of the titanium hyperfine pattern could
arise from the superhyperfine interaction of the unpaired
electron with one protora(H) = 5.4 G); obviously the
splitting is present also on the weaker lines, but it is not
experimentally observed;

Fig. 4. ESR spectra of the system MAO) R = 300/1; [Ti] =0.001,  (2) concerning d, the observed multiplet is superim-
at increasing times from contact; (# = 10, 300, 500, at 20 min from posed on the first lines of a sextet of triplets, that
the contact (spectra not to scale). Allen et al. [39] were able to isolate in the mixture

CpTiClo/Al(i-But)s. This pattern was explainef®7]

in terms of the interaction of the unpaired electron with
an aluminium nucleus (sextet witlg,,(Al) = 3.7G)
and two equivalent protons (triplet wit(H) = 3.7 G)

in the adduct CpTi(u-H)2AICI .

(Fig. 4). The initial Ti(lll) concentration grows to 26% and
later slowly decreases with time, reaching 22% after 3 h.
Therefore, the increase in the Al/Ti molar ratio, not only
raises the reduction to Ti(lll), but also affects the distribution
of the reaction products, accelerating the transformation to  Similar signals are therefore observed in the reaction of
the final onesKig. 4b): on the time scale of catalytic interest, bis- and mono-cyclopentadienylyenil titanium precursors
some species are formed only for hifhvalues (300 or  with OAC, showing a similar tendency to generateH)
more). These observations could be correlated to theRigh and (-Cl) bridge bonds with Al.
values required to observe catalytic activity. The comparison between the rather close values of the
Concerning the assignment of the doublet D, the first hydrogen coupling in the species B(H) = 7.2 G) and Iﬂ-
choice should fall on a Ti hydridgl4]. In order to clar- (a(H) = 5.4 G) (Fig. 5 induces to assign to D an analogous
ify the possible structure of this adduct, the reactionLof  Ti(p.-H)Al bridged structure. The shift of trgevalue towards
with Al(i-But)zH (i-But = CHaCH(CHg)2, R =10, [T = g, in D with respect to B could be due to the alkylation
0.01M) was studied, and, on the basis of the obtained re- of titanium. In conclusion the following structure can be
sults, we suggest that in both cases the unpaired electrorproposed for the species D:where some of the X ligands

is partially delocalised on a hydrogen bridging Ti and Al ¢ould be Me and the others are chlorine ones.
atoms.

The reaction ofl with Al(i-But)2H induces the formation 332 2/mAO

of a multiplet (species &) and of a doublet (species The spectra registered @MAO mixture at R = 300
whose magnetic parameters are reportedable 2 The (rt.) andR = 500 (35°C) ([Ti] = 0.001 M) are reported in
spectra registered at 1 h and 2 days of ageing are reported irFig. 6,

Fig. 5 showing that & is unstable with respect to'Don The Ti(lll) concentration is generally lower than in the
the basis of comparison with analogous patterns reportedreaction ofl in analogous conditions: 4% (constant) foe=

in the literature[37—39] concerning the spectra of the 300 and from 7 to 18% in 3h foR = 500 andT = 35°C.
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In general, as already observed foboth the increase of

reaction time andR induce a shift of the resonant absorption
towards lower fields, that is an enrichment in species with

g-values closer t@e.
When R = 300 the main signalg( = 1.975, species

A*

Fig. 7. ESR spectra registered on the mixture 2/AIMes/[CPhz][B(CsFs)4]
1/10/1 at increasing times from contact (Ti = 0.001M).

C*) shows the characteristic inflection already observed thecationic species[Cp*TiCH3] *(solvent), observedin low
in the C signal and interpreted as an unresolved hy- quantity (1%) inthe system Cp*Ti(CHz3)a/[CPhs][B(CeFs)4]
perfine splitting to aluminium, so that an analogous [16] (chlorobenzene solution).

Cp*Ti[(-Cl)(-Me)AlMe][(-Cl)2AIMe] structure can
be hypothesised.

As already observed in the comparison of A with,A
the permethylated derivative*Ghows ag-value closer to

ge and a higherAH, i.e. a lower delocalisation, than the

unsubstituted C.

At lower fields the speciesDcan be observed, together

with an other absorption L g = 1.991, also reported in
the literature[20] which becomes stronger & = 500. In
principle the formation of species shifted towargis can

be considered as an indication of a further alkylation of the

metal centrd33,40]
As it can be seen irFig. 6, at R = 500 the shape of

the absorption about *Cbecomes asymmetrical with time

because of the convolution of‘@vith an increasing signal at

g = 1.977 (species ), which is superimposed on its lower

component. €has the samg-value reported in literature for

Fig. 6. ESR spectra registered on the mixtures MAGDO/1 (r.t.) and
500/1 (35°C) at different reaction timeg[Ti] = 0.001) (a, dotted line)
R =300,7 =0; (b) R =300,r = 165; (c) R = 500,r = 0; (d) R = 500,
t=165.

Therefore, in order to compare directly C7 with anion pair
deriving from 2, the reaction mixture 2/AlMes/[CPh3][B
(CeFs)4] was studied. Besides the ionising agent [CPhs][B
(CeFs)4], AlMes was added to the mixture, as an alkylating
agent, since the formation of the cationic species hasbeenre-
ported in the reaction of an alkylated titanium(1V) complex.

On the mixture 2/AIMes/[CPh3][B(CgsF5)a] (1/10/1,
[Ti] = 0.001M), a sequence of spectra was observed,
with similar spectroscopic features observed on the system
2/IMAO (see Figs. 7 and 8).

Initially, the species A* and C* are observed, with A*
slowly decreasing and C* steadily increasing with time, un-
til, after 3h, A* completely disappears. At the same time
a rather weak, not assigned signal at ¢ = 1.988 increases
with time. Note that in presence of AIMes only, the species
C* is not observed, not even upon ageing, but it only forms
in the interaction with MAO. After 48h C* also disappears,
leaving the strong resonance line of C; and the doublet D*,
as shown in Fig. 7. A direct comparison between the sys-
tem 2/MAO a R = 500 (T = 35°C) and the aged system
2/AIMe3/[CPh3][B(CeFs5)4] is reported in Fig. 8, where the
presence of C7 in both systems is shown. In this range of
magnetic field, in the trace registered on the ionic system,
the trityl radical? signal is also observable.

The comparison of Cj with the cationic species
Cp*TiCH3™ described in literature is not straightforward,
since the two species were observed in different experimen-

2 The presence of relevant amounts of the trityl radical is observ-
able at any times in the reaction mixture, and, in traces, aso in the
[CPh3][B(CsFs)4] solution. It can be observed when the microwave
power is low enough to avoid saturation (e.g. 0.2mW). Its complex hy-
perfine pattern can be partialy resolved lowering the modulation am-
plitude to 0.2G. The signal can be satisfactorily simulated by the pa-
rameters. giso = 2.013, @i (Hpara) = 2.80G; aj50(Hmeta) = 1.23G,
@50 (Hortho) = 2.55. The presence at g = 1.998 of the multiplet due to
the trityl radical has been described also in literature [16] in the system
Cp*Ti(CHs)3/[CPhs][B(CsFs)al.
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tal conditions. C; was observed in this experimentation in
toluene solvent and in presence of AlMes; in such condi-
tions C7 forms at high concentration, with resolved hyper-
fine coupling to titanium (14 G) and a AH value of 5G.
The cationic species Cp*TiCHs' was described in the
literature both in absence [16] and presence [17] of AlMe3
(AL:Ti = 3:1), always in chlorobenzene solution. No shift
in the resonance position (g = 1.977) was observed, but
its intensity is higher in the latter case. However, in that
circumstance, the 13C isotopically substituted products
Cp*Ti(*3CH3)3 and Al(13CH3)3 were employed as reagents
[17]. In these conditions, the absorption at ¢ = 1.977 shows
at 240K an hyperfine pattern assigned to the interaction
with three 13C (a(!3C) = 4.7G) and interpreted with the
formation of the adduct [Cp*Ti(w-23CHz)3AlI(*3CH3)] ™.
Its signal broadens at r.t. in a single line absorption with
AH = 25G, with no hyperfine interaction to titanium.
These results show that AIMes interacts strongly with the

Finally, considering the catalytic relevance of lowering
the free AIMes content in MAO, it was examined the re-
action of 2 with dMAO, obtained from the commercial
product by vacuum treatment. The spectra have almost
the same intensity as that observed with MAQO activation
(Ti(l1) initial value = 7% at R = 300); however the rel-
ative intensity of the species C] and L are dlightly higher
(Fig. 9).

In both cases, if styrene is added (molar ratio 1000:1
with respect to titanium) the initial Ti(l1) concentration re-
markably increases, up to about 50% in both systems, and
slowly growths further with time. The species C* is com-
pletely consumed, and an almost unique signal is present
at g = 1.974 (Fig. 9), which is reported aso in literature
[20].

On the basis of the above observations, apossible reaction
scheme ableto rationalise the formation of the Ti(l11) species
starting from the 1 or 2 precursors is the following:

/ \ /
] cJ. Al\ Me Al Al—o —Al
U\Ti’tl AMe, — c l/f N e C01 '/Cé]/ N MAO
; - . T1 — N S
e > @'
1,2 A, A*
\
Al _Al=x
MAO Cl\ H
/ AO
Me\‘il \glﬂ {
g AlMe; ; MAO ¢"
\ / 1 @
X\\Ti/x / C*, D*
L= Mo
C,C 5 Al—y H—Al
X\\Ti//x
L=
D

highly unsaturated cationic species Cp*TiCHs™; since the
spectroscopic effects depends on the kind of isotope present,
the comparison is affected.

In conclusion, sincethe species C} appearsin the same po-
sition as[Cp*Ti(CH3)]™ and it isalso formed from Cp*TiCl3
in the presence of the alkylating agent AIMes and the ionis-
ing compound [CPh3][B(CeFs)4], we can put forward for C3
astructure like as the alkylated cationic species coordinated
to AlMes [Cp*Ti (n-13CH3)3AI(13CH3)] . It is also possi-
ble that, at r.t. the bimetallic adduct is in equilibrium with
some dissociated products, as suggested by the line broad-
ening described above. This observation is important since
this cationic species [Cp*Ti(CHz)3]* has been considered
responsible of catalytic activity towards styrene polymeriza-
tion in the ionic system as well as in the presence of MAO

[17].

Fig. 8. ESR spectra registered on the system 2/AIMes/[CPhg][B(CsFs)4]
1/10/1 and on MAO/2 500/1 ([Ti = 0.001 M]).
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=1.974
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b
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25G
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Fig. 9. ESR spectra registered on the mixtures: MAO/2 300/1 (a)
and dMAO/2 300/1 (b) a 1h 10" from contact and on the mix-
tures MAO/2/styrene 300/1/1000 (c) and dMAO/2/styrene 300/1/1000
([Ti] = 0.001M) (not to scale).

where some of the X ligands could be chlorine or Me ones.
The shift of the reaction products distribution towards the
latest ones is promoted by time and/or higher Al/Ti molar
ratios. A common reactivity between 1 and 2 is observed
until the one to last step, where the formation of the hydride
D and of the species C] was observed in cases 1 and 2,
respectively. An overview of the spectroscopic features of
the two systems is reported in Fig. 10.

I [

[ | I | [
2 1.99 1.98 1.97 1.96 1.95 1.94

Fig. 10. ESR registered on the systems MAO/1 (broken line) and MAO/2
(continuous line) a R = 10 (&) and R = 300 (b) (not to scale).

4, Conclusions

It was shown that, for the same OAC and Al/Ti molar
ratio, 2 has a lower tendency to reduction than 1, likely
because of the presence of a more electron-rich ligand on
titanium (Cp* versus Cp). This probably limits the further
increase of the electron density on the metal induced by
reduction. The reaction of 1 or 2 with both AIMe; and
MAO a low R = Al/Ti molar ratio (R = 10) yields
initially the same Ti(lll) product, the bimetallic adduct
Cp'Ti[(n-Cl)2AIMe]2 (A and A*). Therefore, in the pres-
ence of MAO, 1 and 2 react first with the free AIMes
fraction.

At higher Al/Ti molar ratio (R = 300, 500) the formation
of new species was observed, with a shift of the resonant
absorption towards lower fields, promoted by both the in-
crease of reaction time and/or of R. This could be related to
the need of employing similarly high R in order to achieve
catalytic activity in polymerization.

At R = 300, in both systems it appears a species with
a characteristic inflection that has been attributed to an un-
resolved hyperfine interaction with an aluminium nuclei (C
and C*). Moreover, C and C* signals are shifted towards the
free electron g-value ge with respect to A and A* ones, re-
spectively. It was therefore hypothesised that the assignment
of C and C* to adducts where the titanium atom is partialy
akylated: Cp/Ti[(w-CH3)(-ChHAIMe][(p-Cl)2AIMe] or
Cp'Ti[(n-CHz)2AIMe][(1-Cl)2AIMEy].

A* and C* are shifted away from ge with respect to A and
C, respectively, showing that the permethylated ring reduces
the delocalisation on the unpaired electron, likely on the
cyclopentadienyl ligand.

At increasing times C decaysyielding adoublet D that has
been assigned to a H-bridged titanium—aluminium adduct.
Considering that it is generated by the erosion of C, possible
assignments are; CpTi[(w-H)(n-CHAIMe2][(n-Cl)2AIMes]
or CpTi[(n-H)(-CHa)AIMez][(n-Cl)2AIMey].

The titanium hydride D is a stable species: it remains the
only ESR active species for several days.

In the system 2/MAO at high R, the spectra are more
complex. In addition to the main species C*, it can also be
observed that a titanium hydride D* (¢ = 1.991, a(H) =
20G), aspecies at ¢ = 1.991 and one at g = 1.977(C3).
This last one is at the same g-value as the cationic species
Cp*Ti(CH3)™, claimed to be the active species promot-
ing syndiospecific styrene polymerization [17,18], and as
[Cp*Ti(n-Me)sAIMe] ™. Indeed it was verified that C
also forms in the presence of an ionising agent, i.e. in the
system: Cp*TiCls/AIMes/[CPh3][B(CsFs)4]. These obser-
vations suggest that Cj is of the kind of the cited cationic
species and reinforce the hypothesis [17,18] of charged cat-
alytically active half titanocene species, both in ionic and
MAO-activated systems.

It was also experimentally observed that C* is reactive
towards styrene: upon addition of the monomer it disappears,
yielding a new stable species at ¢ = 1.974(C5) with a
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considerableincreasein the Ti(l11) concentration, up to 50%
of the total approximately.

References

[1] W. Kaminsky, K. Kulper, H.H. Britzinger, FR.W.P. Wild, Angew.
Chem. 97 (1985) 507.
[2] W. Kaminsky, Makromol. Chem. 145-146 (1986) 149.
[3] JA. Ewen, J. Am. Chem. Soc. 106 (1984) 6355.
[4] JA. Ewen, R.L. Jones, A. Razavi, J.D. Ferrara, J. Am. Chem. Soc.
110 (1988) 6256.
[5] N. Ishihara, T. Simiyia, M. Kuramuto, M. Uio, Macromolecules 19
(1986) 2465.
[6] N. Ishihara, T. Simiyia, M. Kuramuto, M. Uio, Macromolecules 21
(1988) 3365.
[7]1 FE Zhu, Y. Huang, Y. Yang, L. Shangan, J. Polym. Sci., Part A:
Polym. Chem. 38 (2000) 4258-4263.
[8] L. Oliva, P. Longo, A. Grassi, P. Ammendola, C. Pellecchia, Makro-
mol. Chem., Rapid Comm. 11 (11) (1990) 519.
[9] L. Porri, A. Giarrusso, G. Ricci, Makromol. Chem. Makromol. Symp.
66 (1993) 231.
[10] G.H. Qlivé, S. Olivé, Angew. Chem. Int. Ed. Engl. 6 (1967) 790.
[11] G.H. Qlivé, S. Olivé, Angew. Chem. Int. Ed. Engl. 7 (1968) 822.
[12] K. Mach, V. Varga, H. Antropiusova, J. Polacek, Organomet. Chem.
194 (1980) 285.
[13] K. Mach, V. Varga, H. Antropiusova, J. Polacek, Organomet. Chem.
333 (1987) 205.
[14] U. Bueschges, J.C.W. Chien, J. Polym. Sci. Polym. Chem. Ed. 27
(1989) 1529.
[15] J.C.W. Chien, Z. Salgika, S. Dong, Macromolecules 25 (1992) 3199.
[16] A. Grassi, A. Zambelli, F. Laschi, Organometallics 15 (1996) 480—
482.
[17] A. Grassi, S. Saccheo, A. Zambelli, F. Laschi, Macromolecules 31
(1998) 5588-5591.
[18] A. Grassi, C. Lamberti, A. Zambelli, |. Mingozzi, Macromolecules
30 (1997) 1884-1889.

[19] SW. Ewart, M.J. Sarsfield, D. Jeremic, T.L. Tremblay, E.F. Williams,
M.C. Baird, Organometallics 17 (1998) 1502.

[20] E.F. Williams, M.C. Murray, M.C. Baird, Macromolecules 33 (2000)
261.

[21] K. Bryliakov, N. Semikolenova, V.A. Zhakarov, E. Tals, J.
Organomet. Chem. 683 (2003) 23.

[22] Y.H. Huang, W.J. Wang, S. Zhu, G.L. Rempel, J. Polym. Sci., Part
A: Polym. Chem. 37 (1999) 1465.

[23] Y.H. Huang, Q. Yu, S. Zhu, G.L. Rempel, L. Li, J. Polym. Sci., Part
A: Polym. Chem. 37 (1999) 3385.

[24] E.J. Baerends, D.E. Ellis, P. Ros, Chem. Phys. 2 (1973) 41.

[25] E.J. Baerends, P. Ros, Chem. Phys. 2 (1973) 52.

[26] G. te Velde, E.J. Baerends, J. Comp. Phys. 99 (1992) 84.

[27] W.H. Press, B.P. Flannery, S.A. Teukolsky, W.T. Vetterling, Numeri-
cal Recipes, The Art of Scientific Computing, Cambridge University
Press, New York, 1986.

[28] S.J. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 58 (1980) 1200.

[29] A. Becke, Phys. Rev. A 38 (1988) 3098.

[30] J.P. Perdew, Phys. Rev. B 34 (1986) 7406.

[31] J.P. Perdew, Phys. Rev. B 33 (1986) 8822.

[32] B.A. Goodman, J.B. Raynor, Electron Spin Resonance of Transition
Metal Complexes, Advances in Inorganic Chemistry and Radiochem-
istry, vol. 13, Academic Press, 1970, p. 135.

[33] H.H. Brintzinger, J. Am. Chem. Soc. 89 (26) (1967) 6871.

[34] G.J. Erskine, G.J.B. Hurstm, E.L. Weinberg, B.K. Hunter, J.D. Mc-
Cowan, J. Organomet. Chem. 267 (1984) 265.

[35] JE. Bercaw, H.H. Brintzinger, J. Am. Chem. Soc. 91 (26) (1969)
7301.

[36] E. Samuel, F. Harrod, J. Am. Chem. Soc. 106 (1984) 1859.

[37] Shilov, Zefirova and Tikhomirova, Zhur. Fiz. Khim. 33 (1959)
2113.

[38] Zefirova, Tikhomirova and Shilov Doklady, Akad. Nauk SSSR 132
(1960) 1082.

[39] PE. Allen, JK. Brown, R.M.S. Obaid, Faraday Trans. 59 (1963)
1808.

[40] V.V. Zacharov, V.F. Anufrienko, T.F. Filatova, 1.Sh. Guzman, O.I.
Adrov, A.V. Kucherov, React. Kinet. Catal. Lett. 42 (1) (1990) 107—
112.



	Monotitanocene catalysts: an ESR study of Ti(III) derivatives formed in presence of MAO and other organoaluminium compounds
	Introduction
	Experimental
	General procedures
	ESR analysis
	Calculations


	Results and discussion
	Reaction with AlMe3
	Reaction with MAO at low Al/Ti ratio
	Reaction with MAO at high Al/Ti ratio
	1/MAO
	2/MAO


	Conclusions
	References


