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ABSTRACT: A New titanium catalyst bearing an aminodiol ligand was synthesized as racemic (Cy), as
meso, and as a diastereomeric mixture. The racemic catalyst (rac) produced isotactic polymer by enan-
tiomorphic-site control mechanism whereas meso catalyst (meso) produced atactic oligomers. The rac
and the diastereomeric catalyst (mix) produced polymers with single-site catalyst behavior at ambient
temperatures. When the polymerization temperature was lowered, rac gave high molecular weight
polyhexene with polydispersity value approaching close to a living system whereas the mix exhibited a
latent bimodal behavior. meso produced just oligomers and did not show any change in behavior with
polymerization temperature. Deliberate mixing of rac and meso produced two polyhexene fractions: high
molecular weight polymer and oligomers indicating an independent behavior of the mixed catalyst.

Introduction

After the discovery of methylaluminoxane (MAO) and
the chiral ansa-metallocene catalyst, the metallocenes
containing cyclopentadienyl, indenyl, fluorenyl, and
bridged amidocyclopentadienyl ligand containing com-
plexes have received a lot of attention because of their
ability to produce polymers with high stereoregularity,
narrow molecular weight distribution and good thermal
properties.! It has been observed in the synthesis of
large number of group Il or group IV metallocene
catalysts, complexation of a pure racemic ligand results
in auto-isomerization and produces a mixture of racemic
and meso catalysts.?2 Pure racemic catalysts have been
prepared by repeated crystallization and the extent of
isomerization has been controlled by face selection of
the Cp ring attachment to the metal®@ or by amine
elimination mode of catalyst synthesis3¢ or by race-
moselective synthesis.3d The group IVB ansa-metal-
locenes also undergo photoisomerization on exposure to
light or UV radiation to give mixture of racemic and
meso isomers.*

In recent years, select non-metallocene complexes
have also been effectively used for the polymerization
of ethylene and propylene.>2 Notably, bulky diimine
ligand based late transition metal catalysts for the
polymerization of ethylene with narrow molecular weight
distribution and long chain branching by chain walk-
ing phenomenon created a renewed interest toward
designing novel nonmetallocene single-site catalysts.5P
Dialkoxide,>¢d benzamidine,>~9 diamide,"~' amido-
alkoxy,®™ ketiminato,5" bisphenoxy,® and phenoxy-
imine®~" based catalysts, employing early transition
metals for olefin polymerization, have also drawn more
attention toward the synthesis of new catalysts. These
catalysts have been found to polymerize ethylene,
o-olefins, and higher o-olefins like 1-hexene in a living
manner.5

The effect of two different catalyst mixtures for
polymerization of ethylene and propylene has started
gaining considerable attention in industrial laboratories
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because these binary mixtures produce polymers with
bimodal molecular weight distribution, providing supe-
rior mechanical properties with good processability.’
Combinations of two different metallocenes or nonmet-
allocene catalysts and in some instances, highly active
nonmetallocene catalysts capable of producing higher
1-alkenes, in combination with active ethylene polym-
erization metallocene catalyst, have been used for tailor-
made polyolefin synthesis.® The racemic and meso
catalyst mixtures usually produce polyolefins with
bimodal molecular weight distribution and/or low ste-
reoregularity. For instance, when a mixture of meso-
and rac-ethylenebis(4,7dimethyl-1-indenyl)ZrCl, was
employed for propene polymerization, it was found that
the meso produced low molecular weight atactic polypro-
pylene.® Nickel-based diimine catalyst bearing different
ortho substituents on the same aromatic ring, which
exists in racemic and meso forms, has been used for the
polymerization of propylene.1® Recently, diastereomeric
amido fuctionalized ansa-half sandwich complexes of
titanium and zirconium employed for ethylene polym-
erization have been found to produce polymers with
bimodal distribution.t* However, the effect of racemic
or meso catalyst and possibly of a deliberate mix of the
two species, on the polymerization of higher a-olefin has
not been reported so far. In this connection, we have
synthesized a new titanium dialkoxide catalyst contain-
ing an aminodiol ligand in C, symmetric racemic (rac),
in meso (Meso), and as a diastereomeric mixture (mix).
Herein we report the activity of pure rac and meso
isomers and the effect of deliberate mixing of rac and
meso (mixed catalysts) and the unusual latent bimodal
behavior of diastereomeric catalyst (mix) with change
in temperature, for the polymerization of 1-hexene with
MAO as cocatalyst.

Results and Discussion

The required aminodiol was obtained as a diastere-
omeric mixture (containing racemic and meso forms) by
refluxing 1 equiv of benzylamine with 2 equiv of (£)-
styreneoxide in ethanol after separating the unsym-
metrical aminodiol (minor isomer) by silica gel column
chromatography. The two-methylene protons of N—CH,—
C—OH appeared at 2.73 and 2.80 ppm as a doublet of
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Table 1. Polymerization of 1-Hexene?

catalyst temp (°C) solvent activity P Mp¢ pdi tacticityd (mmmm %)
meso 50 chlorobenzene 520¢ 700 1.2 atactic
28 chlorobenzene 580¢ 900 1.07 atactic
28 CHCl; 4108 1050 1.1 atactic
28 toluene 380¢ nd nd atactic
28 neat 390¢ <500 nd atactic
rac 50 chlorobenzene 520 3600 2.9 isotactic (62)
28 chlorobenzene 700 6600 2.4 isotactic (65)
4 chlorobenzene 28 320 000 1.9 isotactic (70)
—10 chlorobenzene <20 386 000 14 isotactic (80)
mix 50 chlorobenzene 590 6100 2.4 isotactic (47)
28 chlorobenzene 760 18 300 2.1 isotactic (45)
4 chlorobenzene 40 20 100 4.3 isotactic (49)
—10 chlorobenzene 24 152 300 5.8 isotactic (51)

a Reaction conditions: catalyst = 0.5 mmol; MAO = 100 mmol; chlorobenzene = 20 mL; 1-hexene = 3 mL; polymerization time = 50
h (72 h for low temperatures). ? Activity in (g of PH/mol of catalyst)/h. ¢ Determined from GPC in THF using narrow polystyrene standards
d Determined by 13C NMR. ¢ Activity in (g of oligohexene/mol of catalyst)/h.

Scheme 1. Synthesis of Titanium Diolated Catalyst
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doublet. The methine proton of O—CH-Ph appeared as
a doublet of doublet at 4.75 ppm. The benzylic protons,
which appeared at 3.70 and 3.96 ppm as two doublets
and also as a additional singlet at 3.83 ppm were the
used to determine the diastereomeric ratio. *H NMR and
HPLC analysis of the diol indicated that the racemic
and the meso aminodiol were present in 1:1 ratio. The
ligands were then separated by semipreparative HPLC.
IH NMR of the separated ligands showed a doublet of
doublet pattern around 4.70 ppm and two doublet of
doublet around 2.80 ppm as expected but the benzylic
protons of the racemic ligand were diastereotopic in
nature and the two hydrogens (Ha and Hp, see Scheme
1) appeared as two doublets at 3.40 and 3.60 ppm
whereas the meso ligand showed a singlet at 3.83 ppm.
The structure of the racemic ligand was unequivocally
confirmed by synthesizing the corresponding chiral
aminodiol'?2 and whose crystal structure was reported
elsewhere. The separated aminodiol or the diastereo-
meric ligands were used as such for the synthesis of
catalyst by exchanging the alkoxide ligand in Ti(O'-
Pr),Cl, with the required diol*?2 (Scheme 1).

All the protons in the aminodiol shifted downfield
after complexation. The two-methylene protons of

N—CH,;—C—OH which appeared at 2.73 and 2.80 ppm
as a doublet of doublet shifted to 3.30 and 3.50 ppm and
the methine protons of O—CH—Ph which appeared at
4.75 ppm moved downfield to 5.46 ppm. The benzylic
protons of the meso showed a singlet at 4.48 ppm (the
same proton appeared at 3.83 ppm in the meso ligand).

Polymerizations were carried out with all the cata-
lysts in toluene at different Al/Ti ratio, low temperatures
and at high monomer-to-catalyst ratio (80/1, in contrast
to the usual ratio of 48/1), but none of the reactions
yielded polymer. Increase in polymerization activity was
observed by others when polymerizations carried out in
CH,CI,! but with our titanium catalysts the reaction
mixture turned red in color upon adding MAO leaving
a red pasty material on the sides of the flask. Addition
of monomer to this solution did not result in polymer
even after a week. With chlorobenzene as solvent, we
could observe tangible polymerization activities, at-
tributable possibly to the high dielectric constant of the
medium.

Table 1 collates the change in activity, variation in
molecular weight with temperature and microstructures
of the polymers produced with the meso, rac, and mix
after optimizing the reaction conditions. It could be seen
in all the polymerization reactions, upon addition of
MAQO, the reaction mixture immediately turned to pale
brown in color and black within 10—20 min. The
polymers were isolated as colorless sticky mass by
pouring the reaction mixture in acidified ice-cold metha-
nol and were highly soluble in CHCI; and THF.

The activity of rac decreased slightly when the
polymerization temperature was increased to 50 °C from
ambient temperature (28 °C), but the activity decreased
drastically when the temperature was lowered to 4 °C
and dipped a little more when the temperature was
lowered to —10 °C. The changes in the activity of the
mix also showed similar behavior. The similarity in
behavior of these catalysts was evident from the activa-
tion energies calculated for the polymerization of hex-
ene. (Ey(rac) = 40 kJ/mol and E;(mix) = 38 kJ/mol4).
The slight decrease in activity at high temperatures
observed could be due to the deactivation of the active
species and the drastic decrease at low temperatures
could be due to the slow activation of catalyst to
generate the necessary active species (the color change
of the solution could be observed only after 6—7 h).

In contrast, but as could be expected, the molecular
weight of the polymers obtained with rac increased 50-
fold from 6600 for room-temperature polymerization to
320 000 when the temperature was lowered to 4 °C and
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Table 2. Polymerization of 1-Hexene? with Different Catalyst Ratios

fraction 1 fraction 29
no. % rac/meso activity? My, © pdi tacticityd (% mmmm) activity® My, ¢ pdi
1 100/0 700 6600 2.3 isotactic (65)
2 75/25 320 7100 21 isotactic (58) 420 700 1.2
3 50/50 410 11700 2.1 isotactic (41) 390 800 11
4 50/50f 640 18 300 18 isotactic (47)
5 25/75 <20 5600 2.4 isotactic (42) 405 1100 1.2
6 0/100 540 900 11

a Al/Ti = 200; 1-hexene = 3 mL; reaction time = 72 h; chlorobenzene = 20 mL; temperature = 28 °C. ? (g of PH/mol of catalyst)/h.
¢ Determined from GPC in THF using narrow polystyrene standards. @ Determined by 3C NMR. ¢ (g of oligohexene/mol of catalyst)/h.

f50/50 mixture as generated. ¢ Oligomers were atactic in nature.
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Figure 1. Variation of molecular weight and polydispersity
index with temperature (Hollow spheres with broken lines
indicate polydispersity index).

further to 380 000 when the temperature of polymeri-
zation was brought down to —10 °C (Table 1). In
comparison, the changes in the molecular weight of the
polyhexenes obtained with the mix were not as striking
up to 4 °C (Figure 1, Table 1), but when the polymeri-
zation temperature was decreased to —10 °C, the
molecular weight increased 8-fold but was still three
times lower than the molecular weight of the polyhexene
obtained with rac at —10 °C. It was also seen that as
the polymerization temperature was increased, the
molecular weights of the polymers decreased, suggesting
a high rate of chain termination at elevated tempera-
tures.

The molecular weight and the dispersity values of the
polyhexenes obtained with various catalysts are plotted
in Figure 1. With rac, the pdi of polyhexene was 2.4
for room-temperature polymerization, and it decreased
to 1.4 when the reaction temperature was brought down
to —10 °C, indicating a tendency to approach living
polymerization. In contrast, the mix produced polymers
with broad molecular weight distribution, with pdi
greater than 5, a typical behavior of a classical Ziegler—
Natta system (Figure 2). We could reason such observa-
tion presuming that the meso component in the mix
also gets activated at low temperatures to produce
polymers with broad molecular weight distribution. But
to our surprise, the meso, when employed alone for
polymerization of 1-hexene, gave only liquid samples
with molecular weights (M) in the region of 700—1100
with moderate yields at all temperatures. This might
then suggest that the oligomers discarded by the meso
are consumed by the rac to give high pdi value for the
polymers obtained from the mix. To verify this postu-
late, 1-hexene was polymerized by mixing equimolar
concentration of meso and rac (mixed catalysts). While

meso 28°C w=900
50°C M,=700
-10°C = 152300

M,=20100

mix 4°C
28°C M,=18300
50°C M,=6100

rac

15.0 25.0 350 48.0
Retention time (min)

Figure 2. GPC curves of polyhexene obtained with meso,
rac, and mix at different temperatures.

the mix gave rise to polyhexenes with bimodal distribu-
tion, the deliberately mixed catalyst system gave rise
to two fractions, pasty high molecular weight polymer
(Fraction 1) and liquid low molecular weight sample
(Fraction 2) indicating that the two catalysts acted
independently retaining their individual identities (see
Table 2).

In all polymerizations performed by mixing two
different catalysts, polymers with bimodal distribution
and a good increase in activity have been observed by
synergistic effect.'® In contrast, our mixed catalysts gave
rise to two fractions as anticipated because the pure
meso had no polymerization activity but the increase
in activity normally observed could not be seen with our
mixed system. Although, the expected increase in activ-
ity was not observed, the possibility of a synergistic
effect could not be ignored because an increase in
molecular weight of the polymer was seen for the
Fractionl (contribution from the rac in the mixed
catalysts) when compared to the molecular weight of the
polymer obtained from pure rac. It could also be seen
that as the percentage of the meso in the mixed
catalysts increased the molecular weights of the polymer
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Figure 3. 'H NMR (3.0—6.0 ppm) of polyhexene from (a) rac and (c) meso and 3C NMR of methyl region of polyhexene from
(b) meso and (d) rac indicating various chain termination reactions.

obtained decreased (fraction 1, Table 2). The pdi values
for the high and the low molecular weight polyhexene
fraction was almost same as the polymer or oligomers
from the individual catalysts and was found to be true
if the polymerizations were carried out by mixing rac
and meso at different ratios (Table 2 and Figure 6).
The reason for the oligomers formed along with the
high molecular weight fraction and not taken up by the
rac when mixed catalyst systems were employed for
polymerization became clear when we examined the
chain termination reactions of the polymers and the
oligomers obtained with these catalysts. The H NMR
spectrum of polyhexenes showed, apart from the ex-
pected signals, weak resonances in the 3.0—6.0 ppm
region, which could be ascribed to various chain termi-
nation reactions like s-hydride elimination and chain
transfer to aluminum that occur during the polymeri-
zation (Figure 3).16 In the case of rac, a multiplet
appeared at 5.4 ppm indicating the formation of an
RCH=CHR'’ olefin moiety, which occurs due to s-hydride
elimination after a 2,1-insertion of 1-hexene. Two
signals at 4.6 and 4.7 ppm are due to the olefinic protons
of the vinylidene end (RR'C=CHy,), which arise by
pB-hydride elimination after a 1,2-insertion of the mono-
mer (Figure 3c). With meso, however, the oligomers
produced showed no olefinic signals indicating the
absence of B-hydride elimination (Figure 3a). The 13C

NMR of the oligomers indicated an additional overlap-
ping signal at 14.3 ppm (Figure 3b). Unlike isotactic
polypropylene, where the backbone methyl carbons
appear at 21.0 ppm and the end-methyl group (gener-
ated after transfer to aluminum, followed by hydrolysis)
appears at 14.3 ppm, both the methyl carbon signals of
polyhexene appeared around 14.3 ppm. Thus, the ad-
ditional signal observed along with the regular methyl
carbon of 1-hexene indicates that the oligomers pro-
duced underwent chain transfer to aluminum. In addi-
tion to these signals, rac showed two weak signals at
3.4 and 3.7 ppm, and the meso showed two multiplets
at 3.7 ppm and at 4.1 ppm. These signals could be
assigned to oligomers with hydroxyl end group (—CH—
OH and —CH,0H),16 and is felt that these signals can
result from transfer of active metal center to aluminum
of MAO after 2,1- and 1,2-insertion, which on exposure
to oxygen during polymer precipitation produces a
hydroxyl end group as pointed out by Chien.1® The
oligomers of meso when exchanged with D,O and was
found to decrease the complexity of the muliplet at 3.7
ppm and at 4.1 ppm and did not have any pronounced
effect on the NMR spectrum of the oligomers, suggesting
the possible coupling of the OH hydrogen with the
neighboring methylene or methine protons of hexene
units.
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Figure 4. MM2 energy minimized structure of (a) rac and
(b) meso catalyst after two 1,2-insertions of hexene.

. Carbon atoms of dimeric hexene

It is known that catalysts of meso form produce
atactic polymers with low or sometimes good activity,
but the meso did not produce any polymer. A rudimen-
tary MM2 energy minimization done for both the rac
and meso with dimeric hexene unit attached to the
active center suggested a high steric interaction of the
ligand with the alkyl chain for the meso, and hence
possibly the chain gets terminated at oligomeric stage.
For the rac, the minimization studies show that the
polymer chain occupies the open sector environment and
can easily take up more monomers to produce high
molecular weight polymers (Figure 4).

The 3C NMR of the all the polymers obtained with
the rac and mix under quantitative conditions showed
a signal at 34.6 ppm (C-3 carbon, Figure 5) indicating
that the polymers obtained are isotactic in nature. It
could be seen that the percentage isotacticity was higher
for polymers obtained from rac than the mix whereas
the meso produced atactic oligomers.'”

For both the catalysts, the percentage isotacticity
increased with a decrease in temperature of the reac-
tion. The increase in stereoregularity of the polymer
obtained at low temperature is because the polymer
chain gains the required conformational stability at low
temperature.!8 Similar behavior observed by Odian?® for
hexene polymerization was rationalized by suggesting
that the tight coordination of the propagating center,
catalyst counterion, and monomer loosens at high
temperatures to allow some misinsertions, thereby
decreasing the stereoregularity of the polyhexene. Brull
et al.?0 observed a 30—40% stereoregularity between 20
and 100 °C and an unexpected increase in isotacticity
at 55 °C. To have an insight of the mechanism of
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Figure 5. 3C NMR of polyhexene obtained at —10 °C with
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Figure 6. Molecular weight and stereoregularity of polyhex-
ene with different ratio of mixed catalysts.

polymerization, the other pentads in the polyhexene
spectrum obtained with rac were assigned as per
literature reports,?t and the triad/pentad analysis in-
dicated that the rac produced isotactic polymer by
enantiomorphic site control mechanism.?? In the case
of polymers from mixed catalysts, where both the
catalysts retain their individual identities, a decrease
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in the percentage mmmm value of fraction 1 was seen
(Figure 6, Table 2). It is felt that the atactic oligomers
with its active end transferred to the Al of MAO, act as
a source of chain transfer for the isotactic polymer
produced by the rac catalyst.??

Since our initial suggestion that the discarded oligo-
mers are used by the rac was vitiated by the fact that
meso produced oligomers without any olefinic residues
and two molecular weight fractions were obtained with
mixed catalysts, we felt that the observed broad distri-
bution with mix is more complicated to explain. In other
words, mix, being a diastereomeric catalyst, is also
expected to show a broad molecular weight distribution,
but this was observed only when the polymerization
temperature was lowered. At ambient and higher tem-
peratures mix catalyst gave polymers with unimodal
distribution. Vathauer and Kaminsky?* have calculated
the activity of the meso catalyst from the combined
activity of the mixture of rac/meso catalysts (obtained
after exposure of pure racemic catalyst to light) and the
percentage of the isomer from NMR. When activity
calculations for the mix were applied along the same
line, the suggested activity of the meso was 60 (g of
PH/mol of catalyst)/h at room temperature, but the
meso gave oligomers. Also, the modified Arrhenius plot
(In My, vs 1/T) for the rac showed a sigmoidal behavior
indicating the existence two active species, one produc-
ing high molecular weight polymer at low temperature
and another producing low molecular weight polymer
at high temperature (Figure 7). In strict contrast, with
the mix, similar plot revealed an exponential increase
over the temperature region studied.

Hocker?® reported such a sigmoidal behavior and has
pointed toward the existence of two active species.
Kristen and Jutzi and co-workers?® have also suggested
the existence of two catalytically active species, which
produce high and low molecular weight polymers with
change in temperature. These facts lead us to propose
tentatively that the racemic and meso ligands should
form aggregates during the mix formation and can exist
as two or three aggregated species, each of them getting
activated at low temperature, thereby producing a broad
molecular weight distribution. This type of aggregation
phenomenon has been observed in asymmetric synthe-
sis.?’

Conclusion

We were able to synthesize a new catalyst in racemic
and meso forms and as a diastereomeric mixture in an
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easy way and have used it for the polymerization of
1-hexene, each having a different behavior toward
polymerization. We have tentatively proposed aggregate
formation to explain the latent bimodal behavior of mix.

Experimental Section

General Procedures. Catalyst preparation and polymer-
izations were carried out under dry and oxygen free argon
atmosphere. Transfers were performed in argon-filled glovebag
or by standard syringe technigues. MAO was purchased as a
10 wt % solution from Witco GmbH and was used after
estimating the aluminum content. 1-Hexene purchased from
Aldrich was dried over calcium hydride and used. 'H NMR
(400 MHz) and 3C NMR (100.5 MHz) spectra were recorded
using JEOL GSX400 spectrometer in CDCI; at ambient
temperature. **C NMR spectra for polyhexenes were recorded
with pulse angle = 25°, pulse width = 2.8 us, acquisition time
= 0.655 s, relaxation time = 6 s, and number of scans = 3000.
Molecular weights of the polymer were determined by Waters
GPC instrument with Styragel columns (109, 105, and 103 A
columns connected in series) equipped with an RI detector
using THF as solvent at a flow rate of 1.0 mL/min. Calibration
was done using narrow polystyrene standards. Analytical
HPLC was performed with Waters HPLC instrument equipped
with UV detector at 254 nm and C-18 column using MeOH:
H,O = 80:20 solvent system at a flow rate of 1.0 mL/min.
Semipreparative separation was done in a Schimadzu (LC-8)
HPLC instrument equipped with UV detector at 254 nm and
ODS column using MeOH:H,O = 80:20 solvent system at a
flow rate of 10 mL/min. Energy minimization was done using
CHEM 3D software available from the Cambridge Soft Cor-
poration.

Synthesis and Characterization of Aminodiol (3-Aza-
3-benzyl-1,5-dihydroxy-1,5-dipheynylpentane). To a cooled
solution of benzylamine (1.07 g, 9.98 mmol) in ethanol (2 mL)
was added styrene epoxide (2.4 g, 19.997 mmol), in ethanol (4
mL), at 0 °C and stirred for an hour. The contents were then
refluxed for 6 h. The product was obtained as a colorless syrupy
liquid. The product was then purified by silica gel (60—120
mesh) column chromatography using and 80:20 hexane:ethyl
acetate mixture. The major isomer was isolated as a colorless
syrupy liquid. Yield: 85%. The obtained aminodiol was dis-
solved in 80:20 = methanol:water (solubility 200 mg in 2 mL)
and used for semipreparative HPLC. The separated racemic
and meso aminodiols were extracted in CH,ClI, after removing
methanol and were further characterized.

50/50 Aminodiol. Nature: colorless syrupy liquid: *H NMR
(400 MHz, CDCly): 2.73 (dd, J = 13.7, 3.4, 1H), 2.80 (dd, J =
13.7, 3.4, 1H), 3.62 (s, 2H, OH), 3.70 (d, J = 13.7, N—CH;Ph,
1H), 3.83 (s, 2H, N—CHPh), 3.96 (d, J = 13.7, N—CH,Ph, 1H),
4.75 (dd, 3 = 9.5, 3.4, 1H), 7.1-7.3 (m, 15H). *3C NMR (100
MHz, CDCl3): 59.15, 59.81, 62.15, 63.0, 70.54 (—C—OH), 71.65
(—C—0OH), 125.70, 125.81, 127.91, 128.10, 128.12, 128.16,
128.25, 128.70, 137.94 (s), 138.11 (s), 142.13 (s), 142.21 (s).
Anal. Calcd for C23H2sNO2: C, 79.51; H, 7.25; N, 4.03; Found:
C, 79.47; H, 7.21; N, 4.10.
meso-Aminodiol. Nature: colorless syrupy liquid *H NMR
(400 MHz, CDCl3): 2.79 (dd, J = 13.4, 3.9, 1H), 2.87 (dd, J =
8.7, 13.4, 1H), 3.83 (s, 2H, N—CH,Ph), 4.25 (s, 2H, OH), 4.71
(dd, J = 8.7, 3.9, 1H, —CH—O0H), 7.2—7.4 (m, 15H). 13C NMR
(100 MHz, CDCls): 59.16, 62.15, 70.54, 125.78, 126.98, 128.32,
128.93, 137.90 (s), 142.2 (s) Anal. Calcd for Cy3H2sNO,: C,
79.51; H, 7.25; N, 4.03; Found: C, 79.58; H, 7.18; N, 3.97.

racemic-Aminodiol. Nature: colorless solid: Mp: 85 °C.
'H NMR (400 MHz, CDClg): 2.73 (dd, J = 13.67, 3.4, 1H), 2.80
(dd, J =13.67, 3.4, 1H), 3.62 (s, 2H, OH), 3.70 (d, 13.7, N—CH2-
Ph, 1H), 3.96 (d, J = 13.7, N—CH,Ph, 1H), 4.75 (dd, J = 9.5,
3.4, 1H), 7.1-7.3 (m, 15H). 23C NMR (100 MHz, CDCls): 59.72,
62.50, 70.77 (—C—0OH), 125.86, 127.36, 127.48, 128.30, 128.45,
129.11, 138.11(s), 142.13 (s). Anal. Calcd for Cp3H2sNO2: C,
79.51; H, 7.25; N, 4.03; Found: C, 79.43; H, 7.18; N, 4.13.

Synthesis of the Titanium Catalyst. TiCl, (2 g, 10.5
mmol) in 10 mL of dry hexane was cooled to 0 °C. Ti(O'Pr)4
(2.9 g, 10.54 mmol) was added and stirred for 1 h. Ti (O'Pr),Cl,
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settled at the bottom of the flask. Hexane was removed by
cannula, and the white solid was dried in a vacuum and
redissolved in 10 mL of CH,Cly; to this was added the required
amino diol (4.74 g, 13.66 mmol) in 5 mL of CH,Cl,, and the
mixture was stirred at room temperature for 2 h to give a clear
yellow solution. The solvent was removed under reduced
pressure. The resulting compound was dissolved in dichlo-
romethane and reprecipitated in hexane, to give a white
powder.

50/50 Diolate Catalyst (mix). *H NMR (400 MHz,
CDCls): 3.2-3.9 (m, 4H), 4.2—4.7 (m, 2H), 5.1-5.5 (m, 2H),
7.3—7.6 (m, 15H). ¥C NMR (100 MHz, CDCl3): 58.3, 58.7,
60.48, 67.27, 125.8, 127.3, 127.9, 128.3, 128.7, 129.1, 129.7,
130.9, 131.2, 131.6, 131.8, 139.3, 141.84. Anal. Calcd for Cy3Hzs-
NO,TiCl, C, 59.51; H, 4.99; N, 3.09. Found C, 59.6; H, 4.91;
N, 3.01.

meso-Diolate Catalyst (meso). 'H NMR (400 MHz,
CDCly): 3.2—3.41 (m, 4H), 4.45 (s, 2H), 5.46 (m, 2H), 7.3—7.6
(m, 15H). *¥C NMR (100 MHz, CDCls): 58.7, 60.48, 67.27,
125.81, 127.33, 127.90, 128.31, 128.72, 129.71, 130.94, 131.88,
139.32. Anal. Calcd for C,3H23NO,TICl; C, 59.51; H, 4.99; N,
3.09. Found C, 59.6; H, 4.91; N, 3.01.

rac-Diolate Catalyst (rac). *H NMR (400 MHz, CDCls):
3.41 (m, 4H), 4.60 (m, 2H), 5.45 (d, 1H), 5.5 (d, 1H), 7.2—7.9
(m, 15H). *¥C NMR (100 MHz, CDCl3): 60.8, 63.17, 69.40,
125.8,127.8,128.3, 129.37, 130.31, 131.63, 140.12. Anal. Calcd
for C,3H23NO,TIiCl, C, 59.51; H, 4.99; N, 3.09. Found C, 59.6;
H, 4.91; N, 3.01.

Polymerization Procedure. To dry deaerated chloroben-
zene (20 mL) were added the catalyst (1 mL, 70 umol) in CH-
Cl; and MAO in toluene (0.9 mL, 1.4 mmol) by syringe to a
clean, dry, argon-filled 100 mL round-bottomed flask equipped
with a Teflon-coated magnetic stirrer bar and a septum. The
mixture was stirred for about 10 min, and then 1-hexene (3
mL) was added and stirring was continued for 2 days. The
polymerization was quenched by pouring the mixture into an
acidified cold methanol solution, the polymers were dried
under vacuum and weighed to calculate the activity of catalyst.
Polymers were obtained as a pasty material. Polymerizations
were carried out with the mixed catalysts by adopting the same
procedure as described earlier with the sum of catalyst
concentration kept at 70 umol. After precipitation, two frac-
tions were obtained—a pasty material sticking to the magnetic
stir bar and the other an oily liquid sample.

Acknowledgment. We thank the Department of
Science and Technology, New Delhi, India, and Reliance
Industries Ltd., Mumbai, India, for financial support.
The Regional Sophisticated Instrumentation Centre
(RSIC), HIT Madras, is thanked for providing NMR
spectra. We also thank Ms. K. Sripriya for her help in
carrying out initial experiments.

References and Notes

(1) (a) Kaminsky, W.; Laban, A. Appl. Catal., A 2001, 222, 47—
61 (b) McKnight, A. L.; Waymouth, R. M. Chem. Rev. 1998,
98, 2587—2598. (c) Bochmann, M. J. Chem. Soc., Dalton
Trans. 1996, 255—270 (d) Brintzinger, H. H.; Fischer, D.;
Mulhaupt, R.; Rieger, B.; Waymouth, R. M. Angew. Chem.,
Int. Ed. Engl. 1995, 34, 1143—-1170.
(2) Yoder, J.C.; Day, M. W.; Bercaw, J. E. Organometallics 1998,
17, 4946—4958. (b) Miyake, S.; Henling. L. W.; Bercaw, J. E.
Organometallics 1998, 17, 5528—5533. (c) Wild. F. R. W. P_;
Wasiucionek. M.; Huttner, G.; Brintzinger, H. H. J. Orga-
nomet. Chem. 1985, 288, 63—67.
(a) Wiesenfeldt, H.; Reinmuth, A.; Barsites, E.; Evertz, K.;
Brintzinger, H. H. J. Organomet. Chem. 1989, 369, 359—370.
(b) Diamond, G.; Petersen, J. L.; Jordan, R. F. Organometal-
lics 1996, 15, 4030—4037. (c) Christopher, J. N.; Diamond,
G.; Jordan, R. F.; Petersen, J. L. Organometallics 1996, 15,
4038—4044. (d) Damrau, H. R. H.; Royo, E.; Obert, S;
Schaper, F.; Weeber, A.; Brintzinger, H. H. Organometallics
2001, 20, 5258—-5265. and references therein.
(a) Kaminsky, W.; Schauwienold, A. M.; Friedanck, F. J. Mol.
Catal. A: Chem. 1996, 112, 37—42. (b) Harrigan, R. W.;

@3

~

4

=

Latent Bimodal Polymerization of 1-Hexene 7889

Hammond, G. S.; Gray, H. B. J. Organomet. Chem. 1974, 81,
79—-85. (c) Tsai, T. Z.; Brubaker, C. H., Jr. J. Organomet.
Chem. 1979, 166, 199—210 (d) Brindley, P. B.; Davies, A. G.;

Hawari, J. A. A J. Organomet. Chem. 1983, 250, 247—256.

(a) Britovsek, G. J. P.; Gibson, V. C.; Wass, D. F. Angew.

Chem., Int. Ed. Engl. 1999, 38, 428—447. (b) Ittel, S. J,;

Johnson, L. K.; Brookhart, M. Chem. Rev. 2000, 100, 1169—

1203. (c) Fokken, S.; Spaniol, T. P.; Kang, H. C.; Massa, W.;

Okuda, J. Organometallics 1996, 15, 5069—5072. (d) van der

Linden, A.; Schaverien, C. J.; Meijborn, N.; Ganter, C.; Orpen,

A. G. J. Am. Chem. Soc. 1995, 117, 3008—3021. () Gomez,

R.; Duchateau, R.; Chernega, A. N.; Meetsma, A.; Edelmann,

F. T.; Teuben, J. H.; Green, M. L. H. J. Chem. Soc., Dalton

Trans. 1995, 217. (f) Hagadorn, J. R.; Arnold, J. Organome-

tallics 1994, 13, 4670. (g) Florez, C.; Chein, C.; Rausch, M.

D. Organometallics 1995, 14, 2106. (h) Guerin, F.; McCon-

ville, D. H.; Vittal. J. J. Organometallics 1995, 14, 3154. (i)

Clark, H. C. S.; Cloke, F. G. N.; Hitchkock, P. B.; Love, J. B.;

Wainwright, A. P. J. J. Organomet. Chem. 1995, 501, 333—

340. (j) Scollard, J. D.; McConville, D. H.; Payne, N. C.; Vittal.

J. J. Macromolecules 1996, 29, 5241—-5243. (k) Warren, T.

H.; Schrock, R. R.; Davis, W. M. Organometallics 1996, 15,

562—569. (I) Goodman, J. T.; Schrock, R. R. Organometallics

2001, 20, 5205—5211. (m) Rhodes, B.; Chien, J. C. W.; Wood,

J. S.; Chandrasekaran, A.; Rausch, M. D. J. Organomet.

Chem. 2001, 625, 95—100. (n) Neculai, A. M.; Roesky, H. W_;

Neculai, D.; Magull, J. Organometallics 2001, 20, 5501—5503.

(0) Tshuva, Y.; Goldberg, I.; Kol, M.; Weitman, H.; Gold-

schmidt, Z. Chem. Commun. 2000, 379—380. (p) Oshida, Y.;

Matsui, S.; Mitani, M.; Nakano, T.; Tanaka, H.; Kashiwa, N.;

Fujita, T. Organometallics 2001, 20, 4793—4799. (q) Lam-

berti, M.; Pappalardo, D.; Zambelli, A.; Pellecchia, C. Mac-

romolecules 2002, 35, 658—663. (r) Ishii. S.; Saito. J.; Mitani,

M.; Mohri, J.; Matsukawa, N.; Tohi, Y.; Matsui, S.; Kashiwa,

N.; Fujita, T. J. Mol. Catal. A: Chem. 2002, 179, 11—-16 and

references therein.

(6) (a) Scollard, J. D.; McConville, D. H. 3. Am. Chem. Soc. 1996,

118, 10008—10009. (b) Baumann, R.; Davis, W. M.; Schrock,

R.R. J. Am. Chem. Soc. 1997, 119, 3830—383L1. (c) Gottfried,

A. C.; Brookhart. M. Macromolecules 2001, 34, 1140—1142.

(d) Jayaratne, K. C.; Sita, L. R. 3. Am. Chem. Soc. 2000, 122,

958—-959. (e) Tshuva, E. Y.; Goldberg, I.; Kol, M. J. Am.

Chem. Soc. 2000, 379—380.

Knuuttila, H.; Lehtinen, A.; Salminen, H. In Metallocene-

Based polyolefins, Preparation, Properties and Technology;

Scheirs, J., Kaminsky, W., Eds.; John Wiley and Sons:

London, 2000; Vol. 2, p 365.

(8) de Souza, R. F.; Casagrande, O. L., Jr. Macromol. Rapid
Commun. 2001, 22, 1293—1301.

(9) Resconi, L.; Piemontesi, F.; Camurati, |.; Balboni, D.; Sironi,
A.; Moret, M.; Rychlicki. H.; Ziegler. R. Organometallics 1994,
13, 954.

(10) Pappalardo, D.; Mazzeo, M.; Antinucci, S.; Pellecchia, C.;
Macromolecules 2000, 33, 9483—9487.

(11) Reb, A.; Alt, H. G. J. Mol. Catal. A: Chem. 2001, 174, 35—
49.

(12) A chiral version of the catalyst has been used in our
laboratory for asymmetric synthesis. (a) Manickam, G;
Sundararajan, G. Indian J. Chem. Sect. B 1996, 35 B, 1006—
1011. (b) We have demonstrated earlier that the rac can be
use for a transformation reaction: (i) Manivannan, R.;
Sundararajan, G.; Kaminsky, W. Macromol. Rapid Commun.
2000, 21, 968—972. (ii) Manivannan, R.; Sundararajan, G.;
Kaminsky, W. J. Mol. Catal. A: Chem. 2000, 160, 85—95.

(13) Longo, P.; Oliva, L.; Grassi, A.; Pellecchia. C. Makromol.
Chem. 1989, 190, 2357. (b) Herfert, N.; Fink, G. Makromol.
Chem. 1992, 193, 1359. (c) Coevoet, D.; Cramail, H.; Deffieux,
A. Macromol. Chem. Phys. 1998, 199, 1459—1464.

(14) Activation energies were calculated from the plots of In-
(activity) vs 1/T. Kaminsky, W.; Werner, R. In Metalorganic
Catalysts for Synthesis and Polymerization-Recent results by
Ziegler—Natta and Metallocene Investigations; Kaminsky, W.,
Eds.; Springer-Verlag: Berlin, and Heidelberg, Germany,
1999; p 170.

(15) Kunrath, F. A.; de Souza, R. F.; Casagrande, O. L., Jr.
Macromol. Chem. Phys. 2001, 202, 1016.

(16) Babu, G. N.; Newmark, R. A.; Chien, J. C. W. Macromolecules
1994, 27, 3383—3388.

(17) The spectral pattern of the atactic 1-hexene oligomer observed
had some sharp resonances in the 20—35 ppm region of 13C
NMR, different form the one reported by Lin and Baird: Lin,
M.; Baird, M. C. J. Organomet. Chem. 2001, 619, 62—73.

(18) Ewen. J. J. Am. Chem. Soc. 1984, 104, 6355—6364.

G

~

7

~



7890 Manivannan and Sundararajan

(19)
(20)

(21)
(22)

(23)

Zhao, X.; Odian, G.; Rossi, A. J. Polym. Sci., Part A: Polym.
Chem. 2000, 38, 3802—3811.

Brull. R.; Pasch. H.; Raubenheimer, H. G.; Sanderson, R.;
Wahner. U. M. J. Polym. Sci., Part A: Polym. Chem. 2000,
38, 2333-2339.

Asakura, T.; Demura, M.; Nishiyama. Y. Macromolecules
1991, 24, 2334—2340.

The triad/pentad relationship for an isospecific site control
is [mr] = 2[rr]; [mmmr] = [mmrr] = 2[mrrm], and E = 2[rr]/
[mr] = 1 (test for enantiomorphic site control). E = 0.93 for
the polyhexene obtained at —10 °C. This was true for all
polymers obtained with rac: (a) Resconi, L.; Abis, L.; Fran-
ciscono, G. Macromolecules 1992, 25, 6814—6817. (b) Refer-
ence 18.

Block copolymer with isotactic and atactic PP segments was
obtained by polymeryl exchange between Zr and Al of the
cocatalyst. Lieber, S.; Brintzinger, H. H. Macromolecules
2000, 33, 9192-9199.

(24) Vathauer, M.; Kaminsky, W. Macromolecules 2000, 33, 1955—

1959.

(25)

(26)

@7

Macromolecules, Vol. 35, No. 21, 2002

Frauenrath, H.; Keul, H.; Hocker, H. In Metalorganic Cata-
lysts for Synthesis and Polymerization-Recent results by
Ziegler—Natta and Metallocene Investigations; Kaminsky, W.,
Ed.; Springer-Verlag: Berlin, and Heidelberg, Germany,
1999; p 281.

Mulle, C.; Lilge, D.; Kristen. M. O.; Jutzi, P. Angew. Chem.,
Int. Ed. 2000, 39, 789—792. The polymerization behavior of
dialkylaminoethyl-functionalized ansa-zirconocene dichlo-
rides for ethylene polymerization was studied in the temper-
ature region of 90—30 °C. At high temperatures, polyethylene
with unimodal distribution (pdi = 4.2) was obtained, and at
low temperatures, broad molecular weight distribution (pdi
= 12.6) with more contribution from high molecular weight
polymer was obtained.

The phenomenon of aggregation has been observed in asym-
metric amplification. Girard, C.; Kagan, H. B. Angew. Chem.,
Int. Ed. Engl. 1998, 37, 2922—2959.

MA020696B



