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ABSTRACT: A protocol is described in which zirconocene-catalyzed alkene polymerization reactions are
terminated by bromine to give polymers containing brominated end groups, Br-polymeryl. Using NMR
spectroscopy, the Br-polymeryl groups can be identified as primary or secondary, thus providing
information concerning the nature of the Zr-polymeryl linkage(s), and (via integrations) quantified, thus
giving information about the relative concentration(s) of the Zr-polymeryl linkage(s). The procedure can
in principle give very useful information concerning the nature and concentrations of Zr-polymeryl groups
in existence during polymerization processes and is tested through ethylene polymerization by the
Cp2ZrMe2/B(C6F5)3 catalyst system and propylene polymerization by the Cp2ZrMe2/B(C6F5)3, (indenyl)2-
ZrMe2/B(C6F5)3, and rac-{C2H4(1-indenyl)2}ZrMe2/B(C6F5)3 catalyst systems. To this point the resulting
data concerning Zr-polymeryl concentrations are generally consistent with data in the literature but
are rather more easily obtained.

There has in recent years been considerable research
into the utilization of metallocene complexes of the type
[Cp′2MR]+X- (M ) Ti, Zr, Hf; Cp′ ) substituted η5-
cyclopentadienyl group; R ) alkyl group; X- ) weakly
coordinating anion) as homogeneous catalysts for coor-
dination (Ziegler-Natta) polymerization of olefins.1
There is widespread consensus with respect to mecha-
nisms of the general processes involved in the initiation,
propagation, chain transfer, and termination steps, and
it is believed that these catalysts function as in eq 1
(∼P ) long chain alkyl or polymeryl group), the methyl
group being converted to a long chain, primary poly-
meryl group via repeated ethylene insertion steps.1
Chain transfer then may involve â-hydrogen migration
to release a polymer with a terminal olefinic end group
(eq 2), although the reversible reinsertion-deinsertion
of eq 3 can result in both secondary polymeryl groups
and internal olefins.1

Alternatively, reinsertion of the terminal olefinic
products CH2dCH∼P into a propagating polymer chain
can result in long chain branching, as in eq 4.

In fact, however, there is actually very little direct
experimental information available concerning these
and other possible species, and there remains much to
be learned about intimate details of the polymerization
process, as for example, the nature of active species and
the concentration of the catalyst actively involved in
polymer chain growth at any one time.

Experimentation designed to gain such information
has taken several approaches, and it has recently been
shown that it is possible to observe some such species
directly.2 Thus, by use of in situ 1H and13C NMR
spectroscopic studies, the latter involving 13C-enriched
catalyst and/or monomer, the presence of the primary
Zr-CH2CH(R)-polymeryl species during the polymer-
ization reaction (R ) H, CH3, C4H9, C7H15, C8H17) has
been demonstrated.2 A second approach for the acquisi-
tion of information concerning the intermediates present
during the polymerization process involves kinetics
studies.3 Although the complexities of many catalyst
processes can make it very difficult to obtain well-
defined overall rate laws,3c quenched flow kinetics
studies have been used recently to deduce the nature
and number of active sites in the initial stage of some
polymerization processes.3c,e

A complementary general approach has involved the
use of quenching agents containing radioactive labels
such as CH3O3H and 14CO.4,5 The former is believed
to cleanly and efficiently replace the metal of a
[Cp′2MCH2∼P]+ moiety with a single tritium label to
give CH2

3H∼P, which can be quantified and related to
the sum of the concentrations of all species present
which contain metal-carbon σ bonds.4 Carbonylation
reactions, on the other hand, were expected to result in
coordination of 14CO to the vacant site of the metal in
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the [Cp′2MCH2∼P]+ moiety followed by a migratory
insertion to give an acyl species of the type [Cp′2M14-
COCH2∼P]+.5a It was anticipated that protic cleavage
of the resulting acyl species would result in the forma-
tion of labeled aldehyde, whence again the sum of the
concentrations of the [Cp′2MCH2∼P]+ propagating spe-
cies could be determined.5 Although these methods have
been generally accepted and used for quantification of
metal-polymeryl groups, they do have the limitation
that they do not yield information concerning the nature
of the end groups bearing the radioactive labels. More-
over, it has been demonstrated6 that CO does not
necessarily terminate polymerization but that it can
participate in alkene-CO copolymerization such that
more than one CO molecule is absorbed per metallocene
unit.5b,6 If this were the situation generally, then
estimates of numbers of active sites obtained using
14CO would be higher than those obtained using CH3O3H.
However, in some cases the reverse is true,4a and thus
the general applicability of this method remains suspect.

Recently, to complement a kinetics study,3a,7 CH3O2H
has been utilized as a quenching agent to determine the
nature and relative concentrations of intermediates
present during catalysis at the time of quench by using
2H NMR techniques. In one particular case, involving
1-hexene polymerization using rac-{C2H4(1-indenyl)2}-
Zr(Me)(µ-Me)B(C6F5)3, the -CH2

2H end group resulting
from termination following a 1,2-insertion was the only
end group detected. In addition, estimations of its
concentration made it possible to show that the number
of active sites was approximately equal to the catalyst
concentration for the system under study. However, this
method suffers from poor sensitivity of 2H NMR tech-
niques, and taking into account all the above observa-
tions, clearly a general and efficient method for deter-
mination of the relative concentrations and nature of
the propagating polymeryl species is still needed.

With a view to developing a simple, rapid method for
the detection and the identification of metal-polymeryl
groups present during a polymerization reaction, we
have been exploring the use of bromine to label in a
useful manner polymer chain ends. Bromine has long
been known to rapidly cleave metal-carbon σ bonds,8a

the products being organic bromides and the corre-
sponding metal bromides as in eq 5 (M ) metal; R )
alkyl group; L ) ligands).

Zirconocene compounds of the type Cp2ZrRCl have been
shown to be cleaved similarly via an SE2 process,8b,c and
thus bromine would be expected to react with polym-
erization reaction mixtures containing Cp2ZrIV-poly-
meryl linkages, as in Scheme 1, to form Br-polymeryl
end groups which may be identified as primary or sec-
ondary alkyl bromides on the basis of chemical shifts.9

Furthermore, if indeed it can be shown that Cp2ZrIV-
polymeryl species are converted quantitatively to
Cp2ZrBr2,10 then integration of a 1H NMR spectrum of
a reaction mixture would result in an estimate of the

amounts of all Br-polymeryl groups in solution and
hence in quantitative estimates of all Cp2ZrIV-poly-
meryl species in solution at the time of quenching. Thus,
in principle, the method should make it possible to
identify and quantify every type of Zr-C σ-bonded
moiety in solution at the time of termination. The
methodology seems rather more appealing than e.g.
termination reactions which replace the metal with 2H
or 3H as the protocol utilizes 1H NMR spectroscopy
rather than the inherently less sensitive 2H NMR
spectroscopy, and of course, it does not require the use
of radioactive materials. Also, losses to evaporation of
alkyl bromide oligomers are less critical than would
possibly be the case with the hydrocarbon analogues
obtained via polymeryl labeling with 2H or 3H; thus, the
quantification of polymeryl species would be more
reliable.

We now describe the results of an investigation into
the nature and relative concentrations of the Cp2ZrIV-
polymeryl species present in solution during olefin
polymerizations by Cp2ZrMe2

11a,b (ethylene and propy-
lene), (indenyl)2ZrMe2

11a,c (propylene), and rac-{C2H4-
(1-indenyl)2}ZrMe2

11d,e (propylene) activated with
B(C6F5)3.11f

Experimental Section
Syntheses were carried out under purified argon using

standard Schlenk line and glovebox techniques. 1H and
13C{1H} NMR spectra were run on Bruker AV300, -400, or -600
spectrometers, chemical shifts being referenced using the
residual proton signals of the deuterated solvents. Differential
scanning calorimetry analyses were conducted on a Perkin-
Elmer DSC-7 instrument at a heating rate of 5 °C/min.
Samples were heated to 160 °C and cooled to 30 °C, and then
a second scan was recorded. Toluene was dried by refluxing
over sodium/benzophenone and distillation under argon. Chlo-
robenzene was dried by distillation under argon from calcium
hydride prior to use. Deuterated solvents were obtained from
Cambridge Isotope Laboratories (>99% atom % D). All NMR
solvents were dried over CaH2 or activated alumina, stored
over molecular sieves, and handled in a glovebox. The com-
pounds B(C6F5)3,11f Cp2ZrMe2,11a,b (indenyl)2ZrMe2,11a,c rac-
{C2H4(1-indenyl)2}ZrMe2,11d,e and BrCH2CH(Me)CH2CH(Me)-
(n-Pr)9b were prepared via published procedures. Polymerization
grade ethylene (99+% purity, Air Products) and propylene
(99.5 wt % purity, liquid phase, Praxair) were dried by passage
through a column of activated 4 Å molecular sieves prior use.

Polymerization Procedures. In a typical ethylene po-
lymerization, a solution of 10 mg (0.04 mmol) of Cp2ZrMe2 in
1 mL of toluene or chlorobenzene was saturated with ethylene
(1 atm, 21 °C) and then treated with a solution of 20 mg (0.04
mmol) of B(C6F5)3. The reaction mixture became yellow and
then cloudy as the polyethylene began to precipitate. The
reactions were run for 10-60 s, and then the ethylene flow
was stopped and the polymerization was quenched with a
solution (0.4 M) of bromine in CH2Cl2 or chlorobenzene. All
volatiles were removed under reduced pressure, and the
resulting white polymer was dried. In some cases, the poly-
ethylene was purified by dissolution in hot chlorobenzene
followed by precipitation with methanol, filtration, and drying
as above. 1H NMR spectra were run at 100 °C in 1,1,2,2-
C2D2Cl4 or at 120 °C in chlorobenzene-d5.

In a typical propylene polymerization, a solution of 0.11 g
of B(C6F5)3 (0.22 mmol) in 2 mL of chlorobenzene was injected
into a polymerization flask containing a solution of 0.07 g of
(indenyl)2ZrMe2 (0.2 mmol) in 8 mL of chlorobenzene saturated
with propylene (1 atm). On the addition of the B(C6F5)3, there
was an immediate change in color (from yellow to dark red),
and after a measured reaction time, the polymerization
reaction was quenched by addition of a solution of Br2 in
chlorobenzene. The polymerization mixture was stirred for 10
more min, and the solvent was removed in vacuo. The

Scheme 1

LnM-R + Br2 f LnM-Br + RBr (5)
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polymerization product was dissolved in hexane and purified
by passage through a short silica column to give a light yellow
atactic polypropylene.

Results and Discussion
Model Studies. As a test of the procedure, we

initially investigated the bromination of Cp2ZrMe2 in
CDCl3, CD2Cl2, C6D6, and toluene-d7. As anticipated, the
reaction of 2 equiv of bromine per Cp2ZrMe2 proceeded
rapidly and quantitatively as in eq 6.

Unfortunately, addition of excess bromine to solutions
of Cp2ZrMe2 in CDCl3, CD2Cl2, and C6D6 resulted in the
apparent slow cleavage of the cyclopentadienyl rings,
as indicated by the appearance of weak multiplets in
the region δ 4.5-4.8. This problem did not arise in
toluene-d7 and could be avoided in the other solvents
by slowly adding the bromine to a solution of Cp2ZrMe2
just to the point where its intense brown-red color did
not fade.

As a proxy for a polymerization catalyst involving
Cp2ZrMe2, we reacted this compound in CD2Cl2 with
B(C6F5)3 to form Cp2ZrMe(µ-Me)B(C6F5)3,12 which we
then brominated as above. As hoped, the reaction
proceeded rapidly and quantitatively as in eq 7.

The results defined by eqs 6 and 7 are important
because they imply that species of the types Cp2Zr-
(polymeryl)(µ-Me)B(C6F5)3 will be cleaved rapidly and
quantitatively by bromine to give Cp2ZrBr2 and
Br-polymeryl, confirming the validity of this method.

Ethylene Polymerizations. We began our study
with experiments involving ethylene polymerization at
room temperature, 1 atm, using the Cp2ZrMe2/B(C6F5)3
polymerization system2a,12 in two different solvents,
toluene (ε 2.38)13 and chlorobenzene (ε 5.68).13 Polymer-
izations were typically carried out for 10-60 s in order
to obtain data for the early stages of the process, and
the polyethylene which was obtained was characterized
as the crude or purified by standard precipitation
methods. 1H NMR spectra of the resulting polyethylene
were run at 100 °C in 1,1,2,2-tetrachloroethane-d2 or
at 120 °C in chlorobenzene-d5, and a typical 1H NMR
spectrum of a brominated polyethylene obtained after
10 s polymerization time in chlorobenzene-d5 is pre-
sented in Figure 1.

In addition to the methylene polymer backbone
resonance at δ 1.57 and terminal methyl resonance at

δ 1.11 (br t), there are a weak triplet at δ 3.44 and
multiplet at 1.97, attributed respectively to the antici-
pated Br(CH2CH2)∼P and Br(CH2CH2)∼P end-group
hydrogens.

Two procedures were carried out in order to gain
estimates of the concentrations of Cp2Zr-CH2polymeryl
groups during these polymerization reactions. In one
approach, utilized for the reactions carried out in
toluene, all volatiles were removed from the reaction
mixtures and 1H NMR spectra of unpurified samples of
polymers which retained the Cp2ZrBr2 product were run
in 1,1,2,2-C2D2Cl4 at 100 °C. Integrations of the reso-
nance at δ 3.41 of several such polymeric products and
comparison of their intensities with that of the Cp
resonance of the Cp2ZrBr2 (δ 6.55) showed that the
Zr-polymeryl concentration varied between 0.5% and
5% of the total catalyst present. There appeared to
be no correlation of Zr-polymeryl concentration with
time, but it seemed quite likely that entrapment of
zirconium-containing compounds in the precipitating
polyethylene may have resulted in reduced concentra-
tions of Zr-polymeryl groups.

In the second approach, utilized subsequently for the
reactions carried out in chlorobenzene, the polymers
were purified by reprecipitation from hot chlorobenzene,
and the concentration of the BrCH2∼P groups relative
to the amount of catalyst used was obtained from the
1H NMR spectrum (120 °C, C6D5Cl) using 1,1,2,2-
tetrachloroethane (δ 5.80) as an internal standard.
Again, the Zr-polymeryl concentrations were low, in the
range 4-10%, although higher than in toluene.

These results seem reasonably consistent with those
of Tritto et al.,2a who observed what appeared to be the
Zr-13CH2polymeryl resonance on treating the Cp2Zr-
(13CH3)2/B(C6F5)3 catalyst system with highly enriched
13C2H4. The 13C resonances of the natural abundance
Cp and the enriched Zr-13CH2 groups appear to be
comparable in intensity in the NMR spectra shown,
consistent with the Zr-13CH2polymeryl groups being
present in very low concentrations. We also note that
Busico et al.,3c in a kinetics study of ethylene polymer-
ization using the C2-symmetric catalyst system rac-
Me2Si(2-Me-4-Ph-1-indenyl)2ZrCl2/MAO, deduced Zr-
polymeryl relative concentrations of 5-25%.

For all polymer samples obtained in toluene, the ratio
of the intensity of the methyl resonance to that of the
BrCH2- group was always .3:2, varying from ∼10:1
at 10 s to ∼40:1 at 60 s. Similarly, for samples obtained
in chlorobenzene, the ratio of the intensity of the methyl
resonance to that of the BrCH2- group varied from 2:1
at 10 s to 32:1 at 60 s. These observations, coupled with
observations that the NMR spectra of the brominated
polymers exhibited weak or no 1H NMR resonances of

Figure 1. 1H NMR spectrum of brominated polyethylene in C6D5Cl (400 MHz, 120 °C).

Cp2ZrMe2 + 2Br2 f Cp2ZrBr2 + 2MeBr (6)

Cp2ZrMe(µ-Me)B(C6F5)3 + 2Br2 f

Cp2ZrBr2 + 2MeBr + B(C6F5)3 (7)
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vicinal dibromides9a,c and that polyethylene obtained via
conventional methanol quenching contained no or very
weak olefinic end groups, imply that while a significant
degree of chain transfer via â-hydrogen elimination to
form R-olefins does occur, the thus formed R-olefins
must be efficiently incorporated into the growing poly-
mer chains as long chain branches (eq 4).

To investigate this possibility, 13C{1H} NMR spectra
of representative samples were obtained, and a typical
APT-13C NMR spectrum of a sample of brominated
polyethylene, obtained after 50 s polymerization time
in chlorobenzene-d5, is shown in Figure 2, with assign-
ments.

As can be seen, the spectrum exhibits a weak reso-
nance at δ 36.47, which indicates the presence of a
methine resonance; in conjunction with the R and â
methylene resonances at δ 35.80 and 27.44, respectively,
there is firm evidence for long chain branching.14a-d

Interestingly, resonances of short chain methyl, ethyl,
propyl, and butyl chain branches14 were not observed
in this spectrum, although there is an as yet unassigned
methyl resonance at δ 23.52.14e The presence of branches
in the polyethylene can also be confirmed from DSC
analysis as it is known that branches affect the crystal-
line structure, and as a result the melting temperature
and crystallinity are reduced.15a Thus, Tm measure-
ments showed that the polyethylene samples prepared
in chlorobenzene all melted at 128.6 (1.3 °C, values
indicative of HDPE containing small amounts of long
chain branches.15b

These results are in themselves interesting as it is
generally believed that polymers containing olefinic end
groups should be major species in this type of polym-
erization reaction1 unless the polymerizations involve
alkylaluminum cocatalysts such as MAO. In this case
polymeryl transfer to aluminum followed by hydrolysis
can result in saturated polymers,16a-c and observation
of the latter tends to be taken as evidence for processes
involving chain transfer to aluminum.3c,14a In fact, our
observations suggest that this interpretation may not
always be correct; saturated polymers can be obtained
in the absence of alkylaluminum compounds, and the
presence of saturated polymers need not necessarily
require chain transfer to aluminum.

Propylene Polymerizations. We next turned our
attention to propylene polymerization by the Cp2ZrMe2/
B(C6F5)3

12a,b and (indenyl)2ZrMe2/B(C6F5)3
11a,c catalyst

systems which are known to give atactic polypro-
pylene;12a,b,17,18 the latter is quite soluble and there-
fore easier to investigate than polyethylene. In these
experiments the anticipated brominated end groups

would be BrCH2CH(Me)CH2CH(Me)∼P (δ ∼3.4),9b fol-
lowing a 1,2-insertion, although the presence of BrCH-
(Me)CH2CH2CH(Me)∼P (δ ∼4.2) end groups,9a resulting
from an ultimate 2,1-insertion would also be possible.
Furthermore, given that chain transfer following a 1,2-
insertion yields predominantly vinylidene end groups
(CH2dCMe∼P),18 the presence of dibromo species
CH2BrCBrMe∼P (δ ∼3.9) was also anticipated.

Polymerizations were generally begun at room tem-
perature and terminated with excess bromine after
reaction times varying from 10 s to 4 min. After
termination, the volatiles were removed under reduced
pressure, and the residues were extracted with hexanes
and passed through a short silica column to remove
catalyst. The solvent was then removed to give oily,
atactic materials which were characterized, on the basis
of comparison with model compounds,9 by 1H NMR (600
MHz) and correlation spectroscopy.

In all of 1H NMR spectra of the brominated poly-
meric products, the Br-(CH2CHMe)polymeryl group
resonance was observed as expected in the region δ
3.3-3.5, but as three broad, unresolved multiplets with
an approximately 1:1:2 ratio of intensities (Figure 3a).

This pattern arises from the overlapping of two pairs
of multiplets, as shown by an HSQC experiment (Figure
3a) in which one pair of protons at δ 3.34 and 3.44 was
found to correlate with a carbon resonance at δ 41.7 and
the other pair of protons at δ 3.32 and 3.40 with a
carbon resonance at δ 42.2. The presence of the primary
alkyl bromide group was also confirmed on the basis of
comparison with the spectrum of the model compound
Br(CH2CHMe)2(CH2)2Me,9b for which two overlapping
pairs of doublets of doublets attributable to the diaste-
reotopic hydrogen atoms are also observed at δ 3.3-
3.45 (Figure 3b; note the similarity in 13C chemical shifts
between parts a and b of Figure 3). The greater
complexity in the case of the spectrum of the polymeric
sample reasonably results from the presence of various
pentads terminated by r and m diads, a stereochemical
feature which is not present in the model compound
which contains only two chiral centers.

The primary alkyl bromide group results from the
cleavage of a Zr-C bond after a primary (1,2) insertion
and two overlapping pairs of multiplets (m and r
terminal diads) of approximate 1:1 ratio for this group
in the brominated polypropylene are consistent with an
atactic polymer. To assign the two terminal diads as m
or r, a propylene polymerization in the presence of rac-
{C2H4(1-indenyl)2}ZrMe2/B(C6F5)3

2b,c,4e was carried out.
This system was chosen as it gives isotactic polypropy-
lene,4e,19 and therefore, by quenching the propylene
polymerization with bromine, we expected a change in

Figure 2. APT-13C NMR spectrum of a sample of brominated
polyethylene obtained after a 50 s polymerization time.

Figure 3. HSQC spectra of (a) the brominated end-group
region of polypropylene and (b) 1-Br-2,4-dimethylheptane
(model compound).
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the relative intensities of the above-mentioned pairs of
resonances. On the basis of relative intensities in the
1H NMR and HSQC spectra of the resulting polymer,
the pairs of peaks at δ 3.32 and 3.40, δ 3.34 and 3.44,
were assigned as r and m terminal diads, respectively.

While the two achiral catalysts studied have generally
been found to be highly regiospecific in favor of primary
(1,2) insertion,17a,20 occasional secondary (2,1) inser-
tions21 are also possible and would result in secondary
Zr-polymeryl linkages. Although the latter have long
been considered to represent likely dormant species
because of the probability of steric hindrance to further
propylene coordination,22 there is in fact no direct
evidence of their presence in polymerization mixtures,
and their existence has only been implied from analyses
of polymer microstructures23 and end groups.3e,18,24

Interestingly, however, a recent study by Landis et al.2d

showed that a Zr-sec-butyl compound was not particu-
larly inert to insertion of propylene, and thus the
dormancy of secondary Zr-polymeryl species is cur-
rently under debate.

On addition of bromine to our propylene polymeriza-
tion mixtures, any secondary Zr-polymeryl species
present would cleave to give secondary alkyl bromide
end groups; these are expected to give resonance at
about δ 4.2 on the basis of the 1H NMR spectrum of
2-bromodecane as a model compound.9a Unfortunately,
the polymers formed contained vinylidene end groups
which do not brominate cleanly to give the above-
mentioned vicinal dibromo products. The anticipated
dibromo produts are unstable under the reaction condi-
tions and are known to produce a mixture of products.25

Hence, all of our 1H NMR spectra exhibited a plethora
of relatively intense resonances in the region δ 3.8-4.6,
completely obscuring the δ 4.2 region. However, while
an HSQC experiment with 2-bromodecane showed that
the CH resonance at δ 4.16 couples with the C-2 reso-
nance at δ 52, similar experiments on several of the
polymers obtained using Cp2ZrMe2/B(C6F5)3 and (in-
denyl)2ZrMe2/B(C6F5)3 revealed no coupling of any
proton resonances in the region δ 3.8-4.5 with carbon
resonances in the region δ 46-55. Furthermore, no
2-butenyl end groups, the products anticipated from â-H
elimination after a secondary insertion,18 were detected
in the olefinic region of polymers when propylene
polymerization was quenched with methanol. Thus, for
Cp2ZrMe2/B(C6F5)3 and (indenyl)2ZrMe2/B(C6F5)3, at
least, we find no evidence for Zr-polymeryl products of
secondary 2,1-insertion. These results are consistent
with in situ 1H{13C} NMR experiments2 in which the
presence of only primary Zr-polymeryl species have
been detected.

In contrast to the situation with ethylene polymeri-
zation, where very little olefinic products were present
in solution and only slight excesses of bromine were
required to quench polymerizations, large excesses of
bromine were required in the case of propylene poly-
merizations because of the presence of the vinylidene
end groups arising from chain transfer. However,
control experiments involving (indenyl)2ZrMe2/B(C6F5)3
and (indenyl)2ZrBr2 showed that the indenyl groups of
these compounds are very readily cleaved by excess
bromine to form the tribromo species A, identified
crystallographically and by NMR spectroscopy.26 For
this reason we could not use the resonances of (inde-
nyl)2ZrBr2 as an internal standard for integrations.

To estimate the relative concentrations of the
Zr-CH2CHMe∼P groups present during propylene po-
lymerization, the multiplet at δ 3.3-3.5 was therefore
integrated relative to the peak of an added internal
standard, 1,1,2,2-tetrachloroethane (δ 5.91). Accord-
ingly, with Cp2ZrMe2 as catalyst, the relative concentra-
tion of the Zr-polymeryl groups was found to be low,
∼10%, and almost constant for polymerization times
from 20 to 60 s. With (indenyl)2ZrMe2, on the other
hand, a relatively high value of 84% was reached within
20 s, after which it decreased to much lower values for
longer polymerization times (32% after 4 min, see
Figure 4).

The higher values with the (indenyl)2ZrMe2/B(C6F5)3
than with the Cp2ZrMe2/B(C6F5)3 catalyst system
may be related to the higher polymerization activity of
the former, which generally gave polymer yields sev-
eral times greater than did the latter. Similar results
have been reported elsewhere.1a,27 Although propylene
polymerization with the Cp2ZrMe2/B(C6F5)3 and (in-
denyl)2ZrMe2/B(C6F5)3 catalyst systems have been well
investigated with respect to the polymerization mech-
anism, kinetics, end-group analyses, and catalyst
activities,1a,d,j,2a,12b,27,28 to our knowledge there are no
reports on the concentration of active species during
propylene polymerization with these particular systems,
and thus a direct comparison of our results is not
possible. However, our results are quite reproducible
and are therefore reliable.

Somewhat similar values have, however, been re-
ported for propylene polymerization by stereoselective
catalysts. Thus, Landis et al. used a quench methodol-
ogy to obtain a value of 25% for propylene polymeriza-
tion by rac-{C2H4(indenyl)2}ZrMe2/B(C6F5)3 at 20 °C,3a

although much lower values were obtained by Chien et
al. using rac-{C2H4(indenyl)2}ZrMe2 activated with
Ph3C[B(C6F5)4] at 0 °C.4e We were, in fact, unable to
detect any BrCH2CHMe∼P end groups at all in reac-
tions carried out at 0 °C and lower, consistent with
previous reports that Zr-polymeryl concentrations in-
crease with increasing temperature.4a,5b

Summary
Termination by bromine of ethylene and propylene

polymerization reactions involving the Cp2ZrMe2/B(C6F5)3

Figure 4. Variation of the relative concentrations of Zr-
polymeryl groups with polymerization time (two runs).
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and (indenyl)2ZrMe2/B(C6F5)3 catalyst systems results
in polymers with primary brominated end groups which
can be readily identified and quantified using 1H NMR
spectroscopy. The procedure gives very useful informa-
tion concerning the nature and concentrations of zirco-
nium-polymeryl groups in existence during the polym-
erization process, and to this point the resulting data
concerning Zr-polymeryl concentrations are generally
consistent with data in the literature.
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N.; Radhakrishnan, K.; Cramail, H.; Deffieux, A. Macromol.
Rapid Commun. 2001, 22, 1095.

(2) (a) Tritto, I.; Donetti, R.; Sacchi, M. C.; Locatelli, P.; Zannoni,
G. Macromolecules 1999, 32, 264. (b) Sillars, D. R.; Landis,
C. R. J. Am. Chem. Soc. 2003, 125, 9894. (c) Landis, C. R.;
Rosaaen, K. A.; Sillars, D. R. J. Am. Chem. Soc. 2003, 125,
1710. (d) Landis, C. R.; Sillars, D. R.; Batterton, J. M. J. Am.
Chem. Soc. 2004, 126, 8890. (e) Baumann, R.; Schrock, R. R.
J. Organomet. Chem. 1998, 557, 69. (f) Jayaratne, K. C.; Sita,
L. R. J. Am. Chem. Soc. 2001, 123, 10754.

(3) (a) Liu, Z.; Somsook, E.; White, C. B.; Rosaaen, K. A.; Landis,
C. R. J. Am. Chem. Soc. 2001, 123, 11193. (b) Landis, C. R.;
Rosaaen, K. A.; Uddin, J. J. Am. Chem. Soc. 2002, 124, 12062.
(c) Busico, V.; Cipullo, R.; Esposito, V. Macromol. Rapid
Commun. 1999, 20, 116. (d) Wang, Q.; Weng, J.; Xu, L.; Fan,
Z.; Feng, L. Polymer 1999, 40, 1863. (e) Song, F.; Cannon, R.
D.; Bochmann, M. J. Am. Chem. Soc. 2003, 125, 7641.

(4) (a) Chien, J. C. W.; Wang, B.-P. J. Polym. Sci., Part A 1989,
27, 1539. (b) Chien, J. C. W.; Wang, B.-P. J. Polym. Sci., Part
A 1990, 28, 15. (c) Chien, J. C. W.; Sugimoto, R. J. Polym.
Sci., Part A 1991, 29, 459. (d) Chien, J. C. W.; Tsai, W.-M.
Macromol. Chem., Macromol. Symp. 1993, 66, 141. (e) Chien,
J. C. W.; Song, W.; Rausch, M. D. Macromolecules 1993, 26,
3239.

(5) (a) Tait, P. J. T.; Booth, B. L.; Jejelowo, M. O. Makromol.
Chem., Rapid Commun. 1988, 9, 393. (b) Han, T. K.; Ko, Y.
S.; Park, J. W.; Woo, S. I. Macromolecules 1996, 29, 7305. (c)
Marques, M. M.; Tait, P. J. T.; Mejzlik, J.; Dias, A. R. J.
Polym. Sci., Part A 1998, 36, 573. (d) Fukui, Y.; Murata, M.
Macromol. Chem. Phys. 2001, 202, 1430.

(6) (a) Busico, V.; Guardasole, M.; Margonelli, A.; Segre, A. L.
J. Am. Chem. Soc. 2000, 122, 5226. (b) Budzelaar, P. H. M.
Organometallics 2004, 23, 855.

(7) Liu, Z.; Somsook, E.; Landis, C. R. J. Am. Chem. Soc. 2001,
123, 2915.

(8) (a) Kochi, J. K. Organometallic Mechanisms and Catalysis;
Academic Press: New York, 1978; p 532. (b) Hart, D. W.;
Schwartz, J. J. Am. Chem. Soc. 1974, 96, 8115. (c) Labinger,
J. A.; Hart, D. W.; Seibert, W. E.; Schwartz, J. J. Am. Chem.
Soc. 1975, 97, 3851.

(9) (a) Pouchert, C. J.; Behnke, J. The Aldrich Library of 13C and
1H NMR Spectra, Edition 1, 1993. (b) The model compound
Br(CH2CHMe)2(CH2)2Me was prepared via hydrozirconation8b

of CH2dCMeCH2CHMeCH2CH2Me to give the corresponding
alkyl-zirconocene compound which was cleaved with bro-
mine. (c) 1-Alkenes are readily brominated under these
conditions.

(10) Druce, P. M.; Kingston, B. M.; Lappert, M. F.; Spalding, T.
R.; Srivastava, R. C. J. Chem. Soc. A 1969, 2106.

(11) (a) Samuel, E.; Rausch, M. D. J. Am. Chem. Soc. 1973, 95,
6263. (b) Hunter, W. E.; Hrncir, D. C.; Bynum, R. V.; Penttila,
R. A.; Atwood, J. L. Organometallics 1983, 2, 750. (c) Balboni,

D.; Camurati, I.; Prini, G.; Resconi, L.; Galli, S.; Mercandelli,
P.; Sironi, A. Inorg. Chem. 2001, 40, 6588. (d) Bochmann,
M.; Lancaster, S. J. Organometallics 1993, 12, 633. (e) Chien,
J. C. W.; Tsai, W.-M.; Rausch, M. D. J. Am. Chem. Soc. 1991,
113, 8570. (f) Massey, A. G.; Park, A. J. J. Organomet. Chem.
1964, 2, 245.

(12) (a) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc.
1991, 113, 3623. (b) Yang, X.; Stern, C. L.; Marks, T. J. J.
Am. Chem. Soc. 1994, 116, 10015. (c) Braga, D.; Grepioni,
F.; Tedesco, E.; Calhorda, M. J. Z. Anorg. Allg. Chem. 2000,
626, 462.

(13) Sacchi, M. C.; Forlini, F.; Losio, S.; Tritto, I.; Locatelli, P.
Macromol. Symp. 2003, 193, 45.

(14) (a) Gabriel, C.; Kokko, E.; Löfgren, B.; Seppälä, J.; Münstedt,
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