
DOI: 10.1002/adsc.200700506

Investigation of Dynamic Intra- and Intermolecular Processes
within a Tether-Length Dependent Series of Group 4 Bimetallic
Initiators for Stereomodulated Degenerative Transfer Living
Ziegler–Natta Propene Polymerization

Wei Zhanga and Lawrence R. Sitaa,*
a Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 20742, USA

Fax: (+1)-301-314-9121; e-mail: lsita@umd.edu

Received: October 18, 2007; Published online: February 8, 2008

Supporting information for this article is available on the WWW under http://asc.wiley-vch.de/home/.

Abstract: The series of bimetallic complexes, [(h5-
C5Me5)Zr(Me)2]2 [N ACHTUNGTRENNUNG(t-Bu)C(Me)N�ACHTUNGTRENNUNG(CH2)n�
NC(Me)NACHTUNGTRENNUNG(t-Bu)] 3 (n=8), 4 (n=6), and 5 (n=4)
were prepared in high yield through a simple, one-
pot synthesis involving 2 equiv. of in situ generated
(h5-C5Me5)Zr(Me)3 and the corresponding bis-carbo-
diimide, (t-Bu)NCN�ACHTUNGTRENNUNG(CH2)n�NCN ACHTUNGTRENNUNG(t-Bu). Com-
pounds 3–5 were found to be highly isoselective for
the living Ziegler–Natta polymerization of propene
upon 100% activation using 2 equiv. of the borate
co-initiator, [PhNHMe2] [B ACHTUNGTRENNUNG(C6F5)4] (2), with the
degree of stereoselectivity decreasing slightly as the
two metal centers are brought closer together [cf. , 3
(s=0.92)>4 (s=0.91)>5 (s=0.89)]. Under condi-
tions of sub-stoichiometric activation by 2, all three
bimetallic initiators, 3–5, were found to engage in de-

generative transfer living Ziegler–Natta polymeri-
zation involving rapid and reversible methyl group
transfer between active, (cationic) and dormant,
(neutral) methyl, polymeryl zirconium centers.
Under these conditions, the frequency of mr triad
stereoerror incorporation into the polypropene (PP)
microstructure decreases as the two metal centers
are brought closer together as a result of increasing
barriers for metal-centered epimerization within the
neutral metal site due to correspondingly greater
non-bonded steric interactions vis-�-vis mononuclear
1.

Keywords: bimetallic catalyst; living polymerization;
polypropene; stereoselectivity; Ziegler–Natta cataly-
sis

Introduction

Crucial to world-wide efforts to expand the range of
commercially viable polyolefins that can be produced
through the Ziegler–Natta polymerization of ethene,
propene, and higher a-olefins are the identification,
investigation, and exploitation of chemical processes
that can be used as mechanistic control points by
which new fundamental forms of polyethene (PE),
polypropene (PP), and other polyolefin materials can
be envisioned and subsequently realized.[1–3] In this
regard, the tethering of two active metal propagating
centers within a bimetallic molecular framework has
long been a strategy pursued with the expectation
that nuclearity and cooperativity effects between two
metal centers that are physically held in close proxim-
ity to one another might serve to provide access to
different mechanistic processes that are competitive
with propagation, and thereby, increase the scope of

polyolefin compositions that are available through
modulation of their relative rates .[4–8] However, only
very recently have Marks and co-workers[4]

, and sub-
sequently, Noh and co-workers[5] succeeded in achiev-
ing this goal for PE-based co-polymers.[6] In the case
of propene polymerization, one can easily imagine
that, within bimetallic-based catalysts, proximity ef-
fects between two propagating centers might also be
capable of influencing the stereochemical course of
alkene insertion into the metal-carbon bond of the
pendant polymer chain and, thereby, provide new PP
microstructures that are not achievable with the cor-
responding mononuclear system. Unfortunately, re-
sults obtained to date with such systems have been
far less encouraging, and more specifically, to the best
of our knowledge, only one bimetallic species has
ever been reported that is catalytically active for the
production of PP beyond formation of oligomeric or
low molecular weight products.[7,8] However, neither
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the existence of proximity effects nor their possible
influence on PP stereochemical microstructure were
mentioned or examined for this systems.[8]

For our part, we recently discovered, and then de-
veloped, stereomodulated degenerative transfer living
(SDTL) Ziegler–Natta polymerization as a means by
which to design and prepare, with an unprecedented
level of control: (1) an unlimited variety of new poly-
olefin materials and, in particular, PP microstructural
forms – including those possessing an architecturally
diverse range of well-defined and discrete isotactic-
atactic stereoblock and stereogradient profiles and
(2), an infinite range of new PP materials based on
the programmed introduction of various levels and
patterns of mmrm pentad stereoerrors.[3] Importantly,
given the living nature of this polymerization process,
all these new polyolefin and PP-based materials can
be obtained with a pre-selected number-average
degree of polymerization, Cn, and with a very narrow
molecular weight polydispersity index, D=Mw/Mn

�1.1–1.2.[9,10] A further important feature of SDTL
Ziegler–Natta polymerization is that this entire afore-
mentioned portfolio of new microstructural classes of
polyolefin and PP materials can be prepared using a
single C1-symmetrical, group 4 metal initiator. In the
examples published to date, the dimethyl(monocyclo-
pentadienyl)(monoamidinate)zirconium complex, (h5-
C5Me5)Zr(Me)2[N(Et)C(Me)N ACHTUNGTRENNUNG(t-Bu)] (1), was em-
ployed in combination with varying stoichiometries of
the borate, [PhNMe2H] [B ACHTUNGTRENNUNG(C6F5)4] (2), that serves as
the JactivatingK co-initiator through methyl group pro-
tonolysis to produce the zirconocenium species, {(h5-
C5Me5)ZrMe[N(Et)C(Me)N ACHTUNGTRENNUNG(t-Bu)]} [B ACHTUNGTRENNUNG(C6F5)4] which,
in the absence of SDTL conditions (i.e., 100% activa-
tion, or [1]/[2]=1), has been shown to be a highly
active and stereoselective initiator for the living Zie-
gler–Natta polymerization of propene and higher a-
olefins.[11] As schematically presented in Scheme 1, at
the heart of SDTL Ziegler–Natta polymerization,
which is in effect at all values of [1]/[2]>1, is the
rapid and reversible bimolecular methyl group ex-
change, defined by the rate, ntr, that occurs between
active (configurationally stable) cationic metal centers

that engage in stereoselective polyolefin chain growth
and dormant (configurationally unstable) neutral
metal centers that undergo facile metal-centered epi-
merization[12] with a rate, nepi, that must be several
orders of magnitude faster than the rate of propaga-
tion, np, (i.e. , nepi @np).

[10] Modulation of the PP stereo-
chemical microstructure using 1 then simply resides
with the ability to directly influence the magnitude of
ntr, relative to np in a programmed fashion by adjust-
ing the relative and absolute concentrations of both
the active and the dormant species, and optionally for
stereoblock or stereogradient microstructures, as a
function of time.[3d,e]

Under the SDTL Ziegler–Natta polymerization
conditions just described, it can be anticipated that
the tethering of dormant and active sites within bi-
metallic molecular frameworks now introduces the
possibility of additional control points that can poten-
tially be used to influence polyolefin microstructure
in terms of manipulating either: (1) the relative rates
of nepi, vs. np, which might be governed more easily
through steric control within a bimetallic rather than
a mononuclear species, and (2) the relative rates for
unimolecular (intramolecular) vs. bimolecular (inter-
molecular) methyl group degenerative transfer,
ntr(intra), and ntr(inter), respectively; the latter of which
can be directly manipulated through adjustments to
the experimental conditions (e.g., concentration).
Herein, we now report the results of our first investi-
gative study of the possible existence and influence of
such proximity effects on the stereochemical course
of propene polymerization as carried out with a
tether-length series of well-defined group 4 metal bi-
metallic initiators related to 1 under both SDTL and
non-SDTL conditions.

Results and Discussion

Scheme 2 presents the direct one-pot, high-yielding
procedure that was previously used to synthesize 1,
and currently, the linked bimetallic complexes, 3–5,
possessing different n-alkyl tether lengths [that is,
�
ACHTUNGTRENNUNG(CH2)n� for n=8, 6, and 4, respectively].[11,12] All of

these new crystalline compounds were fully character-
ized, including a determination of their solid-state
structure by single-crystal X-ray analysis and, as pre-
sented in Figure 1, none of these static structures
appear to display any significant deviations within the
geometrical parameters associated with each of the
metal centers when compared to the corresponding
values obtained for the solid-state structure of 1.[13]

This observation suggests that no substantial non-
bonded steric interactions between the two metal cen-
ters have been introduced as the result of the pres-
ence of the n-alkyl tethering link, and indeed, variable
temperature 1H NMR (500 MHz, toluene-d8, 183–Scheme 1.
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298 K) spectroscopy of 3–5 revealed that, for each bi-
metallic complex, rapid interconversion between the
meso and racemic (rac) diastereomeric configurations
of the two metal centers is rapidly occurring on the
NMR time scale as the result of facile metal-centered
epimerizations that have associated barriers of
DGc

�<10 kcalmol�1 at the coalescence temperature,
Tc =203 K. When compared to a similar barrier deter-
mined for metal-centered racemization in 1,[3a] these
observations suggest that, in the absence of any addi-
tional proximity effects that might arise after initia-
tion and propagation, it is reasonable to expect a
priori that the same range of stereomodulation of the
PP microstructure can be achieved with 3–5 under
SDTL conditions as previously demonstrated for 1.

Propene polymerizations were conducted with 1
and the bimetallic initiators 3–5 in chlorobenzene at
�10 8C according to previously published procedures
using 2 as the activating co-initiator.[3,11] As an initial
screen of behaviour under both standard and SDTL
conditions, propene polymerizations were further con-
ducted keeping the total initial concentration of zirco-
nium centers, [Zr]tot, constant while varying only the
initial concentration of the borate, [2]0, in order to es-
tablish 50, 70, 90, and 100% levels of activation, i.e.,
[Zr]tot/[2]o =2.0, 1.43, 1.11, and 1.0, respectively. Poly-
merization time, tp, was varied between 2–7 h, de-
pending upon both the identity of the initiator and
the level of activation, in order to ensure that a sub-
stantial quantity of PP material (~0.3–0.6 g) could be
isolated for characterization. In this manner, all three
bimetallic initiators, 3–5, proved to be competent for
propene polymerization at all levels of activation,
with propagation activities being comparable in mag-
nitude to those established for mononuclear 1 under
identical conditions. In keeping with prior observa-

tions and expectations,[3] np for all the bimetallic ini-
tiators was also seen to decrease with decreasing
levels of activation, e.g., for 5 : np (75% activation) �2
np (50% activation), and gel permeation chromatogra-
phy (GPC) analyses further confirmed that, in all
cases, the molecular weight distributions of the PP
materials obtained were monomodal in nature and
characterized by very narrow polydispersities; with
the number average molecular weight index, Mn,
being on the order of 45,000–50,000 gmol�1 and D~
1.1–1.2. Finally, detailed kinetic analyses conducted
with the bimetallic initiator 5 at 50 and 75% levels of
activation confirmed a steady linear increase in Mn as
a function of time, and these data are in keeping with
the conclusion that, just as with 1, propagation with
3–5 occurs in living fashion at all values of [Zr]tot/
[2]o.

[9,10,14] Finally, 1H NMR (500 MHz, 1,1,2,2-C2D2Cl4,

Scheme 2.

Figure 1. Molecular structures (30% thermal ellipsoids)
(from bottom to top) of the binuclear initiators 3–5. Hydro-
gen atoms have been removed for the sake of clarity, except
for those associated with the n-alkyl tethers.
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70 8C) spectra of the isolated PP materials obtained
from these studies routinely revealed the absence of
any vinyl resonances that might arise from chain ter-
mination through b-hydride elimination, and these re-
sults provide further support for the living character
of propene polymerization utilizing 3-5.

Detailed 13C NMR (125 MHz, 1,1,2,2-C2D2Cl4,
70 8C) stereochemical analyses of the PP materials ob-
tained from 3–5 under both standard and SDTL con-
ditions provide considerable information regarding
both the initial extent of activation of the two metal
centers in the bimetallic species and the nature of any
dynamic stereochemical processes that were competi-
tive with propagation during chain growth.[14,15]

Figure 2 presents a subset of the 13C NMR spectra for

the methyl resonances of these PP samples along with
those obtained by employing mononuclear 1 under
identical conditions, and in particular, [Zr]tot/[2]o. At
first glance, these data clearly reveal that significant
differences in PP stereochemical microstructures have
indeed arisen as the result of both the level of activa-
tion, which is expected on the basis of previous results
obtained for 1 under degenerative transfer condi-
tions,[3] and, perhaps more gratifyingly, as a result of
the length of the tether within the bimetallic initia-
tors. Charts presented in Figure 3 serve to provide a
more detailed quantitative look at these microstruc-
tural differences which become fairly apparent and in-
formative through side-by-side comparisons of the
levels of incorporation of a selected subset (i.e.,

Figure 2. 13C{1H} NMR (125 MHz, 1,1,2,2-C2D2Cl4, 70 8C) spectra for the methyl resonances of PP samples obtained from
(bottom to top) the mononuclear and binuclear complexes, 1 and 3–5, respectively, using 2 as the activating co-initiator.
Polymerization conditions: (from left to right): [Zr]tot/[2]o =1.0, 1.43, and 2.0; [Zr]tot =1.25 mM; �10 8C; C6H5Cl, 34.5 kPa
propene).
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mmmm, rmrm, and rrrm) of the ten possible pentad
stereoerrors.[13,15] Most significantly, at 100% activa-
tion, all three bimetallic initiators, 3–5, are highly iso-
selective, with the nature and integrated intensities of
the pentad stereoerrors observed being consistent
with exclusive enantiomorphic site control during
propagation (i.e., mmmr :mmrr :mrrm�2:2:1, see
Figure 2).[15] Additionally, as Figure 3 reveals, the
degree of stereocontrol that was achieved during
propagation at 100% activation revealed no apprecia-
ble quantitative difference in the % mmmm pentad
content for PP prepared using mononuclear 1 and C8-
linked bimetallic 3, whereas, a slight decrease in this
high degree of stereoselectivity is observed as the
tether length decreases (cf. insertion selectivity, s=
0.92 for 1, 0.92 for 3 ; 0.91 for 4 and 0.89 for 5). These
results provide strong support for the important con-
clusion that with [Zr]tot/[2]o =1.0 (100% activation),
both metal centers within the neutral bimetallic com-
plexes, 3–5, have undergone successful methyl group
protonolysis to produce a bifunctional initiator pos-
sessing two cationic metal centers that are each identi-
cally competent with the same degree of stereoselectiv-
ity for polypropene propagation. Based on the exten-
sive structure/activity/microstructure relationship da-
tabase that has now been developed for this specific
family of initiators to which 1 belongs,[16] it is reasona-
ble to conclude that the observed tether length reduc-
tion in propene enantioface discrimination in going
from 3 to 5 most likely arises from an increase in
non-bonded steric interactions as the two cationic
active propagating centers are brought into closer
proximity. Here, it is important to note that if only
partial activation of either both or one of the metal
centers had occurred, the resulting microstructure of
the PP material obtained should present evidence of
increased mr triad stereoerror incorporation, which is
the hallmark of reversible methyl group transfer be-
tween active and dormant states, followed by metal-

centered epimerization of the dormant state.[3]

Indeed, the ability of the bimetallic species derived
from substoichiometric activation of 3–5 to engage in
these dynamic processes under SDTL conditions at
rates that are competitive with propagation is sub-
stantiated by the data presented in both Figure 2 and
Figure 3 for which some intriguing trends can be fur-
ther noted. Thus, by focusing first on the chart in
Figure 3 that presents % mmmm as a function of
both the level of activation and initiator type, it can
be seen that while isotactic content drops off rapidly
at 70% and 50% activation for the mononuclear
system derived from 1, a much less precipitous drop
in mmmm content is observed for all of the bimetallic
systems, with a steady increase in this parameter
being observed as tether length between the two
metal centers decreases. Furthermore, from similar
charts for % rmrm and % rrrm shown in Figure 3, it
can be readily corroborated that the main factor re-
sponsible for the erosion of mmmm content is an in-
creased frequency of mr triad stereoerror incorpora-
tion as the level of activation decreases. While this
observation is in keeping with expectations based on
the previously noted behaviour of 1 under SDTL con-
ditions, as the data in Figure 3 clearly demonstrate, as
tether length decreases within the series of bimetallic
initiators 3–5, the frequency of mr triad stereoerror
incorporation, as tracked by % rmrm and % rrrm,
also decreases. Indeed, it is readily obvious from this
data that even with a fairly long (C8) n-alkyl tether
between the two metal centers, bimetallic 3 is not a
good model for two independently acting mononu-
clear species derived from 1.

From a first level analysis, we presently believe that
the best likely origin of the proximity effects that
appear in the PP polymerization data for 3–5 is steric
in nature.[17] More specifically, when one considers the
steric bulk of a propagating PP chain attached to each
of the two metal centers, as well as, possibly that of

Figure 3. Dependence of (from left to right) % mmmm, rmrm, and rrrm pentad content on level of activation and length of
n-alkyl tether for PP produced using the mononuclear and binuclear complexes, 1 and 3–5, respectively, and 2 as the activat-
ing co-initiator.
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one borate counterion, it is hardly surprising that, as
tether length decreases, the barrier height for metal-
centered epimerization increases, thereby, reducing
the frequency of mr triad stereoerror incorporation.
These same steric constraints might also be responsi-
ble for degenerative methyl group transfer occurring
primarily, if not exclusively, through intermolecular
exchange between JopenK forms of the bimetallic cata-
lysts that are prevented from adopting conformations
that can support Zr ACHTUNGTRENNUNG(m-Me)Zr interactions required for
facile intramolecular methyl group exchange. Routine
production of PP materials possessing narrow polydis-
persities strongly suggests, however, that in spite of
these increasing steric constraints, intermolecular
methyl group transfer is still rapid and reversible for
all three bimetallic systems under SDTL conditions.
We are presently pursuing experimental means by
which to quantify the kinetic and thermodynamic pa-
rameters associated with these different intra- and in-
termolecular dynamic processes.

Conclusions

In summary, the present report documents the first
demonstration of highly stereoselective and living
Ziegler–Natta polymerization within a family of bi-
functional bimetallic initiators under both standard
and SDTL conditions. Building further upon the pic-
ture of sterically interacting polymeryl groups held in
close proximity within a tethered bimetallic system,
we are now investigating the design and synthesis of
new bimetallic initiators through which novel polyole-
fin microstructural and copolymer compositions might
be envisioned and obtained. Finally, while the present
results are of interest in the context of efforts to
expand the present range of polyolefin-based materi-
als through use of bimetallic catalysts, they also fur-
ther serve to highlight the possible benefit or deleteri-
ous role(s) that dimers or higher-order aggregates of
propagating centers can have in dictating the stereo-
chemical microstructure of polyolefins.[17]

Experimental Section

General Procedures

All manipulations were performed under an inert atmos-
phere of dinitrogen using standard Schlenk or glove-box
techniques. Dry, oxygen-free solvents were employed
throughout. Diethyl ether (Et2O) and pentane were distilled
from sodium/benzophenone (with a few milliliters of tri-
glyme being added to the pot in the case of pentane), tolu-
ene and chlorobenzene were refluxed over sodium metal
and calcium hydride, respectively, and distilled under dini-
trogen prior to use. Benzene-d6 for NMR spectroscopy was
vacuum transferred from NaK prior to use. Polymer grade

propene was purchased from Matheson Trigas, and passed
through Q5 and molecular sieves (4 Q).

ACHTUNGTRENNUNG(h5-C5Me5)ZrMe2[N(Et)C(Me)N ACHTUNGTRENNUNG(t-Bu)] (1) was prepared
as previously reported.[3a] (h5-C5Me5)ZrCl3 was obtained
from Strem Inc and [PhNHMe2] [B ACHTUNGTRENNUNG(C6F5)4] (2) was pur-
chased from Boulder Scientific and used without further pu-
rification. GPC analyses were performed using a Viscotek
GPC system equipped with a column oven and differential
refractometer, both maintained at 45 8C, and four columns
also maintained at 45 8C. THF was used as the eluant at a
flow rate of 1.0 mLmin�1. Mn, Mw and Mw/Mn values were
obtained using the Viscotek OmniSEC software and seven
polystyrene standards (Polymer Laboratories). 1H NMR
spectra were recorded at 400 MHz at ambient temperature
while 13C {1H} NMR spectra were recorded at 125 MHz,
using 1,1,2,2-tetrachloroethane-d2 as the solvent at 70 8C.

Preparation of t-Bu�NH�CO�NH�ACHTUNGTRENNUNG(CH2)8�NH�
CO�NH-t-Bu (6)
To a solution of 4.96 g (50.0 mmol) tert-butyl isocyanate in
125 mL CHCl3 at 0 8C was added a solution of 3.61 g
(25.0 mmol) 1,8-diaminooctane in 125 mL CHCl3 over
30 min. The resulting solution was stirred for 30 min before
being concentrated under vacuum and then precipitated into
500 mL pentane. The product was isolated as a white
powder via filtration and washed with several portions of
pentane before being dried under vacuum; yield of 6 : 8.51 g
(95.1%); 1H NMR (400 MHz, CDCl3, 293 K): d=4.25 (2H,
br s), 4.18 (2H, br t), 3.10 (4H, dt, J=6.0, J=6.8 Hz), 1.46
(4H, br p), 1.33 (18H, s), 1.30 (8H, br s).

Preparation of t-Bu-N=C=N�ACHTUNGTRENNUNG(CH2)8�N=C=N-t-Bu
(7)

To a solution of 14.8 g (56.3 mmol) triphenylphosphine in
225 mL CH2Cl2 under a nitrogen atmosphere and at 0 8C
was added dropwise, a solution of 8.99 g (56.3 mmol) bro-
mine in 25 mL CH2Cl2 via a pressure-equalizing addition
funnel over a period of 30 min. After stirring for an addi-
tional 15 min, 11.4 g (113 mmol) triethylamine was added
dropwise in similar fashion into the reaction mixture over
15 min. During the next hour, 7.71 g (22.5 mmol) 6 were
added in four equal portions. The solution was stirred over-
night, washed with 125 mL of distilled water, and the organ-
ic layer separated and dried with anhydrous sodium sulfate.
After being concentrated under vacuum, the solution was
slowly added into 700 mL pentane, filtered, and the volatiles
were removed under vacuum to provide the crude product
as an orange liquid, which was then vacuum distilled from
calcium hydride; yield of 7: 4.82 g (70.0%); bp 158 8C/
0.40 torr; 1H NMR (400 MHz, C6D6, 293 K): d=3.05 (4H, t,
J=6.8 Hz), 1.44 (4H, br p), 1.20 (18H, s), 1.26–1.16 (4H,
m), 1.14–1.06 (4H, m).

Preparation of [(h5-C5Me5)ZrMe2]2[N ACHTUNGTRENNUNG(t-
Bu)C(Me)N ACHTUNGTRENNUNG(CH2)8NC(Me)N ACHTUNGTRENNUNG(t-Bu)] (3)

To a solution of 0.33 g (1.0 mmol) (h5-C5Me5)ZrCl3 in 50 mL
Et2O at �65 8C was added a solution of 1.9 mL of MeLi
(1.68M in Et2O) via syringe over 10 min. The mixture was
stirred for 3 h at �30 8C and then quenched with the addi-
tion of 0.05 mL Me3SiCl via syringe. A solution of 0.15 g
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(0.50 mmol) 7 in 10 mL of Et2O was then added via cannula
at �30 8C over 45 min. The mixture was stirred for 1 h at
�30 8C and then was allowed to warm up to room tempera-
ture overnight, after which time, the volatiles were removed
under vacuum. The resulting white residue was extracted
with toluene and filtered through a pad of Celite in a glass
frit. The volatiles were removed under vacuum and the
yellow crude product was washed with 10 mL cold pentane
to provide the final product as a white powder; yield: 0.31 g
(73% yield). Single-crystals of 3 suitable for X-ray analysis
were obtained by slow evaporation of a pentane solution at
room temperature. 1H NMR (400 MHz, C6D6, 293 K): d=
2.97–2.90 (4H, m), 2.06 (30H, s), 1.80 (6H, s), 1.50–1.39
(4H, m), 1.35–1.27 (4H, m), 1.26–1.21 (4H, m), 1.20 (18H,
s), 0.29 (12H, s); anal. calcd. for C44H82N4Zr2: C 62.20, H
9.73, N 6.59; found:C 61.90, H 9.77, N 6.59%.

Preparation of t-Bu�NH�CO�NH�ACHTUNGTRENNUNG(CH2)6�NH�
CO�NH-t-Bu (8)
To a solution of 4.96 g (50.0 mmol) tert-butyl isocyanate in
125 mL CHCl3 at 0 8C was added a solution of 2.91 g
(25.0 mmol) 1,6-diaminohexane in 125 mL CHCl3 over
30 min. The resulting solution was stirred for 30 min before
being concentrated under vacuum and then precipitated into
700 mL pentane. The product was isolated as a white
powder via filtration and washed with several portions of
pentane before being dried under vacuum; yield of 8 : 7.79 g
(99%); 1H NMR (400 MHz, CDCl3, 293 K): d=4.34 (2H, br
t), 4.28 (2H, br s), 3.14 (4H, q, J=6.4 Hz), 1.51–1.42 (4H,
m), 1.36–1.31 (4H, m), 1.33 (18H, s).

Preparation of t-Bu-N=C=N�ACHTUNGTRENNUNG(CH2)6�N=C=N-t-Bu
(9)

To a solution of 14.8 g (56.3 mmol) triphenylphosphine in
225 mL CH2Cl2 under a dinitrogen atmosphere and at 0 8C
was added dropwise a solution of 8.99 g (56.3 mmol) bro-
mine in 25 mL CH2Cl2 via a pressure-equalizing addition
funnel over 30 min. After stirring for an additional 15 min,
11.4 g (113 mmol) triethylamine was added dropwise into
the reaction mixture over 15 min. During the next hour,
7.08 g (22.5 mmol) 8 was added in four equal portions. The
solution was stirred overnight, washed with 125 mL of dis-
tilled water, and the organic layer separated and dried with
anhydrous sodium sulfate. After being concentrated under
vacuum, the solution was slowly added into 800 mL pentane,
filtered, and the volatiles were removed under vacuum to
provide the crude product as an orange liquid, which was
then vacuum distilled; yield of 9 : 4.27 g (68.2); bp 114 8C/
0.02 torr; 1H NMR (400 MHz, C6D6, 293 K): d=3.01 (4H, t,
J=6.8 Hz), 1.43–1.34 (4H, m), 1.20 (18H, s), 1.13–1.19 (4H,
m).

Preparation of [(h5-C5Me5)ZrMe2]2[N ACHTUNGTRENNUNG(t-
Bu)C(Me)N ACHTUNGTRENNUNG(CH2)6NC(Me)N ACHTUNGTRENNUNG(t-Bu)] (4)

To a solution of 0.33 g (1.0 mmol) (h5-C5Me5)ZrCl3 in 50 mL
Et2O at �65 8C was added a solution of 1.8 mL of MeLi
(1.77M in Et2O) via syringe over 10 min. The mixture was
stirred for 3 h at �30 8C and then quenched with the addi-
tion of 0.05 mL Me3SiCl via syringe. A solution of 0.14 g
(0.50 mmol) 9 in 10 mL of Et2O was then added via cannula

at �30 8C over 55 min. The mixture was stirred for 1 h at
�30 8C and then was allowed to warm up to room tempera-
ture overnight, after which time, the volatiles were removed
under vacuum. The resulting white residue was extracted
with toluene and filtered through a pad of Celite in a glass
frit. The volatiles were removed under vacuum and the
yellow crude product was washed with 10 mL cold pentane
to provide the final product as a white powder; yield of 4 :
0.24 g (58%). Single-crystals suitable for X-ray analysis were
obtained by slow evaporation of a pentane solution at room
temperature. 1H NMR (400 MHz, C6D6, 293 K): d=2.96–
2.91 (4H, m), 2.05 (30H, s), 1.81 (6H, s), 1.50–1.40 (4H, m),
1.28–1.22 (4H, m), 1.19 (18H, s), 0.28 (12H, s); anal. calcd.
for C42H78N4Zr2: C 61.40, H 9.57, N 6.82; found C 61.69, H
9.59, N 6.73%.

Preparation of t-Bu-NH�CO�NH�ACHTUNGTRENNUNG(CH2)4�NH�
CO�NH-t-Bu (11)
To a solution of 4.96 g (50.0 mmol) tert-butyl isocyanate in
200 mL CHCl3 at 0 8C was added a solution of 2.20 g
(25.0 mmol) 1,4-diaminobutane in 20 mL CHCl3 via cannula
over 25 min. The resulting solution was stirred for 20 min
before being concentrated under vacuum and then precipi-
tated into 500 mL pentane. The product was isolated as a
white powder via filtration and washed with several portions
of pentane before being dried under vacuum; yield of 11:
6.97 g (97.3%); 1H NMR (400 MHz, CDCl3, 293 K): d=4.60
(2H, br t), 4.37 (2H, br s), 3.16 (4H, br q), 1.54–1.48 (4H,
m), 1.33 (18H, s).

Preparation of t-Bu-N=C=N�ACHTUNGTRENNUNG(CH2)4�N=C=N-t-Bu
(12)

To a solution of 16.4 g (62.5 mmol) triphenylphosphine in
250 mL CH2Cl2 under a dinitrogen atmosphere and at 0 8C
was added a solution of 10.0 g (62.5 mmol) bromine in
30 mL CH2Cl2 via a pressure-equalizing addition funnel over
30 min. After stirring for an additional 15 min, 12.8 g
(126 mmol) triethylamine was added dropwise into the reac-
tion mixture over 10 min. During the next hour, 6.92 g
(24.2 mmol) 11 was added in four equal portions. The reac-
tion mixture was stirred overnight, washed with 100 mL of
distilled water, and the organic layer separated and dried
with anhydrous sodium sulfate. After being concentrated
under vacuum, the solution was slowly added into 500 mL
pentane, filtered, and the volatiles were removed under
vacuum to provide the crude product as an orange liquid,
which was then vacuum distilled from calcium hydride; yield
of 12 : 2.96 g (48.9%); bp 85 8C/0.01 torr; 1H NMR
(400 MHz, C6D6, 293 K): d=2.99–2.93 (4H, m), 1.49–1.41
(4H, m), 1.18 (18H, s).

Preparation of [(h5-C5Me5)ZrMe2]2[N ACHTUNGTRENNUNG(t-
Bu)C(Me)N ACHTUNGTRENNUNG(CH2)4NC(Me)N ACHTUNGTRENNUNG(t-Bu)] (5)

To a solution of 0.66 g (2.0 mmol) (h5-C5Me5)ZrCl3 in
100 mL Et2O at �65 8C was added a solution of
3.7 mLmmol of MeLi (1.68M in Et2O) via syringe over
10 min. The mixture was stirred for 3 h at �30 8C and then
quenched with the addition of 0.1 mL Me3SiCl via syringe.
A solution of 0.25 g (1.0 mmol) 12 in 10 mL of Et2O was
then added via cannula at �30 8C over 35 min. The mixture
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was stirred for 1 h at �30 8C and then was allowed to warm
up to room temperature overnight, after which time, the vol-
atiles were removed under vacuum. The resulting white resi-
due was extracted with toluene and filtered through a pad
of Celite in a glass frit. The volatiles were removed under
vacuum and the yellow crude product was washed with sev-
eral ~2 mL portions of cold pentane to provide the final
product as a white powder; yield of 5 : 0.63 g (79%). Single-
crystals suitable for X-ray analysis were obtained by slow
evaporation of a toluene solution at room temperature.
1H NMR (400 MHz, C6D6, 293 K): d=2.97–2.89 (4H, m),
2.05 (30H, s), 1.77 (6H, s), 1.39–1.32 (4H, m), 1.18 (18H, s),
0.27 (12H, s); anal. calcd. for C40H74N4Zr2: C 60.55, H 9.40,
N 7.06; found: C 60.54, H 9.37, N 7.11%.

Propene Polymerization

The following description provides a typical procedure for
polymerization reactions. This procedure was performed ex-
actly unless otherwise noted.

To a solution of 0.0125 mmol 3, 4, or 5 or 0.025 mmol 1 in
0.5 mL of chlorobenzene at �10 8C was added a desired
amount of co-catalyst 2 in 0.5 mL of chlorobenzene. This so-
lution was then rapidly added to a 250-mL Schlenk flask
charged with 19 mL of chlorobenzene at �10 8C, which was
previously pressurized to 5 psi with propene and stirred for
at least 10 min. The flask was then repressurized and the
pressure maintained for the desired reaction time while stir-
ring before quenching with 0.5 mL of methanol. The vola-
tiles were then removed under vacuum and the crude poly-
meric material was purified through precipitation of a hot
toluene solution into a large volume of acidic methanol. The
final pure polypropene was collected and dried overnight at
60 8C (0.01 torr).

Kinetic Experiment under SDTL Conditions for 5 at
50% Activation

Polymerization of propene was carried out in the same
manner as the procedure described above, using 29.8 mg
(0.0375 mmol) of 5, 30.1 mg (0.0375 mmol) of 2 and 30 mL
chlorobenzene. The reaction was allowed to proceed for 3 h
before aliquots were quenched every 45 min with methanol
over the next 4.5 h. Polypropene samples were filtered
through silica gel prior to GPC analysis.[14]

Kinetic Experiment under SDTL Conditions for 5 at
75% Activation

The same kinetic experiment was carried out in the same
manner as above, except 45.1 mg (0.0563 mmol) of 2 were
used and the reaction was allowed to proceed for 1.5 h
before aliquots were quenched every 30 min over the next
3 h. Polypropene samples were filtered through silica gel
prior to GPC analysis.[14]

X-Ray Crystallography

The crystallographic studies of 3–5 are available in the Sup-
porting Information. Crystallographic data (excluding struc-
ture factors) for structures 3–5 reported in this paper have
been deposited with the Cambridge Crystallographic Data

Centre as supplementary publications no. CCDC-664645,
CCDC-664646, and CCDC-664647, respectively.

References

[1] For recent reviews, see: a) P. Galli, G. Vecellio, J.
Polym. Sci. A: Polym. Chem. 2004, 42, 3967; b) J. R.
Severn, J. C. Chadwick, R. Duchateau, N. Friederichs,
Chem. Rev. 2005, 105, 4073; c) V. Busico, Macromol.
Chem. Phys. 2007, 208, 26; d) G. J. Domski, J. M. Rose,
G. W. Coates, A. D. Bolig, M. Brookhart, Prog. Polym.
Sci. 2007, 32, 30; e) R. Kempe, Chem. Eur. J. 2007, 13,
2764.

[2] See, for instance: a) U. Dietrich, M. Hackmann, B.
Rieger, M. Klinga, M. LeskelS, J. Am. Chem. Soc.
1999, 121, 4348; b) M. van Meurs, G. J. P. Britovsek,
V. C. Gibson, S. A. Cohen, J. Am. Chem. Soc. 2005,
127, 9913; c) D. J. Arriola, E. M. Carnahan, P. D.
Hustad, R. L. Kuhlman, T. T. Wenzel, Science 2006,
312, 714; d) W. P. Kretschmer, A. Meetsma, B. Hessen,
T. Schmalz, S. Qayyum, R. Kempe, Chem. Eur. J. 2006,
12, 8969; e) F. Alfano, H. W. Boone, V. Busico, R. Ci-
pullo, J. C. Stevens, Macromolecules 2007, 40, 7736.

[3] a) Y. Zhang, R. J. Keaton, L. R. Sita, J. Am. Chem.
Soc. 2003, 125, 9062; b) Y. Zhang, L. R. Sita, J. Am.
Chem. Soc. 2004, 126, 7776; c) D. A. Kissounko, Y.
Zhang, M. B. Harney, L. R. Sita, Adv. Synth. Catal.
2005, 347, 426; d) M. B. Harney, Y. Zhang, L. R. Sita,
Angew. Chem. 2006, 118, 2460; Angew. Chem. Int. Ed.
2006, 45, 2400; e) M. B. Harney, Y. Zhang, L. R. Sita,
Angew. Chem. 2006, 118, 6286; Angew. Chem. Int. Ed.
2006, 45, 6140.

[4] a) L. Li, M. V. Metz, H. Li; M. C. Chen, T. J. Marks, L.
Liable-Sands, A. L. Rheingold, J. Am. Chem. Soc. 2002,
124, 12725; b) G. P. Abramo, L. Li, T. J. Marks, J. Am.
Chem. Soc. 2002, 124, 13966; c) H. Li. , L. Li, T. J.
Marks, L. Liable-Sands, A. L. Rheingold, J. Am. Chem.
Soc. 2003, 125, 10788; d) H. Li, L. Li, T. J. Marks,
Angew. Chem. 2004, 116, 5045; Angew. Chem. Int. Ed.
2004, 43, 4937; e) J. Wang, H. Li, N. Guo, L. Li, C. L.
Stern, T. J. Marks, Organometallics 2004, 23, 5112; f) N.
Guo, L. Li, T. J. Marks, J. Am. Chem. Soc. 2004, 126,
6542; g) H. Li, L. Li, D. J. Schwartz, M. V. Metz, T. J.
Marks, L. Liable-Sands, A. L. Rheingold, J. Am. Chem.
Soc. 2005, 127, 14756; h) H. Li, C. L. Stern; T. J. Marks,
Macromolecules 2005, 38, 9015; i) H. Li; T. J. Marks,
Proc. Natl. Acad. Sci. USA. 2006, 103, 15295.

[5] a) S. K. Noh, Y. Yang, W. S. Lyoo, J. Appl. Polym. Sci.
2003, 90, 2469; b) S. K. Noh, J. Lee, D. Lee, J. Organo-
met. Chem. 2003, 667, 53.

[6] Also, see: S. C. Davis, U. S. Patent 5,372,980, 1994.
[7] For bimetallic catalysts that are either not active or

only produce low molecular PP, see: a) M. Bochmann,
T. Cuenca, D. T. Hardy, J. Organomet. Chem. 1994, 484,
C10; b) T. Ushioda, M. L. H. Green, J. Haggitt, X. Yan,
J. Organomet. Chem. 1996, 518, 155; c) X. Yan, A.
Chernega, M. L. H. Green, J. Sanders, J. Souter, T.
Ushioda, J. Mol. Catal. A: Chem. 1998, 128, 119;
d) H. T. Ban, T. Uozumi, K. Soga, J. Polym. Sci. A:
Chem. 1998, 36, 2269; e) M. L. H. Green, N. H.
Popham, J. Chem. Soc., Dalton Trans. 1999, 1049;

446 asc.wiley-vch.de E 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2008, 350, 439 – 447

FULL PAPERS Wei Zhang and Lawrence R. Sita

http://asc.wiley-vch.de


f) J. C. Sierra, D. HUerlSnder, M. Hill, G. Kehr, G.
Erker, R. Frçhlich, Chem. Eur. J. 2003, 9, 3618; g) J.
Kuwabara, D. Takeuchi, K. Osakada, Organometallics
2005, 24, 2705.

[8] W. Spaleck, F. Kuber, B. Bachmann, C. Fritze, A.
Winter, J. Mol. Catal. A: Chem. 1998, 128, 279.

[9] For a discussion of the general features of living and
controlled polymerizations, see: a) M. Szwarc, M. van
Beylen, Ionic Polymerization and Living Polymers,
Chapman & Hall, New York, 1993 ; b) R. P. Quirk, B.
Lee, Polym. Int. 1992, 27, 359; c) K. Matyjaszewski, J.
Phys. Org. Chem. 1995, 8, 197.

[10] Under living DT conditions, the polydispersity index,
D, is a function of both the rate constants for methyl
group exchange between active and dormant states, kex,
and that for propagation, kp, according to D�1+kp/
kex; see: A. H. E. MUller, R. Zhuang, D. Yan, G. Litvi-
nenko, Macromolecules 1995, 28, 4326 and ref.[3]

[11] a) K. C. Jayaratne, L. R. Sita, J. Am. Chem. Soc. 2000,
122, 958; b) K. C. Jayaratne, R. J. Keaton, D. A. Hen-
ningsen, L. R. Sita, J. Am. Chem. Soc. 2000, 122, 10490;
c) R. J. Keaton, K. C. Jayaratne, D. A. Henningsen,
L. A. Koterwas, L. R. Sita, J. Am. Chem. Soc. 2001,
123, 6197.

[12] a) L. R. Sita, J. R. Babcock, Organometallics 1998, 17,
5228; b) L. A. Koterwas, J. C. Fettinger, L. R. Sita, Or-

ganometallics 1999, 18, 4183; c) J. R. Babcock, C. Incar-
vito, A. L. Rheingold, J. C. Fettinger, L. R. Sita, Orga-
nometallics 1999, 18, 5729.

[13] K. C. Jayaratne, L. R. Sita, J. Am. Chem. Soc. 2001,
123, 10754.

[14] Details are provided in the Supporting Information.
[15] For reviews of the use of 13C NMR for stereochemical

microstructural analysis of polypropene, see ref.[2a] and
V. Busico, R. Cipullo, Prog. Polym. Sci. 2001, 26, 443.

[16] We have previously reported on the sensitivity of both
living character and stereoselectivity to subtle differen-
ces in non-bonded steric interactions within the family
of precatalysts to which compound 1 belongs, see:
a) D. A. Kissounko, J. C. Fettinger, L. R. Sita, Inorg.
Chim. Acta 2003, 345, 121; b) Y. Zhang, E. K. Reeder,
R. J. Keaton, L. R. Sita, Organometallics 2004, 23,
3512.

[17] a) D. Fischer, R. MUllhaupt, J. Organomet. Chem. 1991,
417, C7; b) D. Fischer, S. JUngling, R. MUllhaupt, Mak-
romol. Chem. Macromol. Symp. 1993, 66, 191; c) S.
Beck, A. Geyer, H. H. Brintzinger, J. Chem. Soc.,
Chem. Commun. 1999, 2477; d) C. Alonso-Moreno, S. J.
Lancaster, C. Zuccaccia, A. Macchioni, M. Bochmann,
J. Am. Chem. Soc. 2007, 129, 9282.

Adv. Synth. Catal. 2008, 350, 439 – 447 E 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 447

FULL PAPERSStereomodulated Degenerative Transfer Living Ziegler–Natta Propene Polymerization

http://asc.wiley-vch.de

