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ABSTRACT

By applying the concept of "isotopic perturbation of stereochemistry” to
a number of Group III metallocene catalysts, further evidence for an o—agostic
interaction in the chain propagation step of Ziegler-Natta polymerization has
been obtained. These results are in accord with the "modified Green-Rooney"
mechanism. An a-agostic interaction in the transition state of olefin
insertion may contribute to the remarkable stereoselectivities of many
Ziegler-Natta catalyst systems since it may restrict the possible orientations of
the polymer chain such that it has a more significant impact on the
orientation of the inserting olefin.

A new class of Group IV metallocene catalysts is presented for the
syndiospecific polymerization of propylene. These catalysts incorporate what
are thought to be the key characteristics of syndiospecific metallocene
catalysts: Cs symmetry and rigidly linked cyclopentadienyls of greatly
differing size. However, preliminary attempts to develop new
syndioselective catalysts have suggested another important characteristic: a
pocket in the larger moiety to avoid undesirable steric interactions between
the ligand framework and coordinated olefin. In order to accommodate this
constraint, a ligand system with a 1,3-dialkylcyclopentadienyl doubly linked to
a singly substititued cyclopentadienyl was chosen. Group IV metallocenes
with these new ligands, in the presence of a cocatalyst (MAQ), react rapidly
with neat propylene to form highly syndiotactic polypropylene. This is the
first example of a stereospecific doubly bridged olefin polymerization catalyst
and is the first example of a highly syndiospecific polymerization catalyst not
based on a fluorenyl like ligand. This catalyst system is also very versatile
since straightforward changes in the alkyl group of the singly substituted
cyclopentadienyl and in the reaction conditions lead to dramatic changes in
the polymer microstructure. These catalysts should provide an excellent
platform for mechanistic study and may be important industrially.
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INTRODUCTION

This thesis will describe the motivation, results, and ramifications of
my research during my graduate studies at Caltech. The unifying theme of
this thesis is the study of the mechanism of Ziegler-Natta polymerization of
olefins. Ziegler-Natta polymerization is practiced on an enormous scale
industrially and is the subject of volumes of academic research, but a number
of mechanistic questions remain. The two chapters of this thesis address the
mechanistic questions associated with Ziegler-Natta catalysts in different
ways, but the goal of furthering the understanding of these systems is a
constant throughout.

The first chapter of this thesis has a narrow focus and is dedicated
almost exclusively to the issue of a-agostic interactions in the carbon-carbon
bond forming step of Ziegler-Natta reactions. a-agostic interactions have
been proposed to lower the transition state energy of carbon-carbon bond
formation as well as playing a role in the incredibly high stereoselectivity of
Ziegler-Natta catalysts. Since the current evidence regarding a-agostic
interactions is contradictory, chapter 1 presents an effort to look at different
catalyst systems to further study the generality of a-agostic interactions in
Ziegler-Natta catalyst systems. Chapter 1 also presents an interesting side note
which is a brief study of an unrelated isotope effect observed in a control
experiment.

Chapter 2 is focused specifically on the syndiospecific polymerization of
a-olefins. The initial goal, which has evolved throughout this work, was to
develop group III model complexes to study the mechanism of syndiospecific
polymerization of a-olefins. However, since the preparation of simple model
complexes based on existing ligands was quite challenging and ultimately
unsuccessful, I set out to develop new syndiospecific catalysts that would be
more amenable to model studies. Therefore, in the process of trying to
understand the mechanism of these reactions, the focus shifted more toward
trying to understand the key characteristics of syndiospecific catalysts. The
understanding which was gained through the failures of several different
approaches facilitated the development of a new class of catalysts for
syndiospecific polymerizations. Since this discovery came near the end of my
time at Caltech, I have only been able to begin the process of using these new
catalysts to study the mechanism of syndiospecific polymerization. However,



the preliminary results suggest a number of important experiments which
should provide answers to many of the mechanistic questions regarding
syndiospecific polymerization and Ziegler-Natta catalysts in general. This
work is currently being pursued by a group of clever and enthusiastic people
who will undoubtedly answer many of the questions that I could not.



CHAPTER 1
DEUTERIUM ISOTOPE EFFECTS AS EVIDENCE FOR a-AGOSTIC
ASSISTANCE IN ZIEGLER-NATTA CATALYSIS.

Abstract:

By applying the concept of "isotopic perturbation of stereochemistry” to
different Group III catalysts, further evidence for an a-agostic interaction in
the chain propagation step of Ziegler-Natta polymerization has been obtained.
These results are in accord with the "modified Green-Rooney” mechanism as
shown below.
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An a-agostic interaction in the transition state of olefin insertion may
contribute to the remarkable stereoselectivities of many Ziegler-Natta catalyst
systems since it may restrict the possible orientations of the polymer chain
such that it has a more significant impact on the orientation of the inserting
olefin.

During the course of this work, a different isotope effect was observed
in the hydrogenation of labelled methylenecycloalkanes with a scandium
catalyst. It is proposed that this other effect is a result of a hyperconjugative
transition state for methylenecycloalkane insertion into an M-H bond. These
results provide support for the idea that the transition state of these catalysts
is polarized with positive charge buildup at the B-carbon of the inserting
olefin.
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I. Introduction

Ziegler-Natta polymerization of ethylene, propylene and
copolymerization of ethylene with a-olefins are practiced on enormous
scales, vet only recently have organometallic chemists turned their attention
to catalyst structure and the mechanisms of these remarkable processes.1™
Initial attempts to study the mechanism of these systems were hampered by
the heterogeneous, ill defined nature of the catalyst systems. However, the
development of homogenous, readily characterized metallocene catalysts has
provided an unprecedented opportunity to examine the relationships
between catalyst structure, activity and polymer microstructure.

Most of these catalysts6 share a common structural framework and
electronic configuration: [Cp'2M-R]* (Cp' = cyclopentadienyl or variously
substituted cyclopentadienyl; M = Ti, Zr, Hf, Th; R = H, alkyl) and Cp';2M-R (M
= Sc, Y, lanthanide element). An empirical observation has been made: olefin
insertion into the metal-carbon bond of these metallocene alkyls appears to
require fwo vacant orbitals. Thus, even though they possess a vacant orbital
for coordination of the in-coming olefin, the 16-electron alkyls, e.g. ,
(n°-CsHs)2Zr(CHs),, are unreactive toward ethylene. The 14-electron analogs,
e.g.., [(n°-CsHs)2Zr-CH3)*, react readily, even at low temperatures. The net
positive charge undoubtedly contributes to the higher reactivity of the latter;
however, neutral 14-electron (n°-CsMes)>M-CH3 (M = Sc, Y, lanthanide) also
readily undergo ethylene insertion, even at -80°C. Thus, the major factor
responsible for increased reactivity appears to be the availability of a second
vacant metal orbital.”

The Cossee-Arlman mechanism,3:2 with transition state A as shown in
figure 1, does not account for the apparent requirement of two vacant orbitals
as only one orbital is required for olefin insertion.
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Figure 1: Cossee-Arlman mechanism.

The modified Green-Rooney mechanism,10-12 on the other hand, offers a
possible explanation for the requirement of a vacant orbital in addition to that
of coordinating the in-coming olefin since it invokes an t-agostic interaction
as shown in transition state B in figure 2.
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Figure 2: Modified Green-Rooney mechanism.

Almost all of the experiments designed to probe for a-agostic
interactions in Ziegler-Natta catalysts are based on the original concept of
"isotopic perturbation of stereochemis’cry"13 introduced by Grubbs and
co-workers. According to the modified Rooney-Green mechanism,
placement of a single deuterium at the o carbon of the alkyl could have a
stereochemical outcome in forming the C-C bond if the insertion occurs with
either a preferential cis or a preferential trans (as shown in B) arrangement of
the alkyl (CH2P) and a-olefin substituent (R) and the vibrational force



constants for the agostic and terminal o C-H bonds are sufficiently different in
transition state B.

Coordination of a C-H bond to an electrophilic metal center may
censiderably reduce v(C-H) and §(C-H) in stable structures.10,11,14,15 1n, the
case of a methyl-bridged trimer with [Os(u2-CHDR)Os] (R = H, D) equilibrium
isotope effects favoring coordination of C-H over C-D amount to
approximately 0.13 kcalmoll, or to an equilibrium isotope effect of Keg =125
at 25°C.16 With strongly electrophilic metal centers, such as active
Ziegler-Natta olefin polymerization catalysts, stronger agostic effects may be
expected with commensurately greater Keq's.

The amount of this ground state agostic interaction that is realized in
transition state B may be expected to vary, depending upon conformational
restrictions and the energy of B relative to that for the reactants (i.e.,the
activation energy for olefin insertion). Thus, the magnitude of the secondary
deuterium kinetic isotope arising from a "modified Rooney-Green" C-C bond
forming step a priori may be expected to be variable, much like the secondary
DKIE's arising from hyperconjugative effects observed for the solvolysis of B
deuterated alkyl halides, tosylates, etc.17 A similar explanation has been
presented by Grubbs and Coates.18

A number of different groups have looked for a-agostic interactions in
the C-C bond forming step of Ziegler-Natta catalysts with mixed results.
Bercaw,lgfz0 Brintzinger,zL22 and Stille23 have all found evidence in
support of an a-agostic transition state consistent with the modified Green-
Rooney mechanism. Alternatively, Grubbs13 and Brintzinger22 have both
found evidence contradictory to an a-agostic transition state which thus
support the more "conventional" Cossee-Ariman mechanism.

Piers and Bercaw have reported19 that the OpSc(PMe3z)H-catalyzed (Op
= {(n°-CsMey)25iMes}) hydrocyclization of trans, trans-1,6-dz-1,5-hexadiene
gives rise to a 1:1.19 * 0.04 ratio of cis- and trans-dz-methylcyclopentanes,
implying a maximum kg /kp of 1.19(4) at 25°C. This number has since been
refined to a ky/kp of 1.225 (12) at 25°C through the use of improved 2H NMR
techniques.20 These results provide support for an a-agostic transition state
as shown in scheme 1.
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As shown in scheme 1, addition of achiral o,w-diene to achiral OpScH yields
precisely a 50:50 mixture of R- and S-1,6-d;-5-hexenyl-1-scandium complexes.
Due to ring strain there should be a strong preference for cis fusion of the
pseude 4,5 ring system in the transition state for olefin insertion.24:25 Face
selection for insertion of the pendent olefin then depends on whether H or D
occupies the a-agostic position. If an a-agostic interaction assists olefin
insertion into the Sc-C bond, the expected preference for H to occupy the
bridging position, based on the lower vibrational frequencies for agostic vs.
terminal C-H bonds, leads to an excess of the R,R (trans) (and S,S (trans)) over
the R,S (cis) (and S,R (cis)) products. In a similar experiment, a (kg/kD)max =
1.21 £ 0.05 was measured for the corresponding hydrocyclization of
1,7-d>-1,6-heptadiene to a mixture of cis- and trans-d>-methylcyclohexanes.
Additional experiments by Bercaw provide further support for the
presumption that the partitioning of stereochemistry is due to a kinetic
deuterium isotope effect operating at the o methylene of the
[OpScCHDCH,CH;CH;CH=CHD)] intermediate (Table 1): (1) the trans:cis ratio
varies in a normal enthalpic manner with temperature [1.07(3):1 at 120°C,
1.225(12):1 at 25°C, 1.26(3):1 at -10°C]; (2) hydrocyclization of
cis,cis-1,6-d2-1,5-hexadiene affords a ratio of 1.179(6):1, indicating that
insertion of pendant olefin is not influenced by the geometry about its double
bond; (3) trans-1-di-1,5-hexadiene gives the same trans:cis ratio of 1.258(2):1
with the single deuteron partitioned equally (*H NMR) between the methyl
and ring positions of the d;-methylcyclopentane product; (4)
deuterocyclization of trans,trans-1,6-d2-1,5-hexadiene yields
tetradeutero-methylcyclopentane C with trans,trans to cis,cis ratio of products

equal to 1.14(1):1 (Figure 3).
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CHD, CH,D
D
b)
C p P

Figure 3: Possible products of deuterocyclization of
trans,trans-1,6-d;-1,5-hexadiene.

Deuterocyclization of cis,cis-1,6-d2-1,5-hexadiene affords C with trans,cis to
cis,trans ratio of products of 1.20(1):1; (5) deuterocyclization of 1,5-hexadiene
yields D with less than 2% deuterium incorporation at the tertiary (1
position), indicating that B H elimination does not compete with
hydrogenation of the (cyclopentylmethyl)scandium intermediate.

An acyclic version of Grubbs' original experiment has been performed
by Brintzinger22 with zirconium catalysts and by Bercaw 1920 with scandium
catalysts as shown in figure 4.

D
H,
RN -
D Catalyst
CH,D

Catalyst = Cp,ZrCl,/ MAO or [OpSc(H)PMe 4]
Figure 4: Hydrodimerization of trans-1-di-1-hexene.

Brintzinger obtained a (kH/kD)max = 1.30(3): 1 for the hydrodimerization of
trans-1-d-1-hexene with Cp2ZrCl,/MAO to a mixture of erythro- and
threo-5-methyl,6-d;-5-methylundecanes and Bercaw observed a similar ratio
of 1.27(1):1 for the same experiment except with OpSc(PMe3)H as the catalyst.
Once again, the excess stereoisomer may be rationalized on the basis of the
favored transition state with H occupying the a-agostic position and alkyl
substituents in the sterically preferred anti arrangement,26 as shown below.



o1 - g
\R /CSHH \ R /H
/C‘lunD ',’C\"I"CSI_II].
OopSc. OopSc..
\\s / l"ll \\\ / C P
/ﬁ C4Hy é@- a9
L D i n D i
slightly favored slightly disfavored

Figure 5: Transition states for trans-1-di-1-hexene hydrodimerization.

Brintzinger has also observed a deuterium isotope effect in the molecular
weight of polypropylene obtained from the polymerization of E and Z
propylene with ethylenebis(tetrahydroindenyl)zirconiumdichloride/ MAO?21
as shown in figure 6.

D D
CH,3
—/ [EBTHI]ZCl,/ MAO
D
D 132
CHy; H; CH;
kH/kD = ~13 / 1
D D D
D CH; [EBTHI]ZrCl,/ MAO N
\_—_—_/ > 94

CH; CH; CH;
Figure 6: Isotopic perturbation of molecular weight of polypropylene.

All of these experiments discussed above provide support for an a-agostic
transition state as described by the modified Green-Rooney mechanism.

There is also substantial evidence which contradicts the notion of an a-
agostic transition state. In Grubbs' original report,13 no isotopic perturbation
of stereochemistry was observed for the Lewis-acid promoted cyclization of
(n°-CsHs)2 Ti(Cl)(CHDCHCH2CH,CH=CHy). Also, Brintzinger has reported
that no kinetic deuterium isotope effect accompanies the hydrocyclization of
1,6-d>-1,5-hexadiene using the zirconocene dichloride/methylaluminoxane
catalyst system.22 Even those using computational methods to probe for
a-agostic assistance have reached differing conclusions: it is supported by
some recent calculations,?”2% but not others.3031
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In view of these seeming ambiguities concerning whether or not
a-agostic assistance is a general feature of chain propagation for Ziegler-Natta
polymerization of olefins, it is clear that additional experiments are necessary.
This work will be directed at further probing the generality and importance of
a-agostic interactions in Ziegler-Natta catalyst systems. Part 1 will describe the
study of a-agostic interactions in other organoscandium and organoyttrium
catalysts using the stereochemical probe developed by Grubbs. Part 2 will
describe the study of an isotope effect which was observed during the course
of some control experiments involving the hydrogenation of labeled
methylenecyclopentane with OpSc(PMes)H.

Part 1: o-Agostic Assistance in Ziegler-Natta Catalysis.

II. Results and Discussion:

In addition to OpSc(PMe3)H, a variety of organoscandium and
organoyttrium hydrides are effective catalysts for the hydrocyclization of
1,5-hexadiene, effecting several hundred turnovers. By using
trans,trans-1,6-d2-1,5-hexadiene as substrate and examining the trans:cis ratio
of dideutero-methylcyclopentanes, i.e., the stereochemical probe described by
Grubbs and coworkers,13 "deuterium isotopic perturbation of
stereochemistry,” has been adapted to the catalyst systems shown in scheme 2.

12
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H
G — 2t =
Z MH]
A
+[M-H] i H, |- [M-H]
s M]

(IM-H] = OpSc(PMes)H, meso-DpScH, [BpYH],, (Cp*SiNR)(PMe;)ScH)

o~ —

PMe / : \ E -
Me251 / 3 - /

\H MeZSl SC‘H

L 42
OpSc(PMezH meso-DpScH
ME3Si h
\ - PME3
Me,Si Y<
% H/ i \N _SiMe,
MesSi Me,Si \N PMe; \
CM€3
Me3C
- 42
[rac-BpYH], [(Cp*SiNR)(PMe3)Sc](1,-H)»

Scheme 2: Hydrocyclization of 1,5-hexadiene with various Group III catalysts.

Isotopic perturbation of stereochemistry, in support of an a-agostic
transition state, is observed for the hydrocyclization (25°C) of deuterated
1,5-hexadienes with these other catalysts as well: [DpScH]2 hydrocyclizes
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trans,trans-1,6-d>-1,5-hexadiene to a mixture of trans- and
cis-da-methylcyclopentanes (61%) (trans:cis = 1.203(7):1) and 1,6-d-n-hexane
(39%);32 [(Cp*SiNR)(PMe3)Scla(u-H)2 produces trans- and
cis-d-methylcyclopentanes (98%) (trans:cis = 1.209(15):1) and 1,6-d2-n-hexane
(2%).

Further evidence for a-agostic assistance in the transition state for C-C
bond formation with these scandium catalysts has been obtained for the
related hydrocyclization of 1,6-heptadiene and for the hydrodimerization of
a-olefins. Although acyclic hydrogenation competes more effectively with
hydrocyclization for longer chain a,w-dienes, reaction of
trans,trans-1,7-d»-1,6-heptadiene with OpSc(PMe3)H under an Hz atmosphere
yields 1,7-dz-n-heptane (ca. 40%) and a 1:1.12(1) mixture of trans- and cis-d»
-methylcyclohexane (ca. 60%). The reversal of the trans:cis ratio for the
methylcycloalkane product is consistent with the expectation that face
selectivity for pendant olefin approach would be opposite to that for
formation of the five-membered ring. The developing six-membered ring
adopts a chair-like conformation, and the pseudo bicyclic transition state is
now trans fused. Thus, as shown in scheme 3, preferential H in the a-agostic
position leads to the cis isomer.



>50% cis <50% trans

>50% cis <50% trans
Scheme 3: Origin of isotopic perturbation of stereochemistry in
trans, trans-1,7-d>-1,6-heptadiene hydrocyclization.

15



16

Deuterium isotopic perturbation of stereochemistry is also indicated by
some preliminary experiments for the highly iso-specific catalyst system
derived from [BpY]z(u-H)2.33 Using rac-[BpYH]> as catalyst, hydrocyclization
of trans,trans-1,6-d>-1,5-hexadiene vields a 1:1.28(1) trans:cis ratio of
dz-methylcyclopentanes, whereas with cis,cis-1,6-d2-1,5-hexadiene a
non-reciprocal ratio of 1.54(1):1 is obtained. Deuterocyclization of
1,5-hexadiene with [BpY]2(u-H)2 yields a 1.40(1):1 ratio of trans:cis
3-d1-methyl-d1-cyclopentane, approximately the geometric mean (1.40(1)) of
these trans:cis ratios. As discussed by Brintzinger and Krauledat,22 such
deviations from mutual reciprocity may be taken as evidence of o-agostic
stabilization of the transition state for C-C bond formation. Whereas
application of the test for deuterium isotopic perturbation of stereochemistry
for chiral catalysts is less straightforward than for achiral ones due to the
simultaneous operation of enantiofacial selectivity of the ligand system and
the a-agostic influence, these preliminary results do suggest the a-agostic
transition states for the BpY-R catalysts system shown in figure 7:

H IR 5‘1 H }'I
Y. Y.
H\—-\" \C’sC H_\-\" \C‘:C
C ;o C ;o
H H
Me3Si\q/,i_ﬂj,Z< Meg,Sl\//Q<
most favored less favored

Figure 7: Presumed a-agostic assisted olefin insertion into BpY-R.

In the case of C; symmetric isospecific catalysts like [BpYH]>, an a-agostic
interaction may serve two different roles in controlling the properties of the
resulting polymers. First of all, the interaction may lower the transition
energy required for olefin insertion as suggested by calculations.27-29 By
lowering the energy of olefin insertion relative to error mechanisms and
chain termination steps such as B-H elimination, enantioselectivity and

molecular weight may be improved. Secondly, the a-agostic interaction may



serve to orient the two remaining substituents on the a. carbon toward the
cyclopentadienyl rings. The preferred orientation should be such that the
smaller hydrogen atom of the growing alkyl is directed toward the tert-butyl
group of the upper ring, while the larger polymer fragment, P, is pointed into
the open region between the tert-butyl and trimethylsilyl groups of the lower
ring. The cooperative effects of the substitution pattern of the Bp ligand in
conjunction with the a-agostic interaction thus provide an attractive
explanation of the remarkable iso-speciﬁcity34 of the BpY-R catalyst system.
The table below summarizes the observed ratio of products for a
number of different substrates with four different Group III catalysts. Each of
these experiments described in table 1 shows an isotopic perturbation of

stereochemistry in support of an a-agostic transition state for olefin insertion.

17
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substrate catalyst trans:cis ratio
0 NP OpSc(PMes)H/H; 1.225(12):1
D OpSc(PMe3)H/H; 1.179(6):1
NN
D
D/\/\/\ OpSc(PMe3)H/H; 1.258(2):1
i S Ve D OpSc(PMe3)H/Dz 1.14(1):1
D OpSc(PMe3)H /D> 1.20(1):1
W
D
X OpSc(PMe3)H/D, 1.07(2):1
e Y aWa Nty [DpScH]z/Ha 1.203(7):1
D/\/\/\/D (Cp*SiNR)Sc(PMe3)H /Hj 1.209(15):1
e Y Ve U [BpYHL/H; 1:1.28(1)
D [BpYH]L/Hz 1.54(1):1
M
D
A S [BpYH]>/D> 1.40(1):1
D/\/\/\ OpSc(PMe3)H/D> 1.27(1):1
" NN | OpScPMes)H/H; 1:1.12(1)

Table 1: Product ratios for various substrates with Group III catalysts.

III. Conclusions from Part 1: These results provide further evidence for the
"modified Green-Rooney" pathway10'12 for chain propagation with these
Ziegler-Natta systems. Moreover, they suggest a rationale for the apparent
requirement that active bis(cyclopentadienyl)metal catalysts be 14-electron
alkyl derivatives with two vacant orbitals: one to accommodate the

in coming olefin, another for the a-agostic interaction. Thus, transition state
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II, rather than transition state I, as shown in figure 8, is supported by our
results.

— H....a0Y 1%
2 CHLP H
N i __SaCH,P
Cp 1,,, ’,' |‘ CP 1,'1 ,’C“
UMLL R ML R
L Tic=H v TsC=H
CP \‘ ’/C Cp \‘ " C
i i
| Hyg ] | Hp i
I 1

Figure 8: Two possible transition states for olefin insertion into a metal-alkyl.

The a-agostic interaction in the transition state of olefin insertion may be
responsible for the remarkable stereoselectivities of many Ziegler-Natta
catalyst systems since it may restrict the possible orientations of the polymer
chain such that it has a more significant impact on the orientation of the
inserting olefin.

On the other hand, the stereochemical test devised by Grubbs has not
always supported an a-agostic transition state. Indeed, his group found no
isotopic perturbation of stereochemistry for the Lewis acid-promoted
cyclization of CpTi(Cl)CHDCH>CH2CH,CH=CH). Brintzinger and Krauledat
likewise found a trans:cis ratio of 1.01(2):1 for the hydrocyclization of
trans,trans-1,6-d-1,5-hexadiene with the Cp2ZrCl,/MAO catalyst system.
These findings could be taken as evidence that o-agostic assistance is not
always required for C-C bond formation and may implicate transition state I
in figure 8.

Part 2. A hyperconjugative isotope effect in the hydrogenation of
methylenecycloalkanes.

IV. Results and Discussion:

In the process of carrying out some control experiments, Kéhn made
an interesting discovery.20 Originally it was assumed that 2,6-d>-
methylenecyclopentane, the presumed product of B-H elimination from
OpSc(PMe3)CHD(CsHgD), would be hydrogenated to 2,6-d>-
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methylcyclopentane without any isotope effect and thus the diastereomeric
ratio of the final product mixture would not be affected significantly if B-H
elimination occurred. It has been shown39 that B-H elimination is not
competitive with the intramolecular insertion, so this point should have
limited relevance to the issue of a-agostic interactions. However, the
hydrogenation of 2,6-d>-methylenecyclopentane by OpSc(PMe3)H afforded 2,6-
dy-methylcyclopentane in a trans:cis ratio of 1.17(3):1, a remarkably similar
ratio to the product of the hydrocyclization of 1,6-trans,trans-d>-1,5-hexadiene
with OpSc(PMe3)H (trans:cis ratio = 1.225(12):1).

generated
independently

trans:cis = 1.19(4):1 trans:cis = 1.17(3):1

Scheme 4: Isotopic perturbation of stereochemistry in the
hydrogenation of 2,6-d;-methylcyclopentane.

A small isotope effect is observed as well for the hydrogenation of 2,6-d3-
methylenecyclopentane with [DpScH]» (trans:cis = 1.04(1):1). No such isotope
effect is observed for the hydrogenation of 2,6-d>-methylenecyclopentane with
Rh(PPh3)3Cl (trans:cis = 0.99(1):1) or with Cp2ZrHCI (trans:cis = 1.01(1):1).

One possibility was that the scandium-methylcyclopentyl complex,
formed by insertion of methylenecyclopentane into a Sc-H bond, could B-alkyl



eliminate to form a scandium alkenyl complex. Insertion of the alkene into
the scandium alkyl could then go through an a-agostic transition state with
the same isotope effect as that for hydrocyclization as shown below.

/\/\/\/D
D X X
OpScH
H_ D
B-R elim. D /H
H OpSc—C
5 cyclization p
o-agostic p—
H
Hy
H, -OpScH
-OpScH
CH,D H,DC \/\/\CI'I D
2
D

trans:cis = 1.19(4):1
Scheme 5: B-alkyl elimination?

An experiment to test this hypothesis was devised based on the fact that
hydrocyclization of 1,5-hexadiene was found to produce a small amount of n-
hexane as well as methylcyclopentane. Therefore, if the hexenyl complex was
formed in significant quantities in the hydrogenation of
methylenecyclopentane, some n-hexane should be formed in addition to the
methylcyclopentane. The hydrocyclization of 1,5-hexadiene and the
hydrogenation of methylenecyclopentane, both with OpSc(PMe3)H, were
performed under identical conditions and the products were analyzed by G. C.

as shown below.36
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OpScHPMe,) PN
H,

>99.99% not observed
OpScH(PMe,)
PN NF NN
H,
98.62 % 1.38%

Figure 9: G. C. analysis of hydrogenation of methylenecyclopentane
and hydrocyclization of 1,5-hexadiene.

Since no hexane forms during methylenecyclopentane hydrogenation, the
hexenyl species is ruled out as an intermediate in this reaction. Therefore, it
is assumed that ring opening via B-alkyl elimination does not occur to a
significant extent and is thus not responsible for the isotope effect observed in
the hydrogenation of 2,6-d>-methylenecyclopentane with OpSc(PMe3)H.

To explain the observed isotope effect for methylenecyclopentane
insertion into the Sc-H bond, a B-hyperconjugative transition state is
proposed. The effect is observed for scandium presumably due to the positive
charge buildup at the f-carbon of the inserted olefin.1# This positive charge
can be stabilized by hyperconjugative donation from the B C-H orbital to the
B-C = orbital as shown below.

I. Favored: trans product II. Disfavored: cis product

Figure 10: Hyperconjugative transition state for methylenecyclopentane
hydrogenation.



The C-H bond is predicted to stabilize the transition state more than the C-D
bond resulting in a preference for transition state I above. Wilkinson's
catalyst does not show an effect presumably due to the less polar nature of the
transition state of olefin insertion for rhodium.37 The fact that CpZrClH is a
16 e~ complex, which may be less polar than the presumed 14 e- OpScH, may
be the reason that no effect is observed in that case.

Further support for a B-hyperconjugative mechanism in the
hydrogenation of methylenecycloalkane hydrogenation is provided by the
hydrogenation of 2,7-d>-methylenecyclohexane with OpSc(PMe3)H. Based on
our proposed a-agostic and B-hyperconjugative transition states, 2,7-dp-
methylenecyclohexane hydrogenation with OpSc(PMe3)H is predicted to yield
the opposite ratio of diastereomers than trans,trans-1,7-d>-1,6-heptadiene
hydrocyclization. As predicted for a f-hyperconjugative transition state, the
hydrogenation of 2,7-d;-methylenecyclohexane with OpSc(PMe3)H yielded
1,7-d; -methylcyclohexane with an excess of the trans diastereomer (trans:cis =
1.078(4):1) which is in contrast to the trans:cis ratio of 1:1.12(1) observed for
trans,trans-1,7-d»-1,6-heptadiene hydrocyclization with OpSc(PMes)H.

I. Favored: trans product II. Disfavored: cis product

Figure 11: Hyperconjugative transition state for methylenecyclohexane

hydrogenation.

Again, the favored transition state has a § C-H bond available for
hyperconjugative donation to the B-C of the inserting olefin. Since the
observed effect for methylenecyclohexane hydrogenation is the opposite of
the effect for 1.6-heptadiene hydrocyclization, we conclude that this -
hyperconjugative effect is different than the o-agostic isotope effects. In the
case of 5-methylene,6,12-dy-undecane hydrogenation with OpSc(PMe3)H, no
isotopic perturbation of stereochemistry is observed. This also is in contrast
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to the hydrodimerization of 1-d1-1-hexene with OpSc(PMe3)H to form
5-methyl,6,12-dj-undecane in which there is a erythro:threo ratio of 1.27:1.
The magnitude of the observed B-hyperconjugative effect appears to correlate
with the rigidity of the ring system. In the case of methylenecyclopentane, the
5 membered ring must fix the orbitals in such a way to provide good overlap.
With less strained rings and with acyclic systems, the B-C will be increasingly
free to rotate such that the 6 membered ring of methylenecyclohexane has

only a small effect and the acyclic case, 5-methyeneundecane, results in no

observable isotope effect. A table of methylenecycloalkane hydrogenation
with different catalysts is shown below.

Substrate catalyst trans:cis ratio
D _H OpSc(PMe3)H/H> 1.17(3)
D
H
"o [DpScH], /H; 1.04(1):1
"o (PPh3)3RhCl /H> 0.99(1):1
"o Cp2ZrHCl/ HCl 1.01(1):1
OpSc(PMe3)H/H> 1.22(3)
D
H
D _H OpSc(PMes)H/H> 1.078(4):1
| D
H
D OpSc(PMe3)H/H> erythro:threo
1.03(1):1

D H

Table 2: Product ratios for methylenecycloalkane hydrogenation

with various catalysts.




V. Conclusions from Part 2:

The observed isotope effect for the hydrogenation of labelled
methylenecycloalkanes with OpSc(PMes)H is presumed to arise from a B-
hyperconjugative transition state and supports the idea that the transition
state in these catalyst systems are polarized with positive charge buildup at
the B-carbon of the transition state for olefin insertion. The fact that the
observed effect for methylenecyclohexane hydrogenation is opposite of the
effect for 1,6-heptadiene hydrocyclization shows that this B-hyperconjugative
effect is different than the observed a-agostic effects.



26

Experimental Section
All air or moisture sensitive chemistry was performed using standard high
vacuum line, Schlenk, or drybox techniques?’8 under a nitrogen or argon
atmosphere. All gases were purified with MnO on vermiculite and activated
molecular sieves. Solvents were stored in vacuum transfer flasks over
titanocene3? or sodium benzophenone ketyl. CH>Cl, was stored over CaHjs.
All olefins were dried over molecular sieves and stored over CaH> or sodium
sand. OpSc(PMe3)H, 40 [(Cp*SiNR)Sc(PMes)H],,41 and [BpYH]»%2 were
prepared as described previously. Unless otherwise mentioned, all chemicals
were purchased from Aldrich and used as received.

[DpScCl]a. Toluene (100 ml) is vacuum transferred onto Lisz‘l2 (6438 g,
20.57 mmol) and ScCl3-3THF (7.56 g, 20.57 mmol) in a 250 ml R.B.F. attached
to a reflux condenser and Teflon needle valve. The reaction is refluxed under
argon for 36 hours resulting in a cloudy white suspension. The volatiles are
removed under vacuum and the flask is switched to a swivel frit assembly.
Et20 (100 ml) is vacuum transferred onto the solid and the product is
extracted with 3 X 100 ml Et;O at 25°C. All volatiles are removed under
vacuum and the white solid is washed with 3 X 50 ml petroleum ether; 5.75 g
(73.9%). TH NMR (CD»Clp) .5 s (3H), .8 s (3H), 1.2 s (18H), 6.3 m (2H), 6.5 m
(2H), 6.7 m (2H).

DpSc(CH3SiMej). Toluene (100 ml) is vacuum transferred onto [DpScCl],
(4.75 g, 12.55 mmol) and sublimed LiCH>SiMe3 (1.20 g, 12.55 mmol) in a
swivel frit assembly. The reaction is stirred at RT for 40 hours. Volatiles are
removed under vacuum and the product is extracted with petroleum ether
(75 ml x 3). The product was cooled to -78°C to precipitate the product as
yellow crystals; 3.12 g (58%). 1H NMR (CgDg) .3 s (3H), .5s(3H), .8 m (2H), 1.1
s (18H), 1.0 s (9H), 5.3 m (2H), 5.8 m (2H), 7.0 m (2H).

[DpScHI2.43 A thick walled glass reactor was charged with DpSc(CH2SiMe3)
(0.500 g, 1.16 mmol) and petroleum ether (10 ml). The reactor was evacuated
at 77° K and filled with H> (1 atm). The reactor was warmed to 25°C and is
stirred at 25°C for 12 hours resulting in a white suspension. The suspension
is transferred to a frit assembly and the white solid is filtered, washed with



27

cold petroleum ether and dried; 0.24 g (60%). 1H NMR (Cg¢Dg) .2 s (3H), .8 s
(3H), 1.2 s (18H), 6.3 m (2H), 6.7 m (2H), 7.3 m (2H).

1,6-d>-1,5-hexadiyne. A mixture of 1,5-hexadivne (3.0 g. 38 mmol), KoCOz (2.3
g, 17 mmol), D2O (20 g, 1 mol), and diglyme (20 mL) was stirred for 20 hours at
25°C. The organic layer was separated. All > 10 mm Hg volatiles were
condensed onto mol sieves (4 A) and then transferred to a CaH; vacuum
transfer flask; 2.6 g (86%), 96% isotopic purity.

trans,trans-1,6-dz-l,s-hexadiene.40 1,5-hexadiyne (Lancaster) (24.8 mL, 256
mmoles) was vacuum transferred onto a stirred solution of CppZrHCI44
(132.5 g, 512 mmoles) in CH2CI2(600 mL). The reaction was warmed to 0°C in
an ice water bath and the resulting suspension was stirred for 2 hours at 0°C
forming an orange solution. All volatiles were removed at 25°C and high
vacuum. 500 mL of diglyme were added forming a yellow suspension. About
20 mL of diglyme were removed at high vacuum to remove traces of CH,Cl».
A solution of D>O (11g, 549 mmoles) in diglyme (100 mL) was added over 20
minutes via syringe forming a white suspension. 40 mLs of solution are
vacuum transferred to a cold trap. 5 torr of Ar are admitted and all RT
volatiles are vacuum transferred to mol sieves. The clear colorless liquid is
distilled from CaHj into a vacuum transfer flask with LAH; 24.3 g (80%).

trans-trans-1,7-d2-1,6-heptadiene was prepared analogously with 1,6-
heptadiyne (Lancaster), Cp2ZrHCl (2 equivalents) and hydrolysis with D20
(2.1 equivalents).

cis-cis-1,6-d2-1,5-hexadiene was prepared analogously with 1,6-d>-1,5-
hexadiyne, Cp2ZrHCI (2 equivalents) and hydrolysis with H2O (2.1

equivalents).

trans-1,6-d1-1-hexene was prepared analogously with 1,6-hexyne, Cp2ZrHCI (1
equivalent) and hydrolysis with D20 (1.05 equivalents).

2,6-d>-methylenecyclopentane. Dry trans,trans-1,6-d2-1,5-hexadiene (8.4g, 100
mmol) was condensed onto OpSc(PMe3)H (20 mg, 0.044 mmol) and stirred at
25°C for 24 hours. All volatiles were vacuum transferred to a CaHj pot.



2,7-d2-methylenecyclohexane was obtained analogously from trans,trans-1,7-
d2-1,6-heptadiene and OpSc(PMe3)H.

Hydrogenation of methylene cycloalkanes with OpSc(PMe3)H or [DpScH];. In
a dry box, approximately 10 mg of OpSc(PMe3)H or [DpScH], were placed in a
~100 ml thick walled glass bomb with a Teflon needle valve attached to a
standard taper joint. ~100 equivalents of olefin were added by vacuum
transfer at 77°K. Hydrogen gas (1 atmosphere) was then admitted into the
bomb and allowed to cool to 77°. The bomb was rapidly warmed to 25°C,
resulting in a Hj pressure of ~4 atm., while being physically agitated. After
several hours, the bomb was again cooled to 77°C and degassed after which all
volatile products were removed by distillation and analyzed by NMR and G.
C. for purity. If necessary, the products were further purified by preparative
GC.

Hydrogenation of 2,6-d;-methylenecyclopentane with RhCl(PPh3)s.
Hydrogenation was carried out in benzene as described previously."‘5 Volatile
products were removed by distillation and analyzed by NMR.

Hydrogenation of 2,6-d>-methylenecyclopentane with Cp>ZrHCl. CH>Cl, (10
ml) is vacuum transferred into a 50 mL schlenk flask containing CpyZrHCI
(1.196 g, 4.6 mmol) and the solution is warmed to RT, 2,6-d>-
methylenecyclopentane (.5 mL, .46 mmol) is added, and the solution is stirred
at RT for 10 hours. All volatiles are removed from the resulting yellow
solution and 10 mL of diglyme are added via cannula. HCl (1 ml, 50%(aq)) is
added at RT and the reaction is stirred for 20 minutes. H>O (10 mL) is added
and the organic layer is separated. Under 5 torr Ar, the volatiles are vacuum
transferred to a cold trap. Yield = 0.4 ml.

TH NMR spectra were recorded on a Bruker AMS500 (500.13 MHZ)
spectrometer, a Joel GX-400 (399.7 MHZ) spectrometer, and a G.E. QE300
spectrometer.

2H{1H} NMR spectra46'47 were recorded exclusively on the Bruker AM500
(76.774 MHZ) spectrometer using a 10mm broadband probe. Approximately
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10uL of CgDg was used to lock and shim. By locking and shimming on the
sample before accumulation, excellent resolution was obtained. The natural
field drift was corrected by watching the change in chemical shift of a standard
cver a ten minute period and iteratively changing the drift correct setting
until the chemical shift remained unchanged after a period as long as 30
minutes. By using concentrated samples, shimming on the actual sample,
and correcting for drift, excellent spectra with very narrow line widths were
obtained. Integrations were taken a number of different times for each of
several different accumulations. The Ti's were on the order of 2 seconds so
13 seconds between pulses was sufficient to obtain integrable spectra.

Gas Chromatography. All analytical G.C. data was obtained on a Perkin Elmer
Model #8410 gas chromatograph with a Flame Ionization Detector and a RSL-
150 (Alltech) column. Preparative G.C. was performed on a Varian 920 gas
chromatograph with a Thermal Conductivity Detector and a 80/100 mesh
carbowax column at 70°C. All G.C. standards were purchased from Aldrich.
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CHAPTER 2
THE DEVELOPMENT OF NEW Cg SYMMETRIC CATALYSTS FOR
THE SYNDIOSPECIFIC POLYMERIZATION OF o-OLEFINS.

Abstract:

A new class of Group IV metallocene catalysts is presented for the
syndiospecific polymerization of propylene. These catalysts incorporate what
are thought to be the key characteristics of syndiospecific metallocene
catalysts: Cs symmetry and rigidly linked cyclopentadienyls of greatly
differing size. However, preliminary attempts to develop new
syndioselective catalysts have suggested another important characteristic: a
pocket in the larger moiety to avoid undesirable steric interactions between
the ligand framework and coordinated olefin. In order to accommodate this
constraint, a doubly bridged ligand system with a 1,3-dialkylcyclopentadienyl
was chosen. The ligand system (I), the catalyst precursor (II), and the proposed
transition state for olefin insertion (IIT) are shown below.

R’ 1]
. . Zr LZrhg
Me,Si SiMe, C1T 1 ™l s 1.
' - iPr @ iPI' iPr lgﬁ iPr
Pr Pr I CH;
I I

R' =H, iPr, tBu, TMS

These metallocenes, in the presence of a cocatalyst (MAQO), react rapidly with
neat propylene to form highly syndiotactic polypropylene. This is the first
example of a stereospecific doubly bridged olefin polymerization catalyst and
is the first example of a highly syndiospecific polymerization catalyst not
based on a fluorenyl like ligand. This catalyst system is also very versatile
since straightforward changes at R’ and in the reaction conditions lead to
dramatic changes in the polymer microstructure. For example, in the case of
R' = CH(Me)('Bu), highly isotactic polypropylene is obtained at low propylene
concentration. These catalysts should provide an excellent platform for
mechanistic study and may be important industrially.
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I. Introduction:

The polymerization of olefins using homogeneous Ziegler-Natta
catalysts has created tremendous interest in the past 15 years.|"4 Industrially,
this interest has arisen from the very high activity and productivity of these
systems as well as the favorable economics of transforming inexpensive
olefins, such as ethylene and propylene, into useful polymers. To the
organometallic chemist, however, the most interesting aspects of Ziegler-
Natta catalysis are the relationship between a catalyst's structure and its
function, the mechanism of polymerization, and the mechanism by which
errors occur. Despite a broad and intense effort, the design of new catalysts is
still largely trial and error, and a number of mechanistic questions remain
unanswered.

Historically, the best Ziegler-Natta catalysts were multi-component
heterogeneous mixtures of transition metal halides, alkyl aluminums and
Lewis bases. As a result of the ill defined nature of these systems, the
development of new heterogeneous catalysts has proceeded with limited
understanding of the mechanism of operation of the catalysts. The discovery
of homogeneous catalysts based on metallocenes® has allowed for a much
better understanding of the mechanism of these important reactions and for a
more rational development of new catalysts. The active catalyst species for
Ziegler-Natta polymerization all share the trait of having at least two vacant
orbitals as discussed in chapter 1. In the case of early transition metal
metallocenes, the active species is a 14 e-, d0 alkyl. For the catalysts based on a
linked Cp/ amido ligand, the active species is believed to be a 12 e, d0 alkyl.
The group IV catalysts are typically cationic® while the Group III metallocene
catalysts are typically neutral.” The Group IV cations require a
noncoordinating anion such as methylaluminoxane (MAO)>8 or
perfluorophenylborate59'10 to be active polymerization catalysts. Catalysts
with Group IV metals are often extremely activel and are therefore very
important industrially. The Group III neutral catalysts are much less activell
than their group IV counterparts, but they do not require a cocatalyst and are
thus well suited to mechanistic studies.12/13

There is a clear relationship between the structure and function of
Ziegler-Natta metallocene catalysts for olefin polymerization.9 For example,
most achiral catalysts, such as zirconocene dichloride, in the presence of an
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activating species, such as MAQO, react with propylene to form atactic
polypropylene, an amorphous solid with few uses. ]

\’CP/‘ . @ Me Me Me Me
—_—

n
< &)7 (5 Atactic Polypropylene

Figure 1: Aspecific polymerization with Czy symmetric metallocenes.

Most C2 symmetric metallocenes!4/13 react with propylene to form
isotactic polypropylene which is a hard translucent material with numerous
applications. The prototypical example of a C2 symmetric, isospecific catalyst
is the ethylene linked bis(tetrahydroindenyl)zirconium dichloride catalyst16
as shown in figure 2. The degree of isospecificity of these catalysts depends on
a number of factors. The origins of deviation from purely isotactic polymer
formation are poorly understood since there are a variety of possible error
mechanisms which will be discussed later in detail.

Me Me Me Me
activator propylene /Q\)\)\)\%

-—Zr-Cl——> Re=7rt ———»

Cl
d? ﬁ Isotactic Polypropylene

Figure 2: Isospecific polymerization with C; symmetric metallocenes.

A number of C; symmetric metallocenes!7-2] have been prepared.
Several of these chiral catalysts react with propylene to form isotatic
polypropylene. A few C; symmetric catalysts react with propylene to make a
material which does not fit the definition of purely atactic, isotactic or
syndiotactic.22 The microstructure of these polymers has been described as
hemi-isotactic indicating that it is like isotactic polymer except that every

other methyl group is randomly oriented.23
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Cl=Zr =Cl—>= Ci=Zr=Cl
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Figure 3: Polymerization with C; symmetric catalysts.

This assignment is currently in dispute, however, and Razavi?4 has proposed
an alternative assignment of very short stereoblocks of syndiotactic and
isotactic polypropylene as shown in figure 4.

Syndiotactic Isotactic Syndiotactic
Al A A

r N\ =\ 4 \

L I I S O O I
| | [

Figure 4: Microstructure of polymer from some C; symmetric catalysts.

A number of Cs symmetric catalysts have been prepared as well
although far fewer than the C; symmetric catalysts. The prototypical
syndiospecific polymerization catalyst is the Cs symmetric, isopropylidene
linked fluorenyl cyclopentadienyl ligand ({PrFICp) developed by Ewen and
Razavi.l0 Catalysts based on this ligand, with Group IV metals and a suitable
activating species, generate highly syndiotactic polypropylene which is a hard,
transparent material. Syndiotactic polypropylene had not been used
extensively due to processing difficulties, but has recently been produced on a
large scale and used as a blend with isotactic polypropylene.25
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Figure 5: Syndiospecific polymerization with Cs symmetric metallocenes.

Despite the apparent simplicity of these fluorenyl based ligands, the
development of new syndiospecific catalysts not based on fluorenyl has been
unsuccessful. The two obvious characteristics of the current successful
syndiospecific catalysts are Cs symmetry and ligands of greatly differing size as
shown schematically in figure 6.

Cs

| Bigligand |

M

|

Small
ligand

Figure 6: Generic features of syndiospecific systems.

A number of different metallocenes have been prepared in the past which
would seem to be suitable catalysts for syndiospecific polymerization as they
are Cg symmetric and have ligands of greatly differing size. A table of catalysts
that fit these apparent criteria for syndiospecificity is given below; the catalysts
that are relatively syndiospecific are labeled with an ®.



(E)(L1)(L2)MCI; (M = Ti, Zr, Hf) / MAO + propylene —> polypropylene

Big ligand Small Linking | 13C NMR26 | Reference
L1 ligand (L2)| group (E)
10
@ Cp MexC rrrr] = 86%
Q Q [r] =96%
- 0 27
% CQQ Cp Phy,C [r] =97.5%
; - % 28
® QQQ Cp Me;Si [rr] =76.18%
: - o 28
CQQ Cp Ph,Si [rr] =74.45%
= % 28
QQQ Cp MesGe [rr] =65.46%
% | 'Bu O@Q By Cp MesSi | [rr] =64.95% 28
; = 29
Q@Q tBuN Mele [r] =.641
; 30
CQQ Cp none atactic
(.\ MeCp none [rrrr] = 11.2% 31
Q ‘Q [r] =582
% m Cp PhoC [rrrr] = 58% 25
® | ™S Q@‘ ™S Cp Ph,C [rrrr] =93.5% 25
\Q/ Cp Me,Si [r]= 62.3% 32
\Q Cp H,C [r] = 72.1% 32

Table 1: Some Cs symmetric polymerization catalysts.

As shown in table 1, the only syndioselective homogeneous catalysts to date
are those that contain a fluorenyl like moiety linked to a smaller moiety. The
important distinctions between these syndiospecific catalysts and the many



aspecific catalysts has yet to be fully established. A better mechanistic
understanding of this system is therefore essential in order to shed light on
the structural features of syndiospecific polymerization.

The guestions associated with the mechanism of syndiospecific systems
can best be understood by a comparison with C; symmetric isospecific systems
which have been studied more thoroughly. In both cases, the key interactions
are believed to involve the relative positions of the polymer chain, the olefin,
and the ligand framework. The proposed transition state for isospecific
polymerization is shown in figure 7:

Figure 7: Transition state for olefin insertion in isospecific systems.

In a C; symmetric catalyst, olefin insertion will occur with the same
stereochemistry whether the polymer chain is on the left or right side of the
metallocene wedge. An a-agostic interaction!? and the ligand framework
work together to orient the polymer chain such that it is down and away from
the top tetrahydroindenyl group. The inserting olefin approaches such that
the methyl group of propylene is directed up and away from the bottom
tetrahydroindenyl ligand and is in an anti orientation to the polymer chain
across the forming C-C single bond.3334 Both the polymer chain and the
ligand environment, therefore, work together to direct the methyl group of
the inserting olefin.

In syndiospecific systems, the key interactions are basically the same.
However, due to the Cs symmetry of the ligand framework, there are two
likely transition states for olefin insertion as shown in figure 8.
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Figure 8: Possible transition states for olefin
insertion in syndiospecific systems.

In both I and II, the a-agostic interactions and the sterics of the ligand system
work together to orient the polymer up and away from the fluorenyl in the
same manner as for the C; symmetric metallocenes. However, the methyl
group of the inserting olefin can either be directed up and away from the
fluorenyl in a syn orientation to the polymer chain (I) or down toward the
fluorenyl in an anti orientation to the polymer chain (II). These interactions
are contradictory so the actual transition state for olefin insertion is difficult
to establish. Calculations32 and experiment33f34 seem to support the idea
that the most important interaction is that between the polymer chain and
the methyl group of the inserting olefin. This would tend to favor transition
state II and disfavor transition state I. However, this remains an open
question.

Regardless of the transition state, it appears obvious that a requirement
for syndioselectivity with these catalysts is that the olefin insert from
alternating sides of the metallocene wedge. The mechanism by which this
alternation occurs has also yet to be established, but two possibilities will be
presented herein. The first mechanism is essentially the same as that which
was originally proposed by Ewen.10 It simply involves a migratory insertion
mechanism in which the olefin inserts before the pendant alkyl has a chance
to change sides. This mechanism is shown in figure 9.
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Figure 9: Ewen's migratory insertion mechanism.

Due to the Cs symmetry of the metallocene, insertion of propylene on the
right side of the wedge, as in I, generates an R stereocenter while addition of
propylene on the left side of the wedge, as in II, generates an S stereocenter.
The alkyl is presumed to switch sides after every insertion since the forming
M-C bond is always on the opposite side of the wedge from the breaking M-C
bond. The Cs symmetry of the metallocene and the fact that the olefin
insertion occurs at alternating sites work together to make syndiotactic
polypropylene. A potential source of errors in this system is site
isomerization, a process by which the stereochemistry of the metal center is
scrambled by a migration of the polymer chain in the absence of olefin
insertion. A single site isomerization would result in two identical insertions
in a row as shown in figure 10.
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Figure 10: Mechanism of site isomerization.

An alternative mechanism for syndiospecific polymerization is based
on the realization that the B-carbon of the polymer chain is chiral. Since the
metallocene is Cs symmetric, placing the same chiral group on either side of
the metallocene wedge will result in diastereomers which, by definition, are
different in energy. Therefore, A and B, as shown in figure 11, will be of
different energy since the S stereocenter is on opposite sides of the ligand
mirror plane.
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Figure 11: Importance of chirality at the polymer B-C.

If site isomerization is rapid, then the selectivity of the catalyst will be related
to the relative energies of the two diastereomeric transition states. In order
for this mechanism to produce syndiotactic polymer, the transition state for a
si insertion into an S alkyl (A) must be significantly favored over the
transition state for a re insertion into an S alkyl (B) and vice versa for
insertion into an R alkyl.

Another potential source of errors in both mechanisms is
epimerization. Epimerization is a process, facilitated by B-H elimination, by
which the stereochemistry at the B-C of the polymer chain is scrambled.
Epimerization has been implicated by Brintzinger and Busico as an important
mechanism of stereoerrors in isospecific polymerizations at low monomer
concentrations30-37 as shown in figure 12.
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Figure 12: Epimerization mechanism.

For clarity, this chapter is divided into two parts, both of which involve
syndiospecific Ziegler-Natta catalysts. Part 1 will present the attempted
synthesis of transition state analogs of syndiospecific catalysts using Group III
metallocenes. These complexes could be useful to both study the importance
of the alkyl group stereochemistry on determining the selectivity of these
catalysts and to probe the usefulness of Group III complexes as syndiospecific
Catalysts.38 Part 2 will present the development and synthesis of a new family
of syndiospecific catalysts that incorporate a double silicon bridge. These
catalysts show remarkable stereospecificity which can be tuned by
modifications of the ligand framework and by the reaction conditions.



Part 1: Transition state analogs for syndiospecific catalysts.

II. Results and Discussion:

The iPrFICp ligand was chosen as the ligand for the preparation of
transition state analogs with Group III metals. The initial target complex for
this study was to be a scandium or yttrium complex of iPrFICp with a chiral
alkyl and a Lewis base such as PMe3. The chiral alkyl group would have its
chiral center at the B-carbon to simulate a growing polymer chain and the
Lewis base would serve as a model for a bound olefin. If there is a significant
difference in the energy of the possible diastereomers A and B as shown in
figure 11, this would be reflected by a nonstoichiometric product distribution
as shown in figure 13. Since the products would be diastereomers of each
other, the product distribution could be measured by NMR.

Me g H Me

\? \ s
Sl L
/5 S\ M=Sc, Y

Me3P $ CE'IZ _e_q> H2C ,$ PMe3 R= l]?1', Ph, tBl.l

Figure 13: Target complexes.

Reaction of a hydride complex such as [({PrFICp)M-H], (M= Sc, Y) with a
prochiral olefin such as a-methylstyrene in the presence of PMe3; was
expected to be a useful route to these model complexes. Unfortunately,
attempts to synthesize [{PrFICp]ScH and [PrFICp]YH were eventually aborted
due to very poor solubility and subsequent poor reactivity of the key starting
materials, [iPrFICpScCl], and [{PrFICpYCl]n. The solubility problems with this
ligand on Group III metals led us to develop a more soluble ligand with a
cyclohexylidene linker. Using Ewen's approach to the ligand synthesis39 with
the substitution of pentamethylenefulvene for 6,6-dimethylfulvene, a
cyclohexyl linked ligand (CyFICp) was prepared on a large scale as shown in
figure 14.
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Figure 14: CyFICp (1) synthesis.

Reaction of Lix(CyFICp) with MCl3-3THF (M=Sc, Y) in toluene yields
(CyFICp)MCI(THF), which can be isolated as a base free dimer by dissolving
the solid in toluene and removing solvent in vacuo three times. Both
[(CyFICp)ScCl]; and [(CyFICp)YCl]; are soluble in benzene and can be alkylated
readily by reaction with LiCH(SiMe3); in toluene to yield (CyFICp)M-
CH(SiMe3)3.

MCl;3THF
Li,(CyFICp)

[(CyFICP)MCI], (CyFICp)MCH(TMS),

1A, M =5c 1B,M =S¢
1C, M =Y 1D, M=Y

Figure 15: Synthesis of (CyFICp)M-R (1B, 1D).

Both (CyFICp)Sc-CH(SiMe3)2 and (CyFICp)Y-CH(SiMe3)2 are active catalysts
for ethylene polymerization, but neither initiate propylene polymerization.
Numerous attempts to hydrogenate these catalysts to form a more active
hydride species under several different conditions resulted only in
decomposition. Also, attempts to synthesize other alkyl derivatives from the
[(CyFICp)M-Cl]> dimers also resulted in decomposition. One explanation for
the decomposition of the hydride species is that the aromatic C-H groups of
the fluorenyl or cyclopentadienyl ligand are activated by the highly Lewis
acidic metal centers. A precedent for this type of reaction is provided by the
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hydrogenation of Cp*CpSc(CHz3)(PMe3)*0 in which intermolecular C-H
activation of the ring occurs as shown in figure 16.

s, R

Cp*CpSc(CH;)(PMe;) +H, ——

2,

Figure 16: Reaction of Sc-R with unprotected Cp-H bonds.

S

Despite the failure of these (CyFICp)Sc-R and (CyFICp)Y-R complexes to
act as models for syndiospecific polymerization, insight can be gained toward
the design of new Cs symmetric ligands for Group III model complexes.
Future catalysts must avoid easily activated aromatic C-H bonds and must
have enough steric bulk to prevent intermolecular attack of the
cyclopentadienyl ligands. Since all homogeneous syndiospecific catalysts to
date have incorporated a fluorenyl ligand, in order to avoid aromatic C-H
bonds a new ligand not based on fluorenyl was needed. With these new
criteria in mind, a target molecule was chosen that incorporated a
bis(trimethylsilyl)cyclopentadienyl (BTCp) ligand as the bulky Cp moiety
linked to an unsubstituted Cp. The original strategy was to use an
isopropylidene linker since the isopropylidene-Cp group was expected to be
effectively larger than the TMS groups11 resulting in exclusively the 1,3,4
isomer as shown in figure 17. The 1,3,4 isomer would result in a Cs
symmetric complex while the 1,2,4 isomer would result in a C; symmetric
complex. The presumed resting states of the protonated ligands would have
both silicon groups on the same ring carbon atom 41
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Figure 17: Proposed BTCp ligands.

Unfortunately, the synthesis of these ligands proved exceedingly difficult, so a
silicon bridged approach was chosen instead of the isopropylidene bridged
approach. The deprotonation of BTCp and subsequent reaction with RySiCl
(R = Me, Et, iPr) was carried out as shown in figure 18 yielding mixtures of
isomers I and II.
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ch:].Sl Ty,

R,CISi
i
R=Me 63% 37%
R=Et 20% 80%
R=Pr 0% | 100%

Figure 18: Distribution of isomers in (BTCp)R2SiCl.

An increase in the size of the alkyl groups on silicon increases the ratio of II/I.
Since a silicon has to migrate in order to generate an acidic proton,‘n'42 the
Me3Si group of isomer I is expected to migrate to the 2 position relative to the
linking group while the Me3Si group of isomer II is expected to migrate to the
3 position relative to the linking group as shown in figure 19.

SlMes

1 4 SiMe3
SiMe; CpR )
CPRZSl ,,,,, > P 251 - BH CPRZSI
SiMe, SiMes Me,s 5
Resting state Acidic proton
. aMes SiMe; +B- 1 4 SiMe,
CpR2Si
CpRysi O SiMe; CpRysi ‘@ SiMe3_-B_H> pkas {) e
H ~_

Acidic proton

Figure 19: SiMe3 migrations in deprotonation reactions.43

Therefore, since isomer II generates a 1,3,4 and thus Cs symmetric substitution
pattern on the bulky ring, iPr;Si is the best choice for a linking group.
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Reaction of (BTCp)iPr2SiCl with NaCp and subsequent double deprotonation
with KN(TMS); yields exclusively the 1,3,4 isomer of the (BTCp)iPr,SiCp
ligand. This ligand has been given the trivial name "Hp."

SiMe 3 SiMe 3 - .
Me3 Si ") Me3 Si ) Me3 Si SiMe 3
+ Nan +2 KN(TMS) +2KN(IMS), g+, @
- N Cl - . i
l1’1.‘-—51“Pr . —== 'Pr ZNH(TMS)Z 'Pr W Gj —e 'Pr
: ©
"Hp"H, () K,Hp

Figure 20: Synthesis of HpH> (2) and K>Hp.

The reaction of KoHp with YCl3-3.5THF in tetrahydrofuran and subsequent
workup in ether and petroleum ether yields HpYCl which is presumed to be a
chloride bridged dimer.

Me;Si SiMe,
e e
YCl,-3.5THF SiMes |
N = l -—-_—_> 1
Pr Si Pr — .lPr o, \ /
K*, ipy =— Si \QY\CI/
O BN

Figure 21: Synthesis of [HpYCl] (2B).

The reaction of [HpYCl]> and LiCH(SiMe3); in benzene yields
HpYCH(SiMe3)2. Some preliminary alkene polymerization studies were
carried out and showed that HpYCH(SiMe3); is a very slow catalyst for the
polymerization of ethylene and is unreactive with a-olefins. Hydrogenation



of HpYCH(SiMe3); in C¢D12 yields [HpYH]2 which is clearly a hydride bridged
dimer as shown by a triplet!! at 2.40 ppm with Jy.iy = 33 Hz in the IH NMR.
Unfortunately, preliminary studies show that [HpYH]; does not catalyze o-
olefin polymerization.

In order to determine if further studies with Hp Group III complexes
would be relevant to the mechanism of syndiospecific polymerizations,
Group IV complexes with the Hp ligand were prepared. Since Group IV
complexes are typically more reactive than Group III complexes for a-olefin
polymerization, it was thought that the polymerization of a-olefins with
HpZrCl,/MAO should be relatively straightforward. Therefore, HpZrCl, was
synthesized by the reaction of K2Hp and ZrCly-2THF in tetrahydrofuran.

Me3 Si SiMe 3

SiMe 3

_ ZrCl,2THF SiMe;
Pr ss— o Pr e iPr ", \ wCl
TN

HpZrCl, (2A)
K,Hp P 2

Figure 22: Synthesis of HpZrCl; (2A).

Despite the fact that HpZrCl; appears to fit the key criteria for a syndiospecific
catalysts as mentioned previously, the polymerization of propylene with
HpZrCly/ MAO yields mostly atactic polypropylene. The 13C NMR spectrum
of the polymer obtained is shown below.
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Figure 23: 13C NMR of atactic polypropylene (2a) from HpZrCl, (2A)/ MAO.

X-ray quality crystals of HpZrCl, were obtained by recrystallization from hot
methylcyclohexane and the structure was determined by Larry Henling of the
Caltech X-Ray Crystallographic Laboratory. Two different views of HpZrCl
are shown in figures 24 and 25 and key bond distances and angles are given in
table 2.
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Figure 24: An ORTEP drawing of HpZrCl2 (2A) with 50% probability
ellipsoids showing the numbering system. Hydrogen atoms are not shown.
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Figure 25: An ORTEP drawing of HpZrCI2 (2A) with 50% ellipsoids showing
the asymmetry of the chlorine atoms. Isopropyl groups are not shown.



Distance(A)

Zr-Cl1 2.412(1)
Zr-CI2 2.435(1)
Zr-CpA(centroid) |2.217

Zr-CpB(centroid) |2.211

ZrC1 2.471(3)
Zr-C2 2.486(3)
Zr-C3 2.608(3)
Zr-C4 2.587(3)
Zr-C5 2.483(3)
Zr-Cé 2.484(4)
Zr-C7 2.473(4)
Zr-C8 2.557(5)
Zr-C9 2.553(5)
ZrC-10 2.498(4)
Si1-C1 1.880(3)
Si1-Cé 1.872(4)
Si1-Cl11 1.865(5)
Si1-C14 1.865(3)
Si2-C3 1.890(3)
Si3-C4 1.898(3)
C4-C9 5.055

C3-C8 4.774

C5-C10 3.823

C2-C7 3.302

Angle(®)

CpA-Zr-CpB 122.5
CpA-CpB dihedral | 119.0(2)
Cl1-Zr-CI2 100.5(0)
CpA-Zr-Cl1 111.0
CpA-Zr-C12 107.0
CpB-Zr-Cl1 110.2
CpB-Zr-CI2 103.0
Cé6-Si1-C1 93.7(1)
C2-C1-Sil 124.1(2)
C5-C1-Si1 127.2(2)
C7-C6-5il 125.7(3)
C10-C6-Sil 125.3(3)
C2-C3-5i2 119.6(2)
C4-C3-5i2 133.0(2)
C3-C4-5i3 131.4(2)
C5-C4-Si3 121.9(2)

Table 2: Selected bond distances and angles for HpZrCl, (2A)
(a complete table is provided in Appendix B).

The most notable feature of this crystal structure is the strong interaction
between the two trimethylsilyl groups as evidenced by the ~10° difference

between the C2-C3-Si2 and C5-C4-Si3 bond angles and the C4-C3-Si2 and C3-
C4-Si3 bond angles. The Cp rings are also twisted out of plane such that the

distance between opposite carbons on CpA and CpB vary dramatically. In a
typical ansa metallocene, the C4-C9 bond distance should be very similar to
the C3-C8 bond distance and likewise for C5-C10 and C2-C7. However, in
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HpZrCly, these distances differ by as much as 0.5A. This is likely due to non-
bonding interactions between the chlorines and the trimethylsilyl groups.
Another result of these interactions are the non-Cg symmetric orientation of
the trimethylsilyl groups as shown in figure 25.

Comparison of the crystal structures of [CyFICp]ZrCl,* and HpZrClp
sheds some light on the difference in selectivity of the two catalysts. The
fluorenyl moiety is a flat group which extends out in a plane with a small
pocket in the center of the front of the ligand while the trimethylsilyl groups
of bis(trimethylsilyl)cyclopentadienyl extend above and below the plane of the
cyclopentadienyl ligand completely filling the so called "pocket” that is
present in the fluorenyl.

Figure 26: Comparison between "pocket" of fluorene and (TMS)2Cp.

Thus, the insertion of olefin with the methyl group toward the larger ligand
would either be blocked or would be disfavored in the case of HpZrClo.
Assuming, therefore, that the insertion of olefins into HpZr*R is relatively
high in energy, error mechanisms such as epimerization or site isomerization
could now be competitive with olefin insertion, resulting in essentially atactic

polypropylene.

III. Conclusions from Part 1:

The apparent reactivity of the CyFICp ligand with Group III alkyls and
hydrides is presumed to make it unacceptable in these highly Lewis acidic
Group III complexes. The Hp ligand is certainly more suitable in terms of the
stability of hydride species but [HpYH]> unfortunately does not catalyze the
polymerization of a-olefins. Polymerization studies with HpZrCl,/MAO



gave only atactic polypropylene. Therefore, further studies with the yttrium
analogs were not carried out. The major conclusion to be drawn from this
work is that a new ligand system is necessary to carry out these kinds of
studies with group III metals. An additional criterion for syndiospecificity of
a pocket in the larger Cp is proposed to explain the aspecific polymerization of
HpZrCly.

Part 2: Development, synthesis, and reactivity of a new family of
syndiospecific catalysts.

IV. Results and Discussion:

Based on the results of part 1, a new catalyst system was sought for
syndiospecific polymerization of a-olefins. Due to the increased likelihood of
obtaining active catalysts with Group IV complexes, Group IV syndiospecific
catalysts were chosen as the preliminary goal. The target ligand would have
to incorporate a "pocket” in the larger ligand in addition to the previous
requirements of Cs symmetry and Cp ligands of greatly differing size. After
considering a number of disubstituted ligands, it became clear that it would be
difficult to find a 1,2 disubstituted Cp ligand with a pocket bigger than that of
fluorenyl. A 1,3 disubstituted cyclopentadienyl should therefore be preferable
since it provides a large pocket for the methyl group of an inserting
propylene. In order to maintain Cs symmetry with a 1,3-
dialkylcyclopentadienyl moiety, a double bridge is required as shown below.

T =
=S

Figure 27: 1,2-disubstituted vs. 1,3 disubstituted Cp ligands.

A number of doubly bridged Group IV metallocenes have been prepared in
the literature.25-47 All of these complexes have had either Cpy or Cz

58



symmetry. Brintzinger has prepared two different C; symmetric complexes as

shown below.
Me
Me
cl ClsiMe,

‘Zr a

9
X

M€2 Si MeZSi Cl ~7r Cl SiMEZ

¥

Me

O

Figure 28: Brintzinger's doubly bridged metallocenes.4”

b

Both of these complexes are active catalysts for the polymerization of
ethylene, but both have extremely low activity for propylene polymerization.
Brintzinger attributes this to bad steric interactions between the methyl
groups of propylene and the circled groups in figure 28.1 This result supports
the idea that a pocket is required for propylene insertion since there is no
pocket in either of Brintzinger's doubly bridged complexes.

With this in mind, a new catalyst system was designed. The two key
design criteria were the presence of a "pocket” in the larger moiety, which was
accomplished by using a 1,3-dialkylcyclopentadienyl, and an easily varied
alkyl group, which is R' in figure 29. A double dimethylsilyl bridge was
incorporated to maintain Cs symmetry. The general ligand and metallocene
design is shown below.
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R' R'
—a
Me,Si SiMe
Me,Si SiMe, 23 Z‘! ClpPYe2
R R
R R "pocket"

Figure 29: New ligand design.

Careful substitutions at R and R’ were expected to increase the enantiofacial
selectivity of olefin insertion and prevent site isomerization. C; symmetric
metallocenes would also be available by the use of a chiral group at R’ or by
alkyl groups other than H for R."

The Cs symmetric versions of these catalysts where R' is an achiral
alkyl group and R" is H are well suited to syndiospecific polymerization since
alternating between transition states A and B,48 as shown in figure 9, should
yield alternating stereochemistry on the backbone of the resulting polymer
chain.

Figure 30: Proposed transition states for olefin insertion
with Cg symmetric catalysts.

The key features of the proposed transition states for propylene insertion are
the following: the polymer chain is directed up and away from one of the R
groups and the methyl group of the inserting olefin is directed anti to the B-C
of the polymer chain as well as being directed down and away from the R’
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group.33'34 These interactions were expected to work in concert resulting in
highly syndioselective olefin polymerization.

Synthesis: The synthetic approach used to prepare these complexes is very
similar to that developed by Bulls%? and Brintzinger4” where a singly bridged
dianionic ligand is treated with dimethylsilyldichloride to form the doubly
bridged protonated ligand. The key difference is in the synthesis of the
asymmetric singly linked ligand. The basic approach is shown below.

‘ s Y @

I Me251
Me,SiCl R 2 Buld
+ isomers Li +
Rl
lMezsiC].z

Me\ Me

:" o [T

+ isomers

Me” Me

Flgure 31: Synthetic scheme for doubly bridged ligands.

The first step in the synthesis of these types of catalysts is the synthesis
of 1,3-dialkylcyclopentadienes. 13-di(tert-butyl)cyclopentadiene has been
prepared by Casserly50 so it was a straightforward starting point. Using this
synthetic scheme, singly bridged dianionic ligands were prepared, but the
second linking reaction was never successful despite considerable effort.
After a molecular modeling analysis of the expected structure, it was
determined that the tert-butyl groups were too bulky to allow for the second
linking group. For comparison, it is exceedingly difficult to prepare other
bulky tetrasubstituted cyc:lopentadienyls.4‘1

Therefore, 1,3-diisopropylcyclopentadiene was selected as the starting
point for the synthesis. Unfortunately, the reported syntheses of 1,3-
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diisopropylcyclopentadienes 1 gave low yields since the final step was always
separation of the 1,3 product from the 1,2 product. A more selective method
was found by extension of work by Nile92-54 in which he prepared a number
of 1,3 disubstituted cyclopentadienes using a fulvene route. Using this
method, reaction of isopropylcyclopentadiene with acetone catalyzed by
pyrrolidine gave the 3-isopropyl-6,6-dimethylfulvene.

Subsequent reduction of the fulvene with LAH and hydrolysis provided 1,3-
diisopropylcyclopentadiene, "IPraCp."

/l?\ H3C I CI'I3
CH, CH3 i.LAH
Me H
2. H,0
Me H N|' .\\Me 2

<7 Me g

Figure 32: Preparation of 1,3-diisopropylcyclopentadiene.

This synthesis is amenable to large scales and has been used to prepare over
400 g of 1,3-diisopropylcyclopentadiene in a single prep in 74% yield from
isopropylc:yc:lopentadiene.55

1,3-diisopropylcyclopentadiene is easily deprotonated with "BulLi in
pentane to yield lithium(1,3-diisopropylcyclopentadienylide) "Li(iPr,Cp)" in
high yield. Following the route in figure 31, the reaction of Li(iProCp) with
excess dichlorodimethylsilane in tetrahydrofuran at -78°C yields
(iProCp)Me2SiCl in over 90% yield as a yellow oil. Reaction of
(iProCp)Me,SiCl with the lithium salt of R'Cp {R' = H, iPr, TMS, secBu, or
CH(Me)(tBu)} yields the singly bridged ligand, "(IPr2Cp)Me2Si(R'Cp)," as
yellow oils which can be kugel-rShr distilled at high vacuum at 90- 120°C.
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. Li(R'C
i+ Me,SiCl, ;S (RCp)
d Mezsi
MEZSI'[\)—SI

Cl + 1somers

+ isomers R

R’ =H, 'Pr, TMS, **“Bu, CH(Me)('Bu)
Figure 33: Synthesis of singly bridged ligands.

Deprotonation of (iProCp)Me,Si(R'Cp) with NBulLi in ether yields the singly
bridged dianions, Lip[(iProCp)Me;sSi(R'Cp)], as fine white solids. Reaction of
Lis[(iProCp)MesSi(R'Cp)] with MesSiCl; in tetrahydrofuran at -78°C yields the
doubly bridged ligands, (iPr2Cp)(u-MezSi)2(R'Cp), as shown below.26

¢ Me,

"“S;:J;}—R'

Me, + isomers

LN ©
MeZSiF Y " Me, SiCl,
MeZSi

Q + isomers

R R R' = H, 'Pr, TMS, *“Bu, CH(Me)(‘Bu)

Figure 34: Synthesis of doubly bridged ligands, R'Thp (3-7).

The doubly bridged ligands are kugel-réhr distilled at high vacuum and 90
-130°C. The overall yields of these reactions are typically in excess of 50%
overall based on iPr;Cp. These ligands have been given the trivial names
R'Thp as shown in figure 35.



iPr Me2

Si
D-R'
Si
'Pr Me,
R' ligand name

3 -H Thp
4 -CHMe, iPrThp
5 -SiMe3 TMSThp
6 -CH(Me)(Et) sBuThp
7 -CH(Me)(tBu) MNThp

Figure 35: Ligand 3-7 names.

These R'Thp ligands can be deprotonated with either LiCH2(SiMe3), "BuLi or
KOtBu to yield the Cs symmetric dianionic ligands for Thp and TMSThp and
C1 symmetric dianionic ligands for SBuThp and MNThp.

R' = H, SiMe,, CH(Me)(Et), CH(Me)(”Bu)

KO'Bu :._
— » K, R
-‘BuOH

Mez

Figure 36: Deprotonation of R'Thp (3, 5, 6, and 7).

The only exception among the five different ligands presented above is the
deprotonation of iPrThp. Reaction of iPrThp with either LiCH>SiMe3 or
KOtBu yields a mixture of the Cs symmetric 1,2,4 and the C; symmetric 1,2,3
isomers shown below.
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Figure 37: Deprotonation of lPl:'I'hp 4).

Fortunately, this problem with iPrThp deprotonation was solved by a one
step deprotonation and metallation. Metallation of all of these ligands is
carried out using an amine elimination route2957,58 in which the
protonated R'Thp ligands are treated with Zr(NMez)4 in refluxing xylenes
with a strong argon purge. The strong purge is necessary to remove
dimethylamine gas from the reaction as it forms and thus drives the reaction
to completion. Reaction of R'Thp, including iPrThp, with Zr(NMe)4 yields
exclusively the 1,2,4 isomer of R'Ther(NMe2)2.59

o ZOMeds e g siMe

.NMeZH (g) MezN ! NMez
Me?_ iPr iPr

R'ThpZr(NMe,), R'ThpZr(NMe,),

R' = H (3A), 'Pr (4A), SiMe; (5A), CEH(Me)(Et) (6A), CH(Me)(*Bu) (7A)
Figure 38: Metallation of R'Thp (3-7) to form 3A-7A.

Reaction of R'ThpZr(NMejy)2 with excess trirnethylsilylchloride60 in
toluene results in rapid formation of Me3Si(NMe2) and R'ThpZrCly.
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Me,N T ‘ ' NMe, Cl cl
iPI' Q in iPr Q iPr

R =H (3B), 'Pr 4B), SiMe; (5B), CH(Me)(Et) (6B), CH(Me)('Bu) (7B)
Figure 39: Synthesis of R'ThpZrCl; (3B - 7B).

This synthetic scheme has proven to be an effective means of producing a
variety of Cs and C; symmetric cornplexes.61

Structure: A crystal structure of IPrThpZrCl, (4B) has been obtained by
recrystallisation from hot methylcyclohexane. Two different views are
provided in figures 40 and 41 and selected bond distances and angles are
provided in table 3.
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Figure 40: An ORTEP drawing of iPrThpZrCl; (4B) with 50% probability
ellipsoids showing the numbering system. Hydrogen atoms are not shown.



Figure 41: An ORTEP drawing of iPrThpZrCl, (4B) with 50%
probability ellipsoids. Hydrogen atoms are not shown.
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Distance(A) Angle(°)
Zr-Cl1 2.432(2) CpA-Zr-CpB 120.3
Zr-CI2 2.424(2) CpA-CpB dihedral | 73.9(2)
Zr-CpA(centroid) |2.217 Cl1-Zr-CI2 100.4(1)
Zr-CpB(centroid) |2.240 - |CpA-Zr-Cl1 109.1
Zr-C1 2.441(5) CpA-Zr-Cl2 108.1
Zr-C2 2.428(5) CpB-Zr-Cl1 107.7
Zr-C3 2.550(5) CpB-Zr-CI2 109.5
Zr-C4 2.652(5) C6-5i1-C1 91.6(2)
Zr-C5 2.565(5) C7-512-C2 92.1(2)
Zr-Cé 2.415(5) C5-C1-6i1 125.2(4)
Zr-C7 2.418(5) C3-C2-5i2 127.4(4)
Zr-C8 2.624(5) C10-Ce6-Si1 128.0(4)
Zr-C9 2.673(5) C8-C7-5i2 127.2(4)
ZrC-10 2.617(5)
Si1-C1 1.875(5)
Si1-Cé 1.888(5)
Si2-C2 1.870(5)
Si2-C7 1.887(5)
C4-C15 1.518(8)
C8-C18 1.514(7)
C10-C21 1.517(7)

Table 3: Selected bond distances and angles for iPrThpZrCl, (4B).
(A complete table is provided in Appendix C.)

The most dramatic feature of this structure is the 73.9° dihedral angle between
the two Cp planes which is similar to other double bridged zirconium
metallocenes.4” For comparison, a typical single silicon bridged zirconium
metallocene®? has a 62.6° dihedral angle and most unbridged zirconium
metallocenes have a ~50° dihedral angle.63 Thus, introducing a second
linking group increases the openness of the wedge which may result in a less
crowded active site for polymerization and the high activity of these catalysts.
The orientation of the isopropyl group in the R’ position seems to break the
Cs symmetry, but rotation about the C4-C15 bond is fast on the NMR time
scale since only one doublet is observed for the methyl groups (C16 and C17)
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by IH NMR. For all three isopropyl groups, the face of the tetrahedron made
up of the methine carbon atom, the methine proton, one of the methyl
groups, and the adjacent Cp-carbon atom is directed towards the metal.

In structural terms, this complex meets all of the criteria that were
presented as goals for this research. The two Cp ligands are of greatly differing
size and shape, since the steric bulk of iProCp extends out to the sides while
the steric bulk of iPrCp extends out to the front along the plane of symmetry.
Finally, there is a pocket in the iProCp moiety to allow for the methyl group of
the inserting olefin. The isopropyl group of iPrCp may serve two beneficial
roles in that it may prevent misinsertion of olefin and/or block site

isomerization.

Polymerization: In order to explore the reactivity of these new catalysts and
to determine the effect of substitutions at R' on stereospecificity, a number of
polymerizations were run. The 16 e~ zirconium catalysts, RThpZrCl, (3B-7B),
when activated by methylaluminoxane (MAQ), initiate rapid polymerization
of a-olefins to form polyolefins. The presumed initiating species for this type
of reaction is a 14 e-, d0 cationic metal alky16'8'64 as shown below.

R' = H, Pr, SiMe 3, CH(Me)(Et), CH(Me)(*Bu)
R R

Figure 42: Activation of R'ThpZrCl; (3B - 7B) with MAO.

A table of propylene polymerization data is included below:



Entry| Cata| R' | T°C ‘=,/l° Activityd | [f4e | [m4]e | [df | [m]®
3a | 38| H | 0° | neat 2160 |83.7]| 00 | 940 | 6.0
B |(Cop| H | 25° | 40psig| 300 [273]| ~0 | 741 | 259
3¢ H | 60° | neat | 74200 [760] 01 | 926 | 1256
4a 4B iPr 0° neat 1750 98.9 0 99.6 04
4 |[(Cob| iPr | 25° | 40psig | 230 [388]| ~0 | 75.6 | 243
5a | 5B |TMS| 0° | neat 1730 | 959 0 | 99.0 | 1.0
% |(Cob|TMS| 25° | 40psig [ 230 [339]| ~0 | 752 | 24.8
6a | 6B | SBu | 0° | neat 1500 {831 00 | 944 | 56
& |(Cyb| sBu | 25° | 40psig | 200 [200] 48 | 62.0 [ 38.0
7a | 7B | MN | 0° | neat 930 |[418| 56 | 735 | 265
7 | (Cy)P| MN | 25° | 40psig | 156 0 | 612 | 146 | 854
7d MN | 25° | 10psig | 110 0 | 585 | 176 | 824

Table 4 Polymerization data for catalysts 3B-7B.

aComplete data in experimental section. PSymmetry of catalyst. Except for

those in neat propylene (50 ml), samples were run in toluene (35 ml).

dGrams of polymer isolated /g catalyst/ hour (activity numbers are

approximate at best). €% of [r r r r] and [mmmm] pentad by 13C NMR

(complete data in table 6). f[r] = [rr] + .5[mr]. 8[m] = [mm] + .5[mz].

Run 3¢ was performed under more industrially relevant conditions by Terry
Burkhardt at the Exxon Chemical Company in Baytown, Texas. The
properties of the resulting polymer were measured in comparison to the

prototypical (\PrFICp)ZrCly/MAO catalyst system and are shown in table 5.
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catalyst ThpZrCl, | (iPrFICp)ZrCl
melting point 131.2°C 138°C
My 109,200 88,000
PDI 3.1 19
[rT] 87.5 % 88.2 %
activity(g/ g/ hr.) 74,200 30,300
polymerization temp ~60°C 60°C

Table 5: Comparison of polypropylene 3c (from ThpZrCl,, (3B) MAO)
with polypropylene from (iPrFICp)ZrCl,/ MAO.

Despite the slightly higher molecular weight and comparable stereoselectivity

of 3¢ to the polymer from ({PrFICp)ZrCl, under identical conditions, the

larger PDI of 3¢ presumably results in the lower melting point of 3c. The high
PDI may arise from poor temperature control in the polymerization reaction.

Cs symmetric catalysts: ThpZrCl, (3B), iPrThpZrCl; (4B), and TMSThpZrCl,
(5B), activated by MAQ, all react with neat propylene at 0°C to form highly

syndiotactic polypropylene as shown in table 6 in entries 3a, 4a, and 5a.

Entry R' mmmm | mmmr [ rmmr| mmrr {mrmm | mrmr| rrrr | mrrr | mrrem
(%) rmrr
3a H 0.0 00 | 1.7 | 40 3.0 16 | 8.7 | 6.0 0.0
3 H 0.0 20 | 37 6,9 218 | 116 | 273 | 19.1 7.5
3c H 0.1 04 | 1.7 | 34 6.0 1.0 76.0 | 10.3 1.1
4a iPr 0.0 00 [ 0.1 | 03 0.5 00 | 989 | 03 0.0
H iPr 0.0 36 | 41 76 | 217 | 39 | 388 | 176 | 2.6
5 | TMS| 0.0 00 | 0.0 | 0.0 2.0 0.0 [ 959 | 22 0.0
5 |TMS| 00 31 | 38 | 66 | 227 | 64 | 339 | 199 | 3.6
6a SBu | 0.0 04 | 15| 3.0 4.6 00 | 8.1 | 75 0.0
6b SBu | 4.8 82 | 51 ] 123 | 204 | 7.1 200 | 15.6 6.5
7a MN | 56 68 | 3.7 | 139 66 | 037 | 418 | 17.0 43
b MN | 612 | 155 | 00 | 143 | 29 0.0 03 0.4 5.3
7d MN | 585 | 148 | 0.0 | 144 | 4.0 0.0 02 0.5 6.2

Table 6: 13C NMR data for polymers 3a-7d.
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The polymer is obtained as a white powder, but it can be melted and cooled to
obtain a hard transparent material. The fact that all of these Cs symmetric
metallocenes are highly syndiospecific is consistent with the proposed
transition state for olefin insertion. A useful comparison is between
Brintzinger's C symmetric doubly bridged metallocene?” and iPrThpZrCly.
As stated previously, Brintzinger found that his complexes did not
polymerize propylene, but they did polymerize ethylene. The proposed
transition state for iPrThpZrCl, and the transition state necessary for
propylene insertion into Brintzinger's complex are shown below.

iPrThpZrCL (4p) H.H. Brintzinger

iPr ———I

t

Syndiospecific catalyst Poor catalyst for propylene
for a—olefin polymerization polymerization
Figure 43 Figure 44

Brintzinger states that there is a bad interaction as shown in figure 44 between
the methyl group of propylene and the methyl groups on the 4 or 9 ring
positions that effectively blocks olefin insertion. In the case of iPrThpZrCl,
(4B), the isopropyl group in the 4 position of 4B should block olefin insertions
in which the methyl group of propylene is pointed up and thus should only
insert in the manner shown above in figure 43 since there is no group in the
9 ring position.

The activity of these catalysts decreases as the size of R' increases, but it
is only a modest decrease from 2160 g pol/g cat/hour for ThpZrCl; (3B) to 1730
g pol/g cat/hour for TMSThpZrCl; (5B). In addition to the slight decrease in
activity, the syndioselectivity of the catalysts is clearly a function of the R’
group. Of the Cs symmetric catalysts, the syndiospecificity is highest for
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iPrThpZrCl; (4B) and the lowest for ThpZrCl, (3B) as shown below.
BBuThpZrCl; is also included for comparison.61

3B 4B 5B 6B 7B
100 T LS S | l LELERLY ‘1 LI S R ' LB}
= 80| -
o _ { | —®—neat olefin
2 - - 0°C
» Or ] .
k2 i 1| —8—40psig
b | - 25°C
3]
a. 40 | -
.8 [ ]
5 X -
= 5 i
& 20 |- ]
O -l 'l I LAl LLI L.1_1L I LL L L [ Ll 2 1 Ll L il ]
H iPr TMS tBu sBu MN
Rl

Figure 45: Effect of R' on the syndiospecificity of R'ThpZrCl,/MAO.

This study also shows that the syndioselectivity of the Cs symmetric catalysts
(R' = H, iPr, TMS, and 'Bu) is dependent on the concentration of olefin. An
energy profile for the Cs symmetric catalysts is proposed based on the
assumption that the primary error mechanism in these systems is site
isomerization.
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Mez Si(,,'
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Figure 46: Proposed energy profile for Cs symmetric catalysts
(R' = H, iPr, TMS, tBu).
(The relative energy levels are arbitrary.)

For the Cg symmetric catalysts, transition states A and B are enantiomers of
each other and thus are the same energy.48 Since site isomerization (S.I.) is a
unimolecular process, its rate is expected to be independent of olefin
concentration. Olefin insertion through transition states A and B, however,
is a bimolecular process and thus the rate of olefin insertion should depend
on the concentration of olefin. In neat olefin, these catalysts are all very
syndioselective indicating that the rate of olefin insertion through both A and
B is much faster than the rate of site isomerization. At lower olefin
concentrations, however, the loss of syndiospecificity could indicate that site
isomerization is now competitive with olefin insertion. The effect of R' on
these systems can also be rationalized using this picture. Increasing the size of
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R’ was expected to increase the energy of S.I. and thus increase the
syndiospecificity of these systems. However, substitutions at R' could also
increase the energy of olefin insertion which should decrease the
syndiospecificity of the catalyst since site isomerization could then become
important. There seems to be a balance between these two effects since
syndiospecificity is maximized with R' = iPr and then decreases with the
larger alkyl groups TMS and tert-butyl as shown in figure 45.

C; symmetric metallocenes: As opposed to the Cs symmetric catalysts in
which the transition states A and B have the same energy,48 sBuThpZrCl;
(6B) and MNThpZrCl; (7B) are C; symmetric and thus transition states C and
D, as shown in figure 47, will have different energies.24

Figure 47: Proposed transition states for olefin insertion
with C; symmetric catalysts 6B and 7B.

Transition state C is expected to be higher in energy than transition state D
since there is presumed to be steric hindrance between the polymer chain and
the methyl group of the chiral alkyl.65 If the mechanism in figure 9 is
operating and the olefin inserts from opposite sides after every insertion,
then syndiotactic polypropylene is still expected. However, if site
isomerization (figure 10) is competitive with olefin insertion, the reaction
will proceed mostly through transition state D and isotactic polypropylene is
expected.



In neat olefin, at 0°C, SBuThpZrCl; (4B) (R' = CH(Me)(Et)) is an active
catalyst for propylene polymerization and yields highly syndiotactic
polypropylene which has a [r r r r] concentration of 83.1%. Despite the fact
that transition states C and D have different energies, it is presumed that the
rate of olefin insertion will be very fast relative to site isomerization. If site
isomerization is not competitive with olefin insertion, the difference in
energy between C and D will not have a significant effect on the
stereospecificity of the reaction. As is the case for the Cs symmetric catalysts,
the [r r r r] concentration drops at lower olefin concentration (40 psig) to
20.0%, presumably since site isomerization is now competitive with olefin
insertion. The relatively high [mmmm] concentration, compared to the Cs
symmetric catalysts under the same conditions, is likely due to the fact that
transition state C is higher in energy than transition state D as shown below.



Figure 48: Proposed energy profile for C; symmetric catalysts 6B and 7B.
(The R group (Et, tBu) was omitted for clarity.)
(The relative energy levels are arbitrary.)

On the other hand, MNThpZrCl; (7B) (R' = CH(Me)(tBu)) is far less
syndiospecific in neat propylene than the other catalysts, and is remarkably
isospecific at lower propylene concentrations. The isospecificity of 7B at low
pressure indicates that site isomerization is competitive with olefin insertion
at low olefin concentration. The presence of [mmmr], [rrmm], and [mrrm] in
a 2:2:1 ratio respectively, as the only other significant pentads besides
[mmmm], indicates that only single mistakes occur, consistent with
isospecific enantiomorphic site control. The syndiospecificity of 7B at high
pressure indicates that olefin insertion is now faster than site isomerization
and the catalyst behaves more like a Cg symmetric system. A key feature of
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the microstructure of polymer 7a is the absence in the 13C NMR of the [rmrm]
pentad which indicates that there is still a preference for one site over the
other. Presumably most mistakes occur by repeated insertions like D and not
like C resulting in a microstructure as shown below:

mistake mistake
e, ,-._A__.ﬂ
p| | |

CI'II' I'Il'ml'll' rlrmmrlr I'II'I'I

Figure 49: Proposed microstructure of polymer 7a.

Another interesting feature of the microstructure of polymer 7a is the
uncharacteristically high concentration of the [nmmm] pentad. The fact that
we have not been able to fit this result to any simple statistical models
indicates that more complicated behavior may be involved. One possible
explanation is that there are two different forms of the catalyst which are
differentiated by a restricted rotation of the chiral group on the Cp.

These results have significant implications to the error mechanisms
operating in these systems. If epimerization was the most significant error
mechanism, one would predict that stereospecificity would drop for all
catalyst systems including MNThpZrCl; (7B). It is observed that
syndiospecificity drops at lower pressure for the Cs symmetric catalysts and
also for SBuThpZrCl; (6B). However, highly isotactic polypropylene is
obtained at low olefin pressure (even 10 psig) with 7B which is not consistent
with an epimerization mechanism.®® These preliminary results are
consistent with a site isomerization mechanism as the primary source of
errors in this catalyst system. An interesting experiment to test this idea
would be to perform a study like that of Leclerc and Brintzinger,36 who used
isotopic labeling on an isospecific system to determine that epimerization was
the main error mechanism in a C2 symmetric system.

V. Conclusions of Part 2: The design, synthesis, and polymerization of a new
family of Cs and C; symmetric Ziegler-Natta catalysts has been presented.
These catalysts are unique in that they are the first syndiospecific metallocene
catalysts not based on fluorenyl like ligands. They are also unique in that they
are the first stereospecific doubly bridged metallocenes that are capable of



polymerizing propylene. The fact that these catalysts, even the ones with
bulky R' groups, are highly active for the syndiospecific polymerization of
olefins gives credence to the idea that a pocket is required in the larger moiety
of a syndiospecific catalyst system. The activities of many of these catalysts are
higher than those for other syndiospecific catalysts and the syndiospecificity of
the iPrThpZrCly (4B)/ MAO catalyst system in neat olefin at 0°C is higher
than that for any other catalyst yet reported. The ability to substitute readily
in the R’ position of these catalyst allows for straightforward variation of
stereospecificity and in the case of chiral groups can allow for a complete
reversal of stereoselectivity. The variability of these catalysts is evidenced by
the polymerization behavior of the MNThpZrCl> (7B)/MAO catalyst which
produces highly isotactic polypropylene at low olefin concentrations and
produces moderately syndiospecific polypropylene in neat olefin.

This catalyst system should also provide an excellent platform for
mechanistic studies. These preliminary results are consistent with the idea
that site isomerization is the main error mechanism in this new catalyst
system, but further studies are certainly necessary to verify this assertion.
Studies are currently underway to prepare Group III catalysts using these
ligands which should provide excellent model systems for syndiospecific
polymerization. Polymerization studies with Group III complexes and these
new ligands would also be interesting since there are no reported Group III
syndiospecific polymerization catalysts.



Experimental Section.

General Considerations. All air or moisture sensitive chemistry was
performed using standard high vacuum line, Schlenk, or drybox techniques67
under a nitrogen or argon atmosphere. All gases were purified with MnO on
vermiculite and activated molecular sieves. Solvents were stored in vacuum
transfer flasks over titanocene®® or sodium benzophenone ketyl. All other
reagents were purified using standard methods.%? Unless otherwise
mentioned, all chemicals were purchased from Aldrich and used as received.
6,6-dimethylfulvene is prepared by the method of Little.70 LAH is purified by
ether extraction. Propylene is dried by passage through a Matheson 6110
drying system equipped with an OXISORB™ column. MAO
(methylaluminoxane, Albemarle) was prepared by removing toluene in
vacuo. The white MAO solid was dried at 25°C for 48 hours at high vacuum.
Dicyclopentadiene was thermally cracked and the distilled cyclopentadiene
was stored at -60°C. Alkylchlorosilanes were distilled from CaH, immediately
prior to use. YCl3-3.5THF was prepared using a procedure identical to that
reported by Manzer for the corresponding scandium complex.71
LiCH(SiMe3), was prepared by the method of Cowley.72 Fluorene and
potassiumhexamethyldisilazide (KN(TMS)32) were sublimed before use. 1,3-
di-tert-butylcyclopentadiene was prepared by the method of Casserly.50

Instrumentation. NMR Spectra were recorded on a Bruker AM500 (1H, 500.13
MHZ; 13C, 124.99MHz) spectrometer, a Joel GX-400 (1H, 399.7 MHZ)
spectrometer, and a G.E. QE300 (1H, 300.1 MHz) spectrometer.

(CyFICp)H; (1) (CeHi0)(C13H9)(CsHs)). A 2L, 2 neck round bottom flask was
charged with fluorene (96.44g, 0.5802 moles) and equipped with a 500 ml
addition funnel and a 180° needle valve. 1.3 L of tetrahydrofuran are added to
the flask and the addition funnel is charged with 1.5 M MeLi-LiBr (387, 0.580
moles) in ether. The MeLi-LiBr is added to the fluorene solution at 25°C at a
rate of 3 drops/sec. The reaction turns a deep red while giving off CHy which
is vented through a mercury bubbler. After CHy evolution stops, the reaction
is stirred an additional 30 minutes at 25°C. A solution of tetrahydrofuran (100
ml) and pentamethyleneﬁ.ﬂvenes2'54 (84.9 g, 0.5804 mmol) are added to the
addition funnel and are added to the fluorenyllithium solution over 1.5



hours at 25°C. After 12 hours at 25°C, the red solution is slowly quenched
with H2O (100 mL). An additional 1L of H>O is added and the organic layer is
isolated, the solvent is removed in vacuo and the yellow powder is
recrystallized in CH»Cl,/MeOH. 1st crop. vield = 61.8 g. 2nd crop, vield =81 g.
Total = 78%.

Liz(CyFICp)(THF)4 Lix(CsH10)(C13Hg)(CsHa))(C4OHg)s. A 1L round bottom
flask is charged with 1 (61.8 g, 0.198 mol) and is equipped with a 250 mL
addition funnel and a 180° needle valve. The flask is cooled to -40°C in an
isopropanol bath and tetrahydrofuran (600 mL) is vacuum transferred into
the flask. The addition funnel is charged with n-BuLi (1.53 M in hexanes, 271
ml, 0.415 mol) and the n-BulLi is added to the -40°C solution over 1 hour. The
reaction is stirred for 6 hours at -40°C. The reaction is then warmed to 25°C
and the solvent is removed in vacuo leaving a sticky red solid. The flask is
switched to a large swivel frit assembly in the glove box and is washed
thoroughly with petroleum ether. Yield 99.38 g (82%).

[(CyFICp)ScCl]; (1A) [((CeHi10)(C13Hg)(CsHy))ScCl]2. A 250 ml round bottom
flask is charged with Lip(CyFICp)(THF)4 (7.484g, 12.21 mmol) and ScCl3-3THF
(449 g, 12.21 mmol) and is attached to a swivel frit assembly. At-78°C,
toluene (200 ml) is vacuum transferred and the reaction is warmed to 25°C
and stirred for 4.5 hours. Toluene is removed in vacuo and 50 ml toluene are
vacuum transferred again. The toluene is removed again at 45°C and the
solid is dried for 12 hours at 60°C and high vacuum. 100 ml more toluene are
vacuum transferred and the resulting suspension is filtered at 50°C. The
solution is cooled to -78°C and an orange solid comes out of solution. The
solid is filtered and washed with 50 ml of cold toluene. The orange solid is
dried overnight at 25°C; 4.20 g (90%).

[(CyFICp)YCl]2 (1C) [((CeHi10)(C13Hsg)(CsHyg))YCl]2 A 500 ml round bottom
flask is charged with Liz(CyFICp)(THEF)4 (14.26 g, 33.69 mmol) and YCl3-3.5THF
(13.86 g, 33.69 mmol) and is equipped with a reflux condenser and a 180°
needle valve. 300 ml of tetrahydrofuran are vacuum transferred and the red
suspension is refluxed under 1 atm. Ar for 12 hours. The solvent is removed
in vacuo. 100 ml of dry toluene is vacuum transferred and then removed at
40°C forming an orange powder. The flask is then switched to a swivel frit
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assembly and the solid is dissolved in 200 ml Et;O. The solution is then
stirred for an hour at 35°C at which point the color of the solution has
changed from a deep red to pale orange with white solid. The suspension is
filtered and the solvent is removed. The solid was then refluxed in 50 ml
toluene while some solvent was removed in vacuo. After removing about 10
ml of toluene, the solid became pale yellow. The yellow solid was washed
with petroleum ether (3 x 100 ml). The solid was isolated and dried at high
vacuum for 8 hours; 12.2 g (83%).

(CyFICp)ScCH(SiMes)2 (1B) ((CgH10)(C13Hs)(CsHy))ScCH(Si(CH3s)3)2. A 100 ml
round bottom flask is charged with (1A) (2.32 g, 3.26 mmol) and LiCH(SiMe3s)2
(1.106 g, 6.64 mmol) and is attached to a swivel frit assembly. Toluene (75 ml)
is vacuum transferred and the reaction is stirred at 80°C for 3 hours. Volatiles
are removed in vacuo leaving an orange solid which is washed with
petroleum ether. The solid is transferred to a glass soxhlet thimble in the
glove box and is extracted with petroleum ether (50 cycles). The solvent is
removed in vacuo leaving an orange microcrystalline solid which is dried at
high vacuum for 2 hours; 0.99 g (29%).

(CyFICp) YCH(SiMe3)2 (1D) ((CeHj10)(C13Hg)(CsHy)) YCH(Si(CH3)3)2 was
obtained analogously by the reaction of (1C) (1.011 g, 1.162 mmol) and
LiCH(SiMe3); (386 g, 2.27 mmol) in toluene at 80°C for 10 hours. 450 mg of an
orange microcrystalline solid is obtained (35%).

Procedurell for ethylene polymerization with (CyFICp)MCH(SiMe3)2 (M =
Sc, Y).

CAUTION: These manipulations should be performed behind a blast
shield!! A thick walled glass reaction vessel was charged with titanocene (200
mg) and methylcyclohexane (10 mL). Ethylene (2.0 g, 71.3 mmol) was
condensed onto the titanocene at 77°K and the mixture was warmed to 25°C
and stirred for 1 hour at 25°C. The ethylene/cyclohexane solution was
vacuum transferred into a thick walled reaction vessel (cooled to 77°K)
containing 3C or 3D (~10 mg, 0.018 mmol). The reaction was warmed to -78°C
in a dry ice/acetone bath and then, with vigorous stirring, was warmed to
25°C in a water bath and stirred for 1 week. The resulting solid was filtered



and washed with a MeOH/5% HCl solution and acetone. M= Sc; 140 mg (7%
based on ethylene). M= Y; 450 mg (23% based on ethylene).

BTCpH (CsH4(SiMe3)2) A 3 neck, 3L round bottom flask is charged with NaCp
(845 ml, 2.0 M in tetrahydrofuran, 1.69 mol) and equipped with a 500 mL
addition funnel. Me3SiCl (225 ml, 1.772 mol) is added to the addition funnel
and is added to the NaCp solution at a rate of 6 ml/minute. The solution is
stirred for 12 hours yielding a brown suspension. HO (600 ml) is added to the
reaction and ether (150 ml) is added to the mixture. The organic layer is
separated and the aqueous layer is washed with ether (3 X 100 ml). The
organic layers are combined and are washed with H>O (2 X 200 ml), dried with
MgSO4 and solvent is removed down to about 250 ml. The product is
vacuum distilled.

TMSCpH 45°C/ 10-12 mm Hg. yield = 80 ml.

(TMS),CpH 58-60°C / 4 mm Hg. yield = 65 ml.

Li(BTCp) Li(CsH3(SiMe3)2)”3 (generated in situ). A 200 ml round bottom flask
is charged with BTCpH (10.0 g, 47.5 mmol) and tetrahydrofuran (50 ml), is
equipped with a reflux condenser and a 180° needle valve, and is cooled to
0°C in an ice water bath. n-BuLi (32 ml, 1.6M in hexanes, 51 mmol) is added
via syringe pump at a rate of 1.5 ml/ min. to the 0°C solution and the

solution is allowed to warm to 25°C with stirring as the ice melts overnight.
12 hours after n-BuLi addition, the solution is heated and allowed to reflux
for 3 hours. The tetrahydrofuran solution of Li(BTCp) is then cooled to 25°C
and was used as a solution.

Me2(BTCp)SiCl (CH3)2(CsH3(SiMe3))SiCl. In a frit assembly, a solution of
Li(BTCp) (47.5 mmol in 200 ml tetrahydrofuran) is cooled to -78°C and
Me3SiCl; (90 mmol) is vacuum transferred. The solution is warmed quickly
to 25°C and is stirred for 1 hour. Volatiles are removed and petroleum ether
(50 ml) is vacuum transferred. The suspension is filtered, volatiles are
removed and the product is isolated as a yellow oil. The oil is kugel-réhr
distilled at high vacuum and 100°C, and the yield is approximately 7 g.

Et2(BTCp)SiCl (CHs)2(CsH3(SiMe3),)SiCl. In a frit assembly, the solution of
Li(BTCp) (20.43 mmol in 200 ml tetrahydrofuran) is cooled to -78°C and
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Et2SiCls (3.8ml, 25 mmol) is vacuum transferred. The solution is warmed
quickly to 25°C and is stirred for 3 hour. Volatiles are removed and
petroleum ether (50 ml) is vacuum transferred. The suspension is filtered,
volatiles are removed and the product is isolated as a yellow oil which is not
distilled; 6.37g (94%).

iPry(BTCp)SiCl (C3Hy7)2(CsH3(SiMes),)SiCl. A solution of Li(BTCp) (24.6
mmol in 200 ml tetrahydrofuran) is cooled to 0°C in an ice water bath and
iPr,SiCl, (4.55g, 24.6 mmol) is added slowly to the solution via syringe. The
solution is warmed to 25°C and is stirred for 15 hours. Volatiles are removed
and petroleum ether (50 ml) is vacuum transferred. The suspension is
filtered, volatiles are removed and the product is isolated as a yellow oil. The
oil is kugel-réhr distilled at high vacuum and 100°C. Yield = 4.35 g of a pale
yellow oil. (50%)

HpH; (2) (C3H7)2(Cs5H3(SiMes),)Si(CsHs). A 200 ml round bottom flask is
charged with a solution of iPra(BTCp)SiCl (0.047 mmol in 100 ml
tetrahydrofuran) and equipped with a reflux condenser and 180° needle
valve. At 25°C, NaCp (4.55 g, 52 mmol in 40 ml tetrahydrofuran) is added to
the flask. The reaction is refluxed under Ar for 72 hours. Volatiles are
removed and petroleum ether (80 ml) is vacuum transferred. The
suspension is filtered, volatiles are removed and the product is isolated as a
yellow oil. The oil is kugel-réhr distilled at high vacuum and 120°C. Yield =
6.81 g of a pale yellow oil. (38%)

KoHp K3[(C3H7)2(CsHa(SiMes),)Si(CsHg)]. A 500 ml round bottom flask is
charged with HpH) (6.445g, 16.57 mmol), tetrahydrofuran (200 ml), and
KN(TMS)2 (6.62 g, 33.15 mmol) in the glove box. The flask is equipped with a
reflux condenser and a 180° needle valve and the solution is refluxed for 48
hours under Ar. Volatiles are removed from the yellow solution yielding a
viscous yellow oil. The oil is dried at high vacuum and 60°C for 12 hours
leaving an off white solid. The solid is then recrystallized from hot
tetrahydrofuran (100 ml) and a fine white, microcrystalline solid is obtained.
The solid is dried overnight at high vacuum; 4.39 g (57%).
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HpZrCl; (2A) [(C3H7)2(CsHy(SiMes)7)Si(CsHy)]ZrClp. A suspension of ZrCly
(460 mg, 1.97 mmol) in tetrahydrofuran (40 ml) is added quickly to a stirred
suspension of KoHp (919 mg, 1.97 mmol) in tetrahydrofuran (50 ml) in a 250
ml round bottomed flask attached to a swivel frit assembly at 25°C. The
resulting yellow suspension is stirred at 25°C for 7 hours. The solvent is then
removed in vacuo leaving an oily yellow solid. The solid is dissolved in hot
hexane and the KCl is removed with a medium frit. The product is
recrystallized from hot methylcyclohexane and isolated in two crops. Total
yield of a pale yellow, air stable, microcrystalline solid is 370 mgs (34%). X-ray
quality crystals were obtained by slow cooling a methylcyclohexane solution
from 90°C to 25°C. Analysis: Calculated (Found) C: 48.14 (48.10); H: 6.98 (7.00).

[HpYCl], (2B) {[(C3H7)2(CsH,(SiMe3),)Si(CsHy)]YCl}2 A 100 ml round bottom
flask is charged with KoHp (1.089g, 2.342 mmol) and YCl3-3.5THF (964 mg,
2.342 mmol) and is attached to a swivel frit assembly. Tetrahydrofuran (50
ml) is vacuum transferred at -78°C and the white suspension is warmed to
25°C. The reaction is stirred for 2 hours and solvent is removed in vacuo and
replaced with 20 ml petroleum ether forming a yellow suspension. Volatiles
are removed and the solid is dried at high vacuum for 1 hour. Ether (30 ml)
is added and the product is extracted with ether (3 x 30 ml). The ether is
removed in vacuo leaving a pale yellow solid. The solid is washed with 3 x
30 ml petroleum ether and the white solid is dried in vacuo for 2 hours.
Yield (1st crop) = 180 mg (15%). The reaction mixture is extracted again with
ether and the solid is freeze dried’4 with benzene (20 ml). The solid is
washed again with 3 x 20 ml petroleum ether and dried in vacuo. Yield (2nd
crop) 440 mgs (37%).

[HpYCH(SiMe3)2]2 (2C) [(C3H7)2(CsH2(SiMe3)2)Si(CsHy)]YCH(SiMe3)2. A 10
ml round bottom flask is charged with 2B (153 mg, 0.299 mmol) and
LiCH(SiMe3)2 (50 mg, 300 mmol) and attached to a swivel frit assembly. CgHg
(5 ml) is vacuum transferred and the suspension is warmed to 25°C and
stirred for 2 hours. Volatiles are removed in vacuo leaving a white solid.
The product is extracted with petroleum ether (3 x 10 ml). The petroleum
ether solution is concentrated and cooled to -78°C. The resulting white
microcrystalline solid is filtered at -78°C and dried at high vacuum for 30
minutes; 89 mg (47%).
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[HpYH]2 (2D) {[(C3H7)2(CsHy(SiMes),)Si(CsHy)]YH}2. An NMR tube equipped
with a Teflon needle valve is charged with 2C (5 mg, 0.008 mmol) and C¢D12
(5 ml). The NMR tube is cooled to 77°K in an LN filled dewar and 1 atm H»
is admitted. The needle valve is then closed and the tube is quickly warmed
to 25°C in a water bath. The reaction is quantitative (by IH NMR) after 12
hours.

Li(tBuCp)IDME]: A 500 ml flask is charged with di-tert-butylcyclopentadiene
(6.4 g, 35.5 mmol) and pentane (200 ml), attached to a swivel frit assembly, and
cooled to -78°C. n-BuLi (24 ml, 1.6 M in hexanes, 39 mmol) is added via
syringe and the reaction is warmed to 25°C and stirred for 4 hours. DME (5
ml, 48 mmol) is added via syringe resulting in rapid gas evolution and
precipitation of a white solid. The suspension is stirred for an additional
hour and the solid is isolated on the frit and washed with pentane (3 x 200 ml)
and dried at high vacuum for 2 hours; 7.116 g (73%).

(tBuaCp)Me,SiCl: A 200 ml flask is charged with Li(*BuCp)[DME] (4.80 g, 17.5
mmol) and tetrahydrofuran (70 ml), attached to a swivel frit assembly, and
cooled to -78°C. Dichlorodimethylsilane (4.26 ml, 35 mmol) is vacuum
transferred onto the reaction and the reaction is allowed to warm slowly to
25°C without the aid of a water bath. After 9 hours of stirring at 25°C, all
volatiles are removed in vacuo and the product is extracted with petroleum
ether (3 x 20 mls). The solvent is removed in vacuo leaving a pale yellow oil;
4.47 g (94%).

Lis[(*Bu2Cp)MeSi(MeCp)IIDME]: A 25 ml schlenk flask is charged with
(tBuaCp)Me3SiCl (2.0 g, 7.4 mmol) and tetrahydrofuran (15 ml). A suspension
of Li(MeCp) (680 mg, 7.9 mmol) in tetrahydrofuran (5 ml) is added via pipette
to the stirred solution in the glove box. The clear colorless solution is stirred
for 3 hours and solvent is removed in vacuo leaving a white paste. The
product is extracted with petroleum ether (2 x 15 ml) using a cannula filter
and the solvent is removed in vacuo leaving a yellow oil. The oil is
dissolved in pentane (30 ml) and n-BuLi (9.3 ml, 1.6 M in hexanes, 14.8

mmol) is added via syringe. The solution is stirred for 24 hours with no solid
formation. DME (1.6 ml, 15.3 mmol) is added to the solution resulting in
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precipitate formation. The white suspension is stirred for an additional 2
hours and the solid is isolated on a frit. The white solid is washed with
petroleum ether (2 x 10 ml) and dried at high vacuum for 2 hours; 2.25g
(60%).

Li>[(*BuCp)Me3Si(tBuCp)(THF)y, is prepared analogously by reaction of
(tBuaCp)Me3SiCl (2.47 g, 9.23 mmol) and Li(*BuCp) (1.18 g, 9.2 mmol) in
tetrahydrofuran (20 ml) for 6 hours at 25°C. Deprotonation is carried out by
reaction of the yellow oil in tetrahydrofuran (20 ml) with n-BuLi (11.5 ml, 1.6
M in hexanes, 18.4 mmol). The reaction is stirred for 12 hours and the
volatiles are removed in vacuo leaving an oily solid. Petroleum ether (20 ml)
is added and the solid is stirred resulting in a white solid in a yellow solution.
The solid is isolated on a frit, washed with petroleum ether (2 x 20 ml), and
dried at high vacuum for 2 hours; 1.78 g (~40%).

3-isopropyl-6,6-dimethylfulvene. Isopropylcyclopentadiene (59.6 g, 0.555
mole), methanol (400 ml), acetone (35 g, 0.603 mole), and pyrrolidine (62 ml,
0.70 mole) were combined in a 1 L flask and stirred in air for 12 hours at 25°C.
The solution is neutralized with glacial acetic acid. Water (600 ml) is added
and the product is extracted with ether (4 x 400 ml). The organic layer is
washed with water (4 x 600 ml) and dried over MgSQOj4. The solvent is
removed in vacuo. The yellow oil is kugel-réhr distilled at 90°C and 50 torr
yielding a bright yellow oil; 48.3 g (59%).

6,6-ethyl, methyl-fulvene was prepared analogously by reaction of
cyclopentadiene (29.0g, 438 mmol), 2-butanone (31.6 g, 438 mmole), and
pyrrolidine (5 ml, 56 mmole) in methanol (200 ml). The yellow oil is kugel-
réhr distilled at 90°C and 50 torr yielding a bright yellow oil; 42.6 g (94%).

6,-tert-butyl-fulvene was prepared analogously by reaction of cyclopentadiene
(31.7 g, 480 mmole), pivaldehyde (19.825 g, 230 mmol), and pyrrolidine (25 ml,
300 mmole) in methanol (250 ml). The yellow oil is kugel-réhr distilled at
70°C and <1 torr yielding a bright yellow oil; 20.5 g (66.4%).

isopropylcyf:lopentadienesz'54 "IPrCp." A solution of 6,6-dimethylfulvene
(70.5 g, 0.663 mole) in anhydrous ether (200 ml) is slowly added via addition



funnel to a well stirred 25°C solution of LAH (0..670 mole) in ether (1 L) in a 3
L flask equipped with air driven overhead stirrer, efficient reflux condenser
filled with dry ice/acetone, and N> adapter. The addition requires 1 hour.
The reaction mixture is stirred for 4 more hours. The reaction mixture is
quenched by addition of water (30 ml) via a syringe pump at a rate of 0.4
ml/min. CAUTION: Reaction is exothermic and produces large amounts of
H; (g)!. NaOH (30 ml, 15% aqueous solution) is then added at a rate of 0.4 ml/
min. and serves to form a pale yellow solution with a granular white solid.
After Hp evolution stops, water (1 L) is added to the reaction mixture. The
product is extracted with ether (2 x 500 ml), the organic layer is washed with
water (3 x 1 L), and the ether solution is dried with MgSO4. The solvent is
removed in vacuo and the product is distilled at 80°C and ~ 40 torr yielding a
pale yellow oil; 65 g (90%).

sec-butyl-cyclopentadiene "sSBuCp" (CsHsCH(CHj3)(CH2CH3)). A solution of
6,6-ethyl, methyl-fulvene (40 g, 333 mmol) in diethyl ether (300 ml) is slowly
added via addition funnel to a well stirred 25°C solution of LAH (553 mmol)
in diethyl ether (1 L) in a 3 L flask equipped with air driven overhead stirrer,
efficient reflux condenser filled with dry ice/acetone, and N, adapter. The
addition requires 1 hour. The reaction mixture is stirred for 4 more hours.
The reaction mixture is quenched by addition of water (20 ml) via a syringe
pump at a rate of 0.4 ml/min. CAUTION: Reaction is exothermic and
produces large amounts of Hj (g)! NaOH (20 ml, 15% aqueous solution) is
then added at a rate of 0.4 ml/ min. and serves to form a pale yellow solution
with a granular white solid. After Hz evolution is complete, H2O (300 ml) is
added slowly and the ether layer is separated. The reaction mixture is
extracted with ether (300 ml) and the organic layers are combined and washed
with H>O (3 X 200 ml). The yellow ether solution is dried over MgSO4 and
the solvent is removed in vacuo. The yellow liquid is kugel-réhr distilled at
100°C and 20 torr; 25.39g (62%).

1,3-diisopropylcyclopentadiene + isomers "iProCp." A solution of 3-
isopropyl-6,6-dimethylfulvene (48 g, 0.323 mole) in anhydrous ether (300 ml)
is slowly added via addition funnel to a well stirred 25°C solution of LAH
(0.372 mole) in ether (700 ml) in a 3 L flask equipped with air driven overhead
stirrer, efficient reflux condenser, and N adapter. The addition requires 1
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hour. The reaction mixture is stirred for 4 more hours. The reaction mixture
is quenched by addition of water (20 ml) at a rate of 1 ml/min. CAUTION:
Reaction is exothermic and produces large amounts of Hj (g)! NaOH (30 ml,
15% aqueous solution) is then added at a rate of 0.4 ml/minute and serves to
form a pale yellow solution with a granular white solid. After Hy evolution
stops, water (1 L) is added to the reaction mixture. The product is extracted
with ether (2 x 500 ml), the organic layer is washed with water (3 x 1 L), and
the ether solution is dried with MgSO4. The solvent is removed in vacuo
and the product is distilled at 80°C and ~ 15 torr yielding a pale yellow oil; 38 g
(78%).5°

lithium(isopropylcyclopentadienylide) "Li(iPrCp).” A 1 L schlenk flask is
charged with iPrCp (16.5 g, 153 mmol) and diethyl ether (700 ml). The flask is
equipped with a 200 ml addition funnel which is charged with n-BuLi (100
ml, 1.6 M in hexanes, 160 mmol). The n-BulLi is added to the ether solution
slowly over 1 hour at 25°C and white solid precipitates upon addition. The
white suspension is stirred for 3 hours at 25°C and the solid is filtered in the
glove box and washed with diethyl ether (2 x 300 ml). The fine white solid is
dried at high vacuum for 8 hours; 13.1 g (75%).

lithium(sec-butylcyclopentadienylide) "Li(SBuCp)" is prepared analogously by
reaction of 6,6-ethyl,methyl-fulvene (25.39 g, 207.7 mmol) and nBulLi (135 ml],
1.6 M in hexanes, 216 mmol) in diethyl ether (1 L) in a 2 L schlenk flask. The
white solid is dried at high vacuum and 50°C for 6 hours; 24 g (89.5%).

lithium(methylneopentyl-cyclopentadienylide) "Li(MNCp)." A 200 ml
Schlenk flask is charged with 6,6-ethyl, methyl-fulvene (5.08 g, 37.8 mmol) and
diethyl ether (150 ml). The yellow solution is cooled to 0°C and MelLi (27 ml,
1.4 M in diethylether, 37.8 mmol) is added via syringe over 15 minutes. A
white solid precipitates during addition. The white suspension is warmed to
25°C and stirred for 2 hours. The solid is filtered, washed with petroleum
ether (4 x 100 ml), and dried at high vacuum for 5 hours; 5.21 g (88%).

lithium-1,3-diisopropylcyclopentadienylide "Li(iPr2Cp)" Toluene (200 mi)
and petroleum ether (150 ml) are cannula transferred onto iProCp (24 g, 0.16
mole) in a large swivel frit assembly under argon. "BuLi (100 ml, 1.6 M in
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hexanes, 0.16 mole) is added via cannula over a period of 30 minutes at 25°C.
The solution is stirred overnight and the resulting white solid is filtered and
washed with petroleum ether (4x 100 ml). The white solid is dried in vacuo

resulting in a fine white powder; 22.4 g (90%).

1-chloro-1-(3,5-diisopropylcyclopentadienyl)-1,1-dimethylsilane
"(iProCp)Me2SiCl." Tetrahydrofuran (150 ml) is vacuum transferred onto
Li(iProCp) (8.03 g, 51.4 mmol) in a medium swivel frit assembly at -78°C with
vigorous stirring. Dichlorodimethylsilane (9.57 g, 74.2 mmol) is then
vacuum transferred onto the -78°C solution and the reaction mixture is
allowed to warm slowly to room temperature in a dry ice/acetone bath over
12 hours. The reaction is stirred at 25°C for an additional 24 hours and then
the volatiles are removed in vacuo leaving a white paste. The product is
extracted away from the lithium chloride with petroleum ether (3 x 100 ml).
The solvent is removed in vacuo resulting in a yellow oil; 11.85 g (95%).

1-cyclopentadienyl-1-(3,5-diisopropylcyclopentadienyl)-1,1-dimethylsilane
"(IPProCp)MesSi(Cp)."

A suspension of sodiumcyclopentadienylide (4.05 g, 46 mmol) in
tetrahydrofuran (50 ml) is added slowly to a solution of (iPr,Cp)MexSiCl (9.06
g, 37.3 mmol) in tetrahydrofuran (100 ml). The reaction is stirred at 25°C for
12 hours. The solvent is removed in vacuo and the product is extracted from
the white sodium chloride with pentane (3 x 100 ml). The solvent is
removed in vacuo leaving a pale yellow oil which is kugel-réhr distilled at
90°C and <1073 torr yielding a colorless oil; 8.22 g (81%).

1-(isopropyl-cyclopentadienyl)-1-(3,5-diisopropylcyclopentadienyl)-1,1-
dimethylsilane "(iProCp)Me3Si(iPrCp)"is prepared analogously by reaction of
(iProCp)MesSiCl (5.843 g, 51.202 mmol) and Li(iPrCp) (12.286 g, 50.514 mmol).
The pale yellow oil is kugel-réhr distilled at 100°C and <103 torr yielding a
colorless oil; 13.899 g (87.5%).

1-(sec-butyl-cyclopentadienyl)-1-(3,5-diisopropylcyclopentadienyl)-1,1-
dimethylsilane "(iProCp)Me;Si(SBuCp)" is prepared analogously by reaction
of (iProCp)Me5SiCl (17.512 g, 71.22 mmol) and Li(SBuCp) (9.452 g, 73.18 mmol).
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The pale yellow oil is kugel-rohr distilled at 100°C and <10-3 torr yielding a
pale yellow oil; 20.77 g (88.7%).

1-(methylneopentyl-cyclopentadienyl)-1-(3,5-diisopropylcyclopentadienyl)-1,1-
dimethylsilane "(iPr,Cp)Me;Si(MNCp)" is prepared analogously by reaction
of (IProCp)Me3SiCl (7.033 g, 28.96 mmol) and Li(MNCp) (4.70 g, 30.1 mmol).
The pale yellow oil is kugel-réhr distilled at 110°C and <10-3 torr yielding a
pale yellow oil; 8.15g (79%).

dilithio-1-cyclopentadienylide-1-(3,5-diisopropylcyclopentadienylide)-1,1-
dimethylsilane, "Liz[({ProCp)Me,Si(Cp)]." Toluene (100 ml) and petroleum
ether (150 ml) are cannula transferred onto (ProCp)Me3Si(Cp) (8.22 g, 30.2
mmol) in a medium porosity swivel frit assembly. nBuLi (39 ml, 1.6 M in
hexanes, 62.4 mmol) is added slowly via syringe over 30 minutes at 25°C and
a white precipitate forms during addition. The reaction is stirred at 25°C for
18 hours. The white solid is filtered and washed with petroleum ether (3 x100
ml). The solid is dried in vacuo for 3 hours resulting in a fine white solid;
8.018g (93%).

dilithio-1-(3-isopropyl-cyclopentadienylide)-1-(3,5-
diisopropylcyclopentadienylide)-1,1-dimethylsilane
"Liz[({ProCp)Me3Si(iPrCp)]." Diethyl ether (30 ml) is cannula transferred onto
(iProCp)Me3Si(iPrCp) (3.066 g, 9.746 mmol) in a 50 ml schlenk flask equipped
with a 50 ml addition funnel. The funnel is charged with 13 mls of nBuLi (13
ml, 1.6 M in hexanes, 21 mmol) and the nBuLi solution is added over 10
minutes to the 25°C ether solution. A white solid precipitates during
addition. The white suspension is stirred at 25°C for 6 hours and filtered in
the glove box. The solid is washed with petroleum ether (2 X 25 mL) and
dried in vacuo for 6 hours; 2.84 g, (89%).

dilithio-1-(3-sec-butyl-cyclopentadienylide)-1-(3,5-
diisopropylcyclopentadienylide)-1,1-dimethylsilane,
"Lip[(ProCp)MesSi(sBuCp)]” is prepared analogously by the reaction of
(iProCp)Me2Si(sBuCp) (19.824 g, 60.326 mmol) and nBulLi (81 ml, 1.6 M in
hexanes, 130 mmol) in diethyl ether (600 ml); 15.5 g, (75%).
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dilithio-1-(3-methylneopentyl-cyclopentadienylide)-1-(3,5-
diisopropylcyclopentadienylide)-1,1-dimethylsilane,
"Liz[((Pr2Cp)MezSi(MNCp)]" is prepared analogously by the reaction of
(iProCp)Me;Si(MNCp) (8.15g, 22.85 mmol) and nBuLi (32 ml, 1.6 M in
hexanes, 51.2 mmol) in diethyl ether (600 ml); 15.5 g, (75%).

(iProCp)(n-Me2Si)2(Cp), (3) "ThpH,." A 250 ml round bottom flask is charged
with Lis[({PPr,Cp)Me2Si(Cp)] (4.99 g, 17.5 mmol) and tetrahydrofuran (250 ml).
The flask is attached to a medium porosity swivel frit assembly and the
solution is cooled to -78°C in an acetone/dry ice bath and degassed.
Dichlorodimethylsilane (2.265 g, 17.5 mmol) is vacuum transferred onto the
well stirred solution and the reaction mixture is stirred for 16 hours at -78°C.
The reaction is allowed to warm slowly to 25°C in about 8 hours in a dry
ice/acetone bath, and is then stirred for 16 hours at 25°C. Solvent is removed
in vacuo and the product is extracted away from the lithium chloride with
petroleum ether (2 x 50 ml). The solvent is removed in vacuo leaving a
yellow oil which is kugel-r6hr distilled at 90°C and high vacuum yielding a
pale yellow oil; 4.946 g (86%).

(iPr,Cp)(1-Me3Si)2(iPrCp), (4) "IPrThpHy" is prepared analogously by reaction
of Lip[(IProCp)MexSi(iPrCp)] (2.84 g, 8.70 mmol) with Me,SiCl (1.12 g, 8.70
mmol) in tetrahydrofuran (40 ml). The yellow oil is kugel-réhr distilled at
120°C and high vacuum yielding a pale yellow oil which slowly crystallizes as
a white solid; 3.038 g (94.2%).

(iProCp)(1u-Me2Si)2(SBuCp), (6) "sSBuThpH;" is prepared analogously by
reaction of Lip[(iProCp)MezSi(sBuCp)] (9.036 g, 26.539 mmol) with MesSiCl
(3.425 g, 26.538 mmol) in tetrahydrofuran (150 ml). The yellow oil is kugel-
rohr distilled at 130°C and high vacuum yielding a pale yellow oil which
slowly crystallizes as a white solid; 7.583 g (74.0%).

(iPraCp)(11-Me2Si)2(MNCp), (7) "MNThpH," is prepared analogously by
reaction of Lis[(IProCp)Me2Si(MNCp)] (7.60 g, 20.6 mmol) with MeySiCl, (2.66
g, 20.6 mmol) in tetrahydrofuran (150 ml). The yellow oil is kugel-réhr
distilled at 130°C and high vacuum yielding a pale yellow oil which
crystallizes as a white solid; 4.3 g (50.0%).
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Kzl(iPrZCp)(u-Mezsi)z(Cp)] "K2Thp." In the glovebox, a suspension of
potassium-tert-butoxide (2.30 g, 20.49 mmol) in diethyl ether (30 ml) is added
to a stirred solution of ThpHp (3.345 g, 10.178 mmol) in diethyl ether (100 ml).
The resulting white suspension is stirred at 25°C for 30 minutes. The solid is
isolated on a medium frit, washed with diethyl ether (3 x 40 ml), and dried in
vacuo for two hours resulting in a coarse white solid; 4.05g (98%).

(iPr2Cp)(1-Me2Si)2(TMSCp), (5) "TMSThpH,." A 50 ml Schlenk flask is
charged with KpThp (0.653 g, 1.613 mmol) and tetrahydrofuran (30 ml). The
white suspension is cooled to -78°C with stirring, trimethylsilylchloride (0.175
g, 1.615 mmol) is vacuum transferred into the schlenk flask, and the flask is
warmed to 25°C. After six hours, the suspension has turned into a clear
yellow solution. The solution is stirred an additional six hours, volatiles are
removed in vacuo leaving a yellow foam, and diethyl ether (20 ml) is added
to form a white suspension. With vigorous stirring, H>O (20 ml) is added
slowly and the mixture is transferred to a separatory funnel. The ether layer
is separated and the aqueous layer is extracted with diethyl ether (2 x 20 ml).
The organic layers are combined, washed with H>O (2 x 50 ml) and dried over
MgSQO4. Solvent is removed in vacuo and the yellow oil is dried at high
vacuum for one hour. The oil is kugel-réhr distilled at 130°C and high
vacuum yielding a white solid; 0.46 g (71%).

ThpZrCl; (3B) (Method 1) In the glovebox, ZrCly(THF); (1.89g, 5.01 mmol) is
added to a suspension of KoThp (2.024 g, 5.0 mmol) in tetrahydrofuran (20 ml)
and the resulting suspension is stirred for three hours. The solvent is
removed in vacuo and toluene (40 ml) is added to form a brown suspension.
The suspension is filtered through a bed of Celite, and the toluene soluble
fraction is dried in vacuo leaving a yellow orange solid. The solid is washed
with pentane (25 ml) and dried in vacuo resulting in a fine white solid; 980
mg (40%).

ThpZr(NMe3)z. (3A) A 100 ml schlenk flask is charged with ThpH> (3) (3.069
g, 9.338 mmol), xylenes (30 ml), and Zr(NMej)4 (2.498 g, 9.338 mmol). The
flask is equipped with a reflux condenser and a 180° Teflon needle valve.
Under a strong argon purge, the reaction is heated to reflux in a 160°C oil



bath. The reaction is monitored by holding a wet piece of pH paper up to the
vent needle. The reaction is allowed to cool to 25°C after no more NMesH is
released and the pH paper gives a neutral reading. Total reaction time is
tvpically 12 hours, but the reaction time depends on the strength of the Ar
flow. The solvent is removed in vacuo and the yellow solid is dried at high
vacuum for 12 hours. The solid is recrystallized from petroleum ether
yielding yellow microcrystals; 3.5 g (several crops), (74%).

iPrThpZr(NMey)2 (4A) is prepared analogously with iPrThp (4) (3.003 g, 8.100
mmol) and Zr(NMey)4 (2.175 g, 8.130 mmol) in refluxing xylenes (20 ml) for
18 hours. The solid is dried at high vacuum yielding a yellow/orange solid
which is not purified further; 4.40 g (98%).

TMSThpZr(NMejz); (5A) is prepared analogously with TMSThp (5) (379 mg,
0.945 mmol) and Zr(NMej3)4 (254 mg, 0.949 mmol) in refluxing xylenes (15 ml)
for 14 hours. The solvent is removed in vacuo leaving an orange oil which is
not purified further; 507 mg (93%).

sBuThpZr(NMe3)2 (6A) is prepared analogously with SBuThp (6) (2.02 g, 5.25
mmol) and Zr(NMey)4 (1.41 g, 5.27 mmol) in refluxing xylenes (15 ml) for 15
hours. The solid is dried at high vacuum yielding a fine yellow solid which is
not purified further; 2.9 g (98%).

MNThpZr(NMe3)2 (7A) is prepared analogously with MNThp (7) (4.3 g, 10.32
mmol) and Zr(NMey)4 (2.76 g, 10.32 mmol) in refluxing xylenes (30 ml) for 28
hours. The solid is dried at high vacuum yielding a yellow/orange solid
which is not purified further; 5.59 g (92%).

ThpZrCl; (3B) (Method 2) A 25 ml Schlenk flask is charged with 3A (0.714 g,
1.41 mmol) and toluene (10 ml). Excess trimethylsilylchloride (1.0 ml, 7.8
mmol) is syringe added to the solution at 25°C. The solution is stirred for an
hour and the solvent is removed in vacuo yielding a pale yellow solid.
Petroleum ether (5 ml) is added to the solid and the resulting yellow
suspension is filtered and washed with cold petroleum ether (3 x 5 ml). The
resulting white solid is dried at high vacuum for 2 hours; 450 mg (65.2%).
Analysis: Calculated (Found) C: 49.15 (49.01); H: 6.91 (5.92).
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iPrThpZrCl, (4B). A 50 ml Schlenk flask is charged with 4A (4.40 g, 8.02

mmol) and toluene (20 ml). Trimethylsilylchloride (3.5 ml, 27 mmol) is
svringe added to the solution at 25°C. After 5 minutes, a white solid begins to
precipitate from the yellow solution. The suspension is stirred for an hour
and the solvent is removed in vacuo yielding a yellow solid. Petroleum ether
(20 ml) is added to the solid and the resulting yellow suspension is filtered
and washed with petroleum ether (3 x 20 ml). The resulting white solid is
dried at high vacuum for 2 hours; 2.65 g (62.2%). Analysis: Calculated (Found)
C: 52.04 (52.10); H: 6.84 (7.14).

TMSThpZ:Cl; (5B) is prepared analogously with 5A (400 mg, 0.69 mmol) and
trimethylsilylchloride (0.3 ml, 2.4 mmol) in toluene (10 ml); 296 mg (75%).
Analysis: Calculated (Found) C: 49.25 (48.87); H: 6.83 (6.62).

sBuThpZrCl; (6B) is prepared analogously with 6A (2.9 g, 5.16 mmol) and
trimethylsilylchloride (3.0 ml, 23 mmol) in toluene (10 ml); 1.64 g (58.3%).
Analysis: Calculated (Found) C: 52.91 (52.94); H: 7.03 (7.07).

MNThpZrCl; (7B is prepared analogously with 7A (1.18 g, 2.00 mmol) and
trimethylsilylchloride (1.5 ml, 12 mmol) in toluene (20 ml); 437 mg (38%).
Analysis: Calculated (Found) C: 54.51 (54.46); H: 7.39 (7.54).

Polymerization Procedures: = CAUTION: All of these procedures should be
performed behind a blast shield.

2a, 3a, 4a, 5a, 7a (neat olefin, 0°C). A 100 ml high pressure glass reactor
equipped with a septa port, large stir bar, and pressure gauge (0-200 psig) is
charged with MAO (500 mg, 8.6 mmol). The reactor is connected to a
propylene line (120 psig) and the reactor is purged with propylene for
approximately 2 minutes at 120 psig. The reactor is placed in a 0°C ice water
bath and propylene (~50 ml, ~1.2 mol) is condensed in the reactor. The
propylene inlet valve is then shut and a solution containing catalyst (3B, 4B,
5B, 7B) (~ 2mg, ~0.004 mmol) in toluene (.5 ml) is added to the vigorously
stirred MAQO/ propylene suspension via a 1 ml gas tight syringe through the
septa. (The addition requires significant force since the pressure in the reactor
is ~95 psig.) The reaction is stirred for 10 minutes during which time polymer



is observed to precipitate from the reaction mixture. At this point the

reaction is quenched with MeOH (1 ml in a gas tight syringe) by slow addition
while venting the propylene from the reactor. An additional 20 ml is added
once the pressure in the reactor is below 2 atmospheres and the white
suspension is stirred vigorously for 1 hour to ensure complete quenching of
the MAO. The suspension is then added to a vigorously stirred HCI (100 ml
of a 20% solution in MeOH). The suspension is stirred for 2 hours and is then
filtered and washed with MeOH (4 X 50 ml). The resulting white powder is
then dried at high vacuum for 4 hours.

6a is prepared analogously using catalyst 6B. After the reaction is complete, a
white solid mass has formed in the bottom of the reactor. After quenching
with MeOH as above, the polymer is removed from the reactor and is added
to a vigorously stirred HCl (100 ml of a 20% solution in MeOH). The polymer
is stirred in the solution for 2 hours and is then filtered and washed with
MeOH (4 X 50 ml). The resulting polymer is a relatively soft material with
some elasticity. The polymer is soxhlet extracted with refluxing toluene for 24
hours. The solvent is removed in vacuo and the solid is dried at high
vacuum for 3 hours.

3b, 4b, 5b, 6b, (40 psig, toluene, 25°C). A 100 ml high pressure glass reactor
equipped with a septa port, large stir bar, and pressure gauge (0-200 psig) is
charged with MAO (500 mg, 8.6 mmol), toluene (35 ml), and catalyst (3B-6B)
(10 mg, ~0.02 mmol). Upon addition of catalyst to the MAO/toluene
suspension, the color typically changes from white to pale yellow. The reactor
is connected to a propylene line (40 psig) and the reactor is purged with
propylene for 5 minutes at 40 psig and 25°C. The reactor vent is closed and
the propylene pressure is maintained at 40 psig for an additional 25 minutes
with vigorous stirring at 25°C. The propylene inlet is then shut and the
reactor is vented to remove the excess propylene. Once the vent is opened,
MeOH (10 ml) is added to the reaction mixture to quench the MAO. An
additional 20 ml of MeOH are added once the propylene is gone. The
suspension is stirred vigorously for two hours, and then all volatiles are
removed by rotary evaporation. The resulting polymer is then placed in a
soxhlet thimble, and the product is extracted from refluxing toluene over the
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course of 24 hours. The product is dried at high vacuum forming a tacky,
sticky solid.

7b is prepared analogously using catalyst 7B. However, upon quenching the
reaction with MeOH, a fine white powder precipitates and the suspension is
stirred vigorously for 1 hour. The suspension is then added to a vigorously
stirred HC1 solution (200 ml of a 20% solution in MeOH). The suspension is
stirred for 2 hours and is then filtered and washed with MeOH (4 X 50 mi).
The resulting white powder is then dried at high vacuum for 4 hours.

7d is prepared analogously using catalyst 7B, except that the propylene
pressure is now maintained at 10 psig.

3c. In the glove box, a stainless steel high pressure bomb, equipped with a
mechanical stirrer and pressure gauge, is charged with MAO (800 mg, 14
mmol). An ampoule containing ThpZrCl; (11 mg, 0.022 mmol) in toluene (.5
ml) is attached to the stirrer such that it can be broken by rapid stirring. ~ 100
ml of propylene are condensed into the bomb and the propylene/MAO

mixture is brought to 60°C in an oil bath and allowed to equilibrate for 1 hour.
At this point, the stirrer is started quickly, breaking the ampoule immediately.

The reaction temperature increases as evidenced by a pressure increase to
~400 psig, and after 20 minutes the mixture becomes so viscous as to stop the

stirrer. The excess propylene is then vented and the reactor is opened. MeOH

is added to quench the reaction and the product is scraped out of the reactor;
120g.
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Appendix A: 1H and 13C NMR data.

Table 1 (in CgDg, unless otherwise mentioned).

Compound Assignments d (ppm) JcH
cycEwenH); (1) 0.97(s), 1.02(s),
CgHio 1.12(s), 1.75(s),
1.82(s), 2.79(m),
2.86(m), 3.45(s),
3.91(s), 4.04(s),
4.15(s), .427(s),
5.73(m),
6.01(m),
Cp, Fl 6.13(m),
6.31(m),
6.44(m),
6.73(m),
7.09(m), 7.15(s),
7.2(m), 7.38(d),
7.6(m)
Lip[cycEwen](THF), cyclohexyl (10H) 1.4-2.2(b), 3.8(d)
THF-d8 Fluorenyl(4H) 8.34(d), 8.14(d),
(4H) 7.22(t), 6.83(t)
Cp(4H) 6.22(t), 5.76(t)
[cycEwen]ScCl (1A) cyclohexyl (10H) 1.4-3.0(b)
Fluorenyl(4H) 79(d), 7.5(d),
(4H) 7.0(m)
Cp(4H) 6.3(t), 5.6(t)
[cycEwen]Sc- CH(SiMe3)>(18H) -0.33(s)
(CH(SiMe3)?) CH(SiMe3)2 (1H) -0.79(s)
(1B) CeHs (10H) 1.4-3.0(b), 3.2(d)
Fluorenyl (4H) 7.9(d), 7.55(d),
(4H) 7.0(m)
Cp(4H) 6.2(t), 5.5(t)




(cycEwen]YCl (1C) cyclohexyl (1H) 1.48(m)
(1H) 1.58(m)
(2H) 1.73(m)
(250) 1.83(q)
(2H) 2.12(t)
(2H) 3.22(d)
Fluorenyl(4H) 7.97(b), 7.62(d),
(4H) 7.08(m)
Cp(4H) 6.06(b), 5.72(t)
[cycEwen]Y- CH(SiMe3)2(18 H) -0.2
(CH(SiMes);) (1D) CH(SiMe3)2(1 H) ?
cyclohexyl (8H) 1.3-2.2(b)
(2H) 3.2(d)
Fluorenyl(8H) 8.0(b), 7.6(d),
7.0(m)
Cp(4H) 6.1(b), 5.7(b)
(BTCp)Me,SiCl Me,SiCl (5H), (5H) 0.12(s), 0.15(s)
(2 isomers) Me;SiCl (6H) 0.51(s)
Me3Si (15 H), (15H) 0.03(s), 0.20(s)
MesSi (18H) -0.08(s)
Cp(5H) 6.49,6.8,6.85(m)
Cp(3H) 6.46,6.9,6.95 (m)
(BTCp)Et,SiCl Et;SiCl (2H), (1.4H) .85(t), .55- .7(m)
(2 isomers) Et;SiCl (10H) 0.9(q), 1.05(t)
Me3Si (3 H), 3H) 0.03(s), 0.20(s)
Me3Si (18H) -0.06(s)
Cp(0.75H) 6.55, 6.87 (m)
Cp(3H) 6.48,6.9,6.95(m)
K>[(BTCp)Et2SiCp] (CH3CH2)2Si (6H) 1.2(t)
THF-d8 (CH3CH23),Si (4H) 1.1(q)
(CH3)3Si (18 H) 0.1(s)
Cp (2H) 5.72(t)
(2H) 5.84(t)
(2H) 6.32(s),
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(BTCp)iPr,SiCl ((CH3),CH),SiCl (2H) [1.2 (b)
(1 isomer) ((CH3)2CH),SiCl (12H) [ 1.1 (m)
MesSi (18H) -0.05 (s)
Cp(1H) 6.48(m)
(1H) 6.9(m)
(1H) 7.05(m)
Ko(Hp) THF-d8 ((CHj3)351)2 (18H) 0.097(s)
((CH3)2CH),Si (12H) | 1.347(t)
((CH3)2CH),Si (2H) 9(m)
Cp (2H) 5.76(t)
(2H) 5.94(t)
(2H) 6.36(s)
(Hp)ZrCl; (2A) H ((CH3)3Si)2 (18H) 0.50(s)
((CH3)2CH),Si (12 H) |1.06(d), 1.09(d)
((CH3)2CH),Si (2H) 1.26(h)
Cp (2H) 5.80()
(2H) 6.48(s)
(2H) 6.62(t)
(Hp)ZrCly (2A) 13C ((CH3)351)2 1.551
((CH3)2,CH),Si 18.506
((CH3)2CH)2S1 11.778
Cp 106.260
112.587
117.775
127.504
129.368
144.371
[(Hp)YCl]> (2B) ((CH3)351)2 (18H) 0.544(s)
(THF free) ((CH3)2CH),Si (12 H) | 1.46(d), 1.51(d)
((CH3)2CH),Si (2H) 1.88(m)
Cp (2H) 6.311(s)
(2H) 6.644(s)
(2H) 6.79(s)

106



(Hp)Y(CH(SiMe3)2) Y-CH(Si(CH3)3)2 (18H) | 0.165(s)
20) Y-CH(Si(CH3)3)2 (1H) |[0.565(s)
((CH3)3Si)2 (18H) 321(s)
(CH3)CH)Si (12 H) | 1.39(t)
((CHz)2CH)2Si (2H) 1.72(m)
Cp (4H) 6.5581(t)
(2H) 5.9751(s)
[(Hp)YH]2  CeDr2 (Y-H)2 2.403(t) JyH=
(2D) ((CH3)3Si)2 (18H) 0.544(s) 33 Hz
((CH3)2CH),Si (12 H) | 0.996(t)
((CH3)2CH)Si (2H) 9(m)
Cp (2H) 6.27(t)
(2H) 6.44(t)
(2H) 6.88(s)
Li(tBuxCp)[DME] tBu (18H) 1.53(s)
Cp-H (2H) 5.88(s)
THEF-d8 (1H) 5.92(s)
DME (6H) 2.81(s)
(4H) 2.52(s)
(tBuaCp)MezSiCl (CH3)2SiCl (6H) 0.218(s)
tBu (18H) 1.20(s)
Cp-H (2H) 7.1(s)
(1H) 6.48(s)
Liz[(tBuaCp)Me3Si- (CH3)2SiCl (1H) 0.42(s)
(MeCp)][DME] (CH3)2SiCl (6H) 0.39(s)
2 isomers THF-d8 | !'Bu (1.3H), (1.3H) 1.19(s), 1.25 (s)
tBu (9H), (9H) 1.21(s), 1.26(s)
Cp-Me (<1H) 2.11(s)
Cp-Me (3H) 2.09(s)
Cp-H (<1H) 5.5- 6.0
Cp-H (5H) 5.5- 6.0
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Liz[(*BuCp)Me3Si- (CHj3)2SiCl (6H) 0.40(s)
(tBuCp)l(THF)n tBu (9H) 1.21(s)
1 isomer THF-d8 (9H) 1.24(s)
o) 27(s)
Cp-H (1H) 5.71(t)
(1H) 5.76(d)
(1H) 5.78(t)
(1H) 5.88(t)
(1H) 5.96(d)
3-isopropyl-6,6- (CH3)2CH (6H) 1.18(d)
dimethylfulvene (CH3)2CH (1H) 2.70(h)
CDCl3 (CH3)2C (6H) 2.16(s)
Cp-H (1H) 6.16()
(1H) 6.45(q)
(1H) 6.52(q)
iPr,Cp CDCl3 | (CH3),CH (12H) 1.07(d), 1.11(d),
1.70(d)
(CH3)2CH (2H) 2.3-2.7(b)
Cp-H (4H) 2.3-3.0,
5.98- 6.05
Li(iProCp) THF-d8 | (CHj3),CH (12H) 1.15(d) 6.667
(CH3)>,CH (2H) 2.73(h) 6.808
Cp-H (2H) 5.33(d) 2.447
(1H) 5.37(t) 2.442
(iProCp)Me2SiCl (CH3)2SiCl (6H) 0.051(b), 0.23(b)
(CH3)2CH (12H) 1.01(d), 1.08(d),
1.11(d)
(CH3)2CH (2H) 2.50(h), 3.06(h)
Cp-H 2.58(b), 2.81(b),
3.39(b), 6.26(s),
6.28(m)
(iProCp)MezSi(Cp) (CHs3),Si (6H) -0.3-0.2
(CH3)2CH (12H) 1.0-1.3
(CH3)2CH (~2H) 2.5-3
Cp-H (~8H) 3.0-3.6,6.0-6.8
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Liol(Pr2Cp)MesSi(Cp)] | (CHa)oSi (6H) 334(s)
THF-d8 (CH3)2CH (6H) 1.14(d)
(6H) 1.16(d)
(CH3)CH (1H) 2.76(h)
(1H) 3.22(h)
Cp-H (2H) 5.96(t)
(2H) 5.80(t)
(1H) 5.66(d)
(1H) 5.62(d)
((PProCp)(MexSi)2(Cp) = | (CH3)2Si (12H) -1.0- 0.6
"Thp"Hz (3) (CH3)2CH (12H) 1.0-1.3
(CH3),CH (~2H) 25-33
Cp-H (~6H) 3.3-4.0,64-70
Lio(Thp) THF-d8 (CH3),Si (3H) -0.572(s)
(3H) 0.206(s)
(3H) 0.322(s)
(3H) 0.444(s)
(CH3)CH (3H) 1.11(s)
(3H) 1.13(s)
(3H) 1.15(s) 6.809
(3H) 1.25(s) 6.346
(CH3)2CH (1H) 2.75(h) 6.548
(1H) 3.11(h) 6.863
Cp-H (2H) 6.008(s)
(1H) 6.10(s)
(1H) 6.356(s)
Ka(Thp) THF-d8 (CH3)7Si (12H) 0.368(s)
(CH3)2CH (12H) 1.23(d) 6.60
(CH3)2CH (2H) 3.18(h) 6.65
Cp-H (1H) 5.973(s)
(3H) 6.241(s)
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(Thp)Zr(NMez)2 (CH3),25i (6H) .575(s)
(3A) (6H) 0.748(s)
(CH3)>CH (6H) 1.096(d)
(6H) 1.314(d)
(CH3)2CH (2H) 3.0(m)
Zr(N(CH3)2)2 (12H) |[2.91(s)
Cp-H (1H) 6.202(t)
(1H) 6.280(s)
(2H) 6.545(d)
(Thp)ZrCl; (3B) 1H (CH3)7Si (6H) 0.376(s)
(6H) 0.546(s)
(CHj3)CH (6H) 0.926(d) 7.16 Hz
(6H) 1.348(d) 6.60 Hz
(CH;3)2CH (2H) 2.905(h) 6.85Hz
Cp-H (1H) 6.348(t)
(1H) 6.452(s)
(2H) 6.737(d)
(Thp)ZrCl, (3B) 13C (CH3),Si1 -1.542
3.502
(CH3)2CH and 20.895
(CH3)2CH 28.645
29.631
110.190
114.043
Cp 115.123
116.378
138.196
165.097
(iProCp)(MezSi)2- (CH3)Si (21H) -0.5-0.7
(TMSCp) = "TMSThp" | (CH3)2CH (12H) 1.0-1.3
(5) (CH3)2CH (~2H) 2.5-35
Cp-H (~5H) 3.0-3.5,64-73
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K2(TMSThp) THF-d8 | (CH3)Si (21H) 0.15(s)
(CH3)2CH (12H) 1.15(d) 6.766
(CH3)2CH (2H) 3.04(s) 6.793
Cp-H (1H) 5.79(s)
(2H) 6.35(s)
(TMSThp)Zr(NMe2)2 (CH3)3S1 (9H) 0.25(s)
(5A) (CH3)2S1 (6H) 0.60(s)
(6H) 0.69(s)
(CH3)2CH (6H) 1.17(d) 6.859
(6H) 1.32(d) 6.697
(CH3),CH (2H) 2.85(m) 6.789
Zr(N(CH3)2)2 (12H)  [2.71(s)
Cp-H (1H) 6.40(s)
(2H) 6.67(s)
(TMSThp)ZrCl; (5B) 1H | (CH3)3Si (9H) 0.477(s)
(CHj3)2Si (6H) 0.4811(s)
(6H) 0.6176(s)
(CH3)2CH (6H) 0.94(d)
(6H) 1.32(d)
(CH3)2CH (2H) 2.91(h)
Cp-H (1H) 6.42(s)
(2H) 6.98(s)
(TMSThp)ZrCl (5B) 13C | (CH3)3Si and -1.664
(CH3)2Si1 0.157
-3.381
(CH3)2CH and 20.681
(CH3)2CH 28.524
29.618
109.334
114.340
Cp 119.557
126.773
143.185

165.064
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6-tert-butylfulvene (CH3)CCH (9H) 1.05(s)
(CH3)CCH (1H) 6.17(s)
Cp-H (1H) 6.19(m)
(1H) 6.395(m)
(1H) 6.575(m)
(1H) 6.69(m)
Li[CpCH)(CHa3)- (CH3)CC(CH3)H (9H) | .8311(s)
(CMe3)] Li"MN" (CH3)CC(CH3)H (3H) |1.179(d) 7.15Hz
THF-d8 |(CH3)CC(CH3)H (1H) |2.435(q) 7.207
Cp-H (4H) 5.52(m),5.54(m) | Hz
Liz[(iProCp)Me3Si- (CH3),Si (6H) 0.3075(s)
(iPrCp)] THF-d8 (CHj3),CH (6H) 1.144(d) 6.72
(6H) 1.158(d) 6.86
(6H) 1.170(d) 6.76
(CH3),CH (1H) 2.772(h) 6.774
(1H) 2.814(h) 6.835
(1H) 3.233(h) 6.76
Cp-H (1H) 5.6257(d) 224
(2H) 5.69(m)
(2H) 5.83(m)
(iPr2Cp)(Me2Si)2(IPrCp) | (CH3)2Si (12H) -0.336(s)
= "IPrThp" (4) -0.239(s)
0.555(s)
0.603(s)
(CH3)2CH (18H) 1.106(d) 6.692
1.280(d) 6.560
1.306(d) 6.813
(CH5),CH (3H) 2.672(m) 6.547
2.862(m) 6.524
3.188(m) 6.561
Cp-H (5H) 3.461(s)
3.558(s)
6.50(s)

7.20(s)

112



(iPrThp)Zr(NMe2)2 (4A) | (CH3)2Si (6H) 0.595(s)
(6H) 0.720(s)
(CH3)2CH (6H) 1.187(d) 6.857
{6H) 1.204(d) 6.816
(6H) 1.342(d) 6.733
(CH3)2CH (3H) 2.8-2.95(m)
Zr(N(CH3)22 (12H) | 2.773(s)
Cp-H (2H) 6.356(s)
(1H) 6.387(s)
(iPrThp)ZrCl, (4B) 1H | (CHj3)2Si (6H) 0.461(s)
(6H) 0.605(s)
(CH3),CH (6H) 0.951d) 7.142
(6H) 1.341(d) ~6.167
(6H) 1.357(d) ~6.145
(CH3)2CH (2H) 2.928(h) 6.84
(1H) 3.200(h) 6.90
Cp-H (2H) 6.466(s)
(1H) 6.678(s)
(iPrThp)Z:Cl, (4B) 13C | (CHj3).Si -1.582
CeDg/THF 3.531
20.769
(CH3)2CH and 23.761
(CH3)2CH 28.533
28.585
29.682
110.229
113.814
Cp 115.539
135.801
139.625

164.848
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Lip{(iPro,Cp)Me3Si (CH3)2Si (6H) 0.2965(s)
(MNCp)] (CH3)3CH(CH3) (9H) |0.843(s)
(CH3)3CH(CH3) (3H) |1.14(d)
(CH3)CH (6H) 1.13(d)
(6H) 1.17(d)
(CH3)3CH(CH3) (1H) |2.46(q)
(CH3)2CH (1H) 2.770(h)
(1H) 3.188(h)
Cp-H (2H) 5.648(s)
(1H) 5.664(s)
(1H) 5.804(s)
(1H) 5.831(s)
K2(MNThp) (CH3),2Si (6H) 0.3714(s)
(6H) 0.3805(s)
(CH3)3CH(CH3) (9H) | 0.9266(s)
(CH3)3CH(CH3) (3H) |1.197(d) 7.117
(CH3),CH (12H) 1.225(d) 6.643
(CH3)3CH(CH3) (1H) |2.581(q) 7.214
(CH3)2CH (2H) 3.209(h) 6.791
Cp-H (1H) 5.973(s)
(2H) 6.023(s)
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(MNThp)Zr(NMe2)2 (CHj3)2Si (3H) 0.5660(s)
(7A) (3H) 0.6530(s)
(3H) 0.6885(s)
(3H) 0.6994(4)
(CH3)3CH(CH3) (9H) |0.9118(s)
(CH3)sCH(CH3) (3H) |1.202(d) 6.800
(CH3)>CH (3H) 1.19(d) 7.289
(3H) 1.215(d) 6.238
(3H) 1.337(d) 6.691
(3H) 1.361(d) 6.711
Zr(N(CH3)2)2 (6H) 2.7056(s)
(6H) 2.8683(s)
(CH3)3CH(CH3) (1H) |264(q) 7.199
(CH3)CH (2H) 2.87-3.0(m)
Cp-H (1H) 6.3609(s)
(1H) 6.4093(s)
(1H) 6.4333(s)
(MNThp)ZrCl; (7B) 1H |(CH3):Si (3H) 0.4754(s)
CgDe/THF (3H) 0.5020(s)
(3H) 0.5646(s)
(3H) 0.5986(s)
(CH3)3CH(CH3) (9H) | 0.7947(s)
(CH3)3CH(CH3) (3H) |1.363(d) ~6.736
(CH3),CH (3H) 0.952(d) 7.125
(3H) 0.970(d) 7.934
(3H) 1.378(d) ~6.7
(3H) 1.641(d) 7.198
(CH3)3CH(CH3) (1H) |2.892(q) 7.106
(CH3)CH (1H) 2.9124(h) 6.742
(1H) 2.9878(h) 6.79
Cp-H (1H) 6.4864(s)
(1H) 6.657(d)
(1H) 6.780(d)
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(MNThp)ZrCl; (7B) 13C | (CH3)2Si -1.7099
-1.5796
3.3927
3.7141
15.5304
20.7513
(CH3)3CH(CH3), 28.1729
(CH3)3CH(CH3), 28.5396
(CH3)CH, 28.5639
(CH3)3CH(CH3), and 29.6547
(CH;3)2CH 29.7469
34.5829
444194
109.7364
110.1156
113.9873
114.2007
Cp 115.1752
134.6010
137.2068
140.0237
163.9334
166.1607
6,6-ethyl,methyl- CH;CHCCH3; (3H) | 1.156(t) 7.562
fulvene CH3CH,CCH3 (3H) |2.1916(s)
CH3CHCCH3z (2H) |2.543(q) 7.596
Cp-H (4H) 6.44-6.52(m)
Li(sBuCp) THF-d8 CH3CH,CHCH3 (3H) |1.155(d) 6.9
CH3CH,CHCH3 (3H) |0.839(t) 7.5
CH3CH,CCHs (1H) |1.444(m) 6.6
(1H) |[1.543(m) 6.6
CH3CH,CHCH3 (1H) |2.515(m) 6.9
Cp-H (4H) | 5.526(s)
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Lip[((PPr;Cp)MezSi- (CH3)2Si (6H) 0.299(s)
(SBuCp)] THEF-d8 (CH3)2CH (6H) 1.14(d)
(6H) 1.16(d)
CH;CHCHCH; (BH) 11.17(d)
CH3CH,CHCH3 (3H) |0.853(t) 72
CH3CH,CCH3z (1H) |1.401(m) 7.1
(IH) |1.565(m) 6.9
CH3zCH,CHCH3 (1H) |2.519(m) 6.9
(CH3),CH (1H) |2.771(h) 6.9
(IH) |3.217(h) 6.6
Cp-H 2H) |5.817(m)
(2H) [5.668(m)
(1H) [5.615(m)
(iPr2Cp)(MezSi)»- (CH3)2Si1 (6H) -0.40--0.20
(SBuCp) = "sBuThp" (6) (6H) 0.35-0.8
(CH3)CH
CH3CH,CHCH3
CH3;CH,CHCH3 (21H) |0.8-1.8
CH3CH>CCH3
CH3CH,CHCHj3
(CH3)CH (2H) 24-29
Cp-H (2.3 H) 3.0-4.0
Cp-H (2.7H) 6.35-7.1
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(SBuThp)Zr(NMe2)2 (CH3)2Si (3H) 0.5452(s)
(6A) (3H) 0.5575(s)
(3H) 0.6641(s)
(3H) 0.6819(s)
(CH3)>CH (3H) 0.842(d) 7.39
(3H) 0.855(d) 7.34
(3H) 1.092(d) 6.947
(3H) 1.349(d) 6.698
CH3;CH,CHCH3; (3H) | 1.463(d) 6.754
(CH3)2CH (2H) 3.268(h) 7.115
Zr(N(CH3)2)2 (12 H) |2.828(s)
CH3CH,CHCH3 (3H) |2.498(q) 6.319
CH3CH,CCH3 (1H) [1.3954(h) 6.919
(1H) |1.5600(h) 7.091
Cp-H (1H) 6.2912(s)
(1H) 6.5217(s)
(1H) 6.5422(s)
(sBuThp)ZrCl, (6B) H | (CH3)2Si (3H) 0.4661(s)
(3H) 0.4770(s)
(3H) 0.5913(s)
(3H) 0.6079(s)
(CH3)CH (3H) 0.950(d) 7.100
(3H) 0.957(d) 7.05
(3H) 1.356(d) 6.50
(3H) 1.362(d) 6.50
CH3CH,CHCH3 (3H) | 1.460(d) 6.90
(CH3)2CH (2H) 2.94(m) 7.0
CH;CH,CHCH3 (3H) |0.8029(t) 7.35
CH3CH,CHCH3 (1H)|1.510(m) 7.35
(1H) |1.781(m)
CH3CH,CHCH3 (1H) | 3.045(q) 6.85
Cp-H (1H) 6.4706(s)
(1H) 6.676(s)
(1H) 6.7125(s)
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(sBuThp)ZrCly (6B) 13C
CgDg/THF

(CH3)2Si

-1.522
-1.493
3.527
3.656

(CH3)2CH,
CH3CHCHCH3,
(CH3)2CH,
CH3CH,CHCH3,
CH3CH,CHCH3, and
CH3;CH,CHCH3

11.583
19.226
20.868
28.647
29.655
29.674
31.860
34.906

110.027
110.139
113.855
114.924
115.961
135.057
137.110
138.971
164.533
165.291
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Appendix B: Crystal Structure Data for HpZrCl,.

Figure 1: An ORTEP drawing of HpZrCl, (2A) with 50%
probability ellipsoids showing the numbering system.
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Solution and Refinement:

The structure was solved with SHELXS-86. The hydrogen atom coordinates were
placed at calculated positions (C - H = 0.95) with 2 B fixed at 1.2 times that of the

attached carbon atom.
Refinement was full-matrix least-squares using CRYM programs.

Weights w are calculated as 1/02(F2); variances (¢2(F?2)) were derived from counting
statistics plus an additional term, (0.014I)?; variances of the merged data were obtained

by propagation of error plus another additional term, (0.014I)2.

Definitions:

SR, —|F|l . _ [Tw(F-F)\*
R=="=F  B={"Su@y

where n = number of data,

o {zw(pz—pg)Z}%

n—p p = number of parameters refined.

Comment:

One of the isopropyl groups on the linker silicon atom is disordered, apparently with
the hydrogen atom on Cl11 in sites both towards and away from the other isopropyl group.
This disorder is evidenced in the large U.ys for C11 and especially C12 (maximum mean
square amplitudes of 0.22 and .39 respectively), the librationally shortened C11-C12 single
bond of 1.330(8)A, and the near planarity of the angles around C11 (sum of 356.1° vs.
339.1° for the chemically equivalent C14). This disorder was modelled with two separate
isotropic partially-populated sites for both C11 and C12; however, as this approach lead

to no significant improvement, it was abandoned.



Table 1. Crystal and Intensity Collection Data for

Formula.: sz Hss Zl‘Clz Sia
Crystal color: Colorless

Crystal size: 0.18 x 0.44 x 0.49 mm

Crystal System: Monoclinic
a =12.351(3)A

b = 12.609(2)A

c = 18.042(3)A

V = 2762.1(9)A?

Lattice parameters: 25 reflections,
p="T29 cm™! (prmax = 0.25)
CAD-4 diffractometer

MoKea, A =0.7107A

26 range: 2°-50°

T = 295K

Number of reflections measured: 10465

Number with F2 > 0: 4489

Standard reflections: 3 every 2.5 hrs

GOFnerge: 1.17 for 4831 multiples
Number used in refinement: 4839

HpZrCl,

Formula weight: 548.93
Habit: Lozenge

Peale = 1.320 g cm™3
Space group: P2,/c (#14)

B = 100.57(2)°

Z=4

12°<6<14°

Transmission coeff. =0.93 — 1.04

w scan

Graphite monochromator
-14<h<14,0<k<15,-21<I<21
Fooo = 1144

Number of independent reflections: 4839
Number with F2 > 34(F2): 3804
Linear Decay: -0.4%

Rmerge: 0.023 for 4705 duplicates

Criterion: All reflections used

Final R: 0.040 for 3804 reflections with F2 > 35(F2)

Final R: 0.051 for 4489 reflections with F2 > 0

Final weighted R: 0.089 for 4839 reflections

Final goodness of fit: 2.19 for 253 parameters and 4839 reflections

(A/0)maz in final least squares cycle: 0.02

Apmaz: 0.65 eA~2, Apmin : —0.58eA 72 in final difference map
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Table 2. Final Heavy Atom Parameters for

Atom
Zr
Cli

Sil
Si2
Si3
C1
C2
C3
C4
C5
Cé6
C7
C8
C9
C10
Cl11
C12
C13

C14

Hle‘Clz

z,y,z and U,* x 10*

1300.1(3)
2704(1)
1634(1)

—883.6(7)
3649.6(8)
3581.6(7)
640(2)
1376(3)
2483(2)
2444(2)
1315(2)
—711(3)
—233(3)
119(4)
—81(4)
—593(3)
~1548(3)

—1145(5)

—2751(3)

~1512(3)

y
1807.0(3)

453(1)
2610(1)
2871.7(7)
1988.7(8)
4104.3(9)
3109(2)
2424(3)
2589(3)
3381(2)
3677(2)
1677(3)
691(3)
148(4)
774(4)
1694(3)
2527(5)
2831(7)
2263(4)

3985(3)

6699.4(2)
6868(1)
7948(1)

5585.9(5)

5365.6(6)

6997.0(6)
5694(2)
5402(2)
5772(2)
6340(2)
6271(2)
6213(2)
6052(3)
6729(4)
7311(3)
6998(2)
4602(2)
4001(3)
4517(3)

6040(2)

Ueq
469(1)
1027(4)
915(4)
425(2)
544(2)
547(3)
370(7)
409(7)
395(7)
393(7)
391(7)
559(10)
789(13)
988(18)
918(15)
677(11)
1034(18)
1744(32)
922(15)

541(9)
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Table 2. (Cont.)

Atom

C15
C16
C17
C18
C19
C20
C21

C22

@ Ueq = 5 2; 2;Usi(ai e )(@: - @5)]

—1480(4)
—2658(3)
4028(3)
4897(3)
3123(4)
2916(3)
4452(3)

4458(3)

5031(3)
3772(4)
2965(4)
1653(4)

783(4)
5118(4)
4816(4)

3244(4)

5623(3)
6220(3)
4689(2)
6071(3)
4835(3

)
7517(3)
6418(3)

)

7693(2

qu

861(13)
957(15)
721(11)
841(13)
883(13)
849(13)
789(12)

890(14)
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125
Table 3. Complete Distances and Angles for
szrClz
Distance(4) Distance(A)

Zr -Cll  24I12(1) C14-Cl5  1.521(6)
7Zr —CI2 2.435(1) C14-Cl6  1.533(6)

Zr -CpA 2217 Cc2 -H2 0.95
7t -CpB 2211 C5 -H5 0.95
7t -Cl1  247(3) C7 -H7 0.95
Zr -C2  2.486(3) C8 -HS 0.95
7t -C3  2.608(3) C9 -H9 0.95

7Zr -C4  2587(3) C10-H10  0.95
Zr -C5  2483(3) Cl1-H11  0.95
Zr -C6  2.484(4) Cl12-Hi12a  0.95
Zr -C7  2.473(4) Cl12-HI12b  0.95
7Zr -C8  2.557(5) Cl2-Hl12c  0.95
Zr -C9  2.553(5) C13-Hi13a  0.95
Zr -C10 2.498(4) C13-Hi13b  0.95
Sil -C1  1.880(3)  C13-H13c  0.95
Sil -C6  1.872(4) Cl4-H14  0.95
Sil1 -C11 1.865(5)  C15-H15a  0.95
Sil1 -C14 1.865(3)  C15-H15b  0.95
Si2 -C3  1.800(3)  C15-H15¢  0.95
Si2 -C17 1.853(4)  C16-Hl6a  0.95
Si2 -C18  1.858(4)  C16 -H16b  0.95
Si2 -C19  1.850(5)  C16 -H16c  0.95
Si3 -C4  1.808(3)  C17-H17a  0.95
Si3 -C20 1.863(5) C17-H17Tb  0.95
Si3 -C21 1.861(4) C17-H17c  0.95
Si3 -C22 1.851(5) C18-H18a  0.95
Cl -C2  1.424(4) C18-H18b  0.95
Cl -C5  1.405(4) C18-Hi8  0.95
C2 -C3  1.423(4) C19-H19a  0.95
C3 -C4  1437(4) C19-H19b  0.95
C4 -C5  1.427(4) C19-H19c  0.95
C6 -C7  1.429(6)  C20-H20a  0.95
C6 -C10 1.398(5)  C20 -H20b  0.95
C7T -C8  1.399(7)  C20-H20c  0.95
C8 -C9  1.372(7)  C21-H2la  0.95
C9 -C10 1.391(6) C21-H2lb  0.95
C11-Cl12 1.330(8)  C21-H2lc  0.95
C11-C13 1.502(7)  C22-H22a  0.95



Table 3. (Cont.)

Distance(A)

C22 -H22b 0.95
C22 -H22c 0.95

CpA -Zr -CpB

cl1

-Zr -Cl12

CpA -Zr -Cl1
CpA -Zr -CI2
CpB -Zr -Cl1
CpB -Zr -Cl2

C6
Cl1
C14
C11
C14
C14
C17
C18
C19
C18
C19
C19
C20
C21
C22
C21
Cc22
C22
C2
Cs5
C5
C3
Cc2
C4
C4
C3
C5
C5
C4
C7
C10
C10

-Sil -C1
-Sil -C1
-Sil1 -C1
-Sil -C6
-5Sil -C6
-Sil1 -C11
-5i2 -C3
-5i2 -C3
-5i2 -C3
-5i2 -C17
-Si2 -C17
-5i2 -C18
-513 -C4
-5i3 -C4
-Si3 -C4
-Si3 -C20
-Si3 -C20
-5i3 -C21
-C1 -Si1
-C1 -Si1
-C1 -C2
-C2 -C1
-C3 -Si2
-C3 -Si2
-C3 -C2
-C4 -Si3
-C4 -Si3
-C4 -C3
-C5 -C1
-C6 -Sil
-C6 -Sil
-C6 -C7

Angle(°)

122.5
100.5(0)
111.0
107.0
110.2
103.0
93.7(1)
113.2(2)
108.9(1)
111.6(2)
110.6(2)
116.6(2)
107.0(2)
114.8(2)
108.0(2)
109.0(2)
108.2(2)
109.6(2)
107.4(2)
108.6(2)
114.6(2)
107.8(2)
108.5(2)
109.7(2)
124.1(2)
127.2(2)
104.6(2)
111.2(3)
119.6(2)
133.0(2)
106.3(3)
131.4(2)
121.9(2)
106.3(2)
111.6(3)
125.7(3)
125.3(3)
104.4(3)
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Table 3. (Cont.)

Angle(°)
Cc8 -C7 -Cé
c9 -C8 -C7
C10 -C9 -C8
C9 -C10-Cé6
C12 -C11 -§il
C13 -C11 -Sil
C13 -Cl11-C12
C15 -Cl4 -Sil
C16 -C14 -Sil
C16 -C14 -C15

H12b -C12 -H12a
H12c¢ -C12 -H12a
H12c -C12 -H12b
H13b -C13 -H13a
H13c -C13 -H13a
H13c -C13 -H13b
H15b -C15 -H15a
H15c -C15 -H15a
H15¢c -C15 -H15b
H16b -C16 -H16a
H16c -C16 -H16a
H16c -C16 -H16b
H17b -C17 -H17a
H17c -C17 -H17a
H17¢ -C17 -H17b
H18b -C18 -H18a
H18c -C18 -H18a
H18c -C18 -H18b
H19b -C19 -H19a
H19c -C19 -H19a
H19c -C19 -H19b
H20b -C20 -H20a
H20c -C20 -H20a
H20c -C20 -H20b
H21b -C21 -H21a
H21c -C21 -H21a
H21c -C21 -H21b
H22b -C22 -H22a

108.8(4)
108.4(5)
107.5(4)
110.7(4)
122.9(4)
113.8(3)
119.4(5)
112.6(3)
115.8(3)
111.5(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

Angle(°)

H22c -C22 -H22a
H22c -C22 -H22b

109.5
109.5
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Appendix C: Crystal Structure Data for iPrThpZrCl,.

Figure 1: An ORTEP drawing of iPrThpZrCl; (4B) with 50%
probability ellipsoids showing the numbering system.
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Solution and Refinement:

The structure was solved with SHELXS-86. The hydrogen atom coordinates were
placed at calculated positions (C — H = 0.954) with a B fixed at 1.2 times that of the
attached carbon atom.

Refinement was full-matrix least-squares using CRYM programs.

Weights w are calculated as 1/02(F2); variances (02(F2)) were derived from counting
statistics plus an additional term, (0.014I)?; variances of the merged data were obtained

by propagation of error plus another additional term, (0.0147)2.

Definitions:

SpLE TR s }

R=—"57 Sw(F2R

where n = number of data,

. {zw(Ff -Fg)z}%

n-—p P = number of parameters refined.

Comment:

The crystals were macroscopically twinned about the a axis, and appeared to be
monoclinic rather than triclinic. One crystal was successfully broken to produce a triclinic

fragment, which was used for data collection.
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Table 1. Crystal and Intensity Collection Data for

Formula: Cj3H36ZrSi; Cls
Crystal color: Colorless

Crystal size: 0.2 x 0.2 x 0.3 mm
Crystal System: Triclinic

a = 8.612(2)A

b =9.708(3)A

c = 16.662(5)A

V = 1274.8(6)A3

Lattice parameters: 25 reflections,
p="142 cm™!

CAD-4 diffractometer

MoKa, ) =0.7107A

T = 293K

Number of reflections measured: 8571

Number with F2 > 0: 3866

Standard reflections: 3 every 1 hr
GOF merge: 0.99 for 4084 multiples
Number used in refinement: 4084

iPrThpZrCl,

Formula weight: 530.84
Habit: Twinned tabular
Peale = 1.383 g cm ™3
Space group: P1 (#2)
a = 85.19(3)°

B = 17.85(2)°

v = 69.41(2)°

Z=2

9°<h<1r1°

w scan
Graphite monochromator
~10<h<10,-11<k<11,-14< 1< 14
Fooo = 520

Number of independent reflections: 4084
Number with F2 > 30(F2): 3356

Linear Decay: 0.32%

Rmerge: 0.026 for 3746 duplicates

Criterion: All reflections used

Final R: 0.046 for 3356 reflections with F2 > 3o(F?2)
Final R: 0.053 for 3866 reflections with F2 > 0

Final weighted R: 0.106 for 4084 reflections

Final goodness of fit: 2.12 for 253 parameters and 4084 reflections

(A/0)maz in final least squares cycle: 0.01

Apmaz: 1.14 eA':’, Apmin: -0.67 eA -2 in final difference map



Table 2. Final Heavy Atom Parameters for

Atom

Zr
cn
C12
Sil
Si2
C1
C2
C3
C4
C5
Cé6
C7
C8
C9
C10
Ci1
C12
C13
Ci4

C15

iPrThpZrCl,

z,y,2 and U,,* x 10*

z

2054.2(6)

2245(2)
1320(2)
2099(2)
3032(2)
3864(6)
4254(6)
5135(6)
5303(6)
4530(6)
553(6)
947(6)
—198(6)
—1184(6)
—810(6)
1772(7)
2377(8)
3396(8)
3571(7)

6298(8)

y
5289.1(5)

3656(2)
3904(2)
8060(2)
7752(2)
6491(5)
6337(5)
4815(5)
4022(5)
5040(5)
7850(5)
7736(5)
7117(5)
6803(5)
7298(5)
7566(7)
9887(6)
9541(6)
6980(6)

2408(6)

2569.8(3)
1495(1)
3779(1)
3496(1)
1371(1)
2935(3)
2050(3)
1886(3)
2633(3)
3266(3)
2903(3)
2006(3)
1784(3)
2517(3)
3196(3)
4605(4)
3409(4)
1269(4)

326(4)

2752(4)

278(11)
261(11)
306(12)
333(13)
299(12)
252(11)
258(12)
258(12)
288(12)
282(12)
471(15)
504(16)
509(16)
449(15)

476(16)
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Table 2. (Cont.)

Atom

C16
C17
C18
C19
C20
C21
Cc22

Cc23

* Ueq = 5 2; 2;(Uss(afa})(@: - 65)]

8028(11)
6326(12)
—399(6
—989(9

—1759(6

)
)
—1612(8)
)
—2688(8)

)

—2996(8

2239(9)
1417(7)
6935(6)
8423(8)
6109(7)
7328(6)
8919(7)
)

6500(8

2860(8)
2117(6)
922(3)
493(4)
905(4)
4075(3)
4345(4)

4191(4)

qu

1229(39)
972(32)
353(14)
612(20)
506(17)
342(14)
573(19)

538(18)
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Table 3. Complete Distances and Angles for

iPrThpZrCl,

Distance(A) Distance(A)
Zr -Cl1  2.432(2) C18 -C20  1.530(9)
Zr -CI2  2.424(2) C21-C22  1.524(9)
Zr -CpA 2.217 C21 -C23  1.520(9)
Zr -CpB 2.240 C3 -H3 0.95
Zr -C1 2.441(5) C5 -H5 0.95
Zr -C2 2.428(5) C9 -H9 0.95
Zr -C3 2.550(5) Cll1 -H1la 0.95
Zr -C4  2.652(5) Cll1 -H11b  0.95
Zr -C5  2.565(5) Cil -Hllc  0.95
Zr -C6  2.415(5) C12 -H12a  0.95
Zr -C7T  2.418(5) C12 -H12b  0.95
Zr -C8  2.624(5) C12 -H12c  0.95
Zr -C9  2.673(5) C13 -H13a  0.95
Zr -C10 2.617(5) C13 -H13b 0.95
Sii -C1  1.875(5) C13 -H13c  0.95
Si1 -C6  1.888(5) Cl4 -Hl4a  0.95
Sil -C11  1.859(6) Cl4 -H14b  0.95
Sil -C12  1.861(7) C14 -Hl4c  0.95
Si2 -C2  1.870(5) C15-H15  0.95
Si2 -C7  1.887(5) C16 -H16a  0.95
Si2 -C13  1.858(7) C16 -H16b  0.95
Si2 -C14  1.856(6) C16 -H16c 0.95
Cl1 -C2 1.450(7) C17 -H17a 0.95
Cl1 -C5  1.432(7) C17 -H17Tb  0.95
c2 -C3 1.423(7) C17 -H17c¢ 0.95
C3 -C4  1.414(7) C18 -HI18  0.95
C4 -C5  1.395(7) C19 -H19a  0.95
C4 -C15 1.518(8) C19 -H19b  0.95
Cc6 -C7  1.467(7) C19 -H19c  0.95
Cé6 -Cl0 1.435(7) C20 -H20a 0.95
C7T -C8  1.441(7) C20 -H20b  0.95
cs -C9  1.410(7) C20 -H20c  0.95
C8 -C18  1.514(7) C21 -H21  0.95
C9 -C10  1.404(7) C22 -H2la  0.95
Ci0-C21 1.517(7) C22 -H21b 0.95
C15-C16 1.488(12) C22-H2lc 0.95
C15-C17 1.480(11)  C23 -H22a  0.95
C18 -C19  1.523(9) C23 -H22b  0.95
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Table 3. (Cont.)

Distance(A)

C23 -H22c

0.95

CpA -Zr
Cl1 -Zr
CpA -Zr
CpA -Zr
CpB -Zr
CpB -Zr

-CpB
-C12
-Cl1
-C12
-Cl1
-C12

Cé -Si1-C1
C11 -Si1 -C1
Cl12 -5i1 -C1
C11 -Sil1 -Cé6
C12 -5i1 -C6
C12 -Sil1 -C11
C7 -5i2 -C2
C13 -Si2 -C2
Cl14 -Si2 -C2
C13 -Si2 -C7
Cl14 -Si2 -C7
Cl4 -5i2 -C13
C2 -C1-Si1
Cs5 -C1 -Si1
Cs5 -C1 -C2
C1 -C2 -5i2
C3 -C2 -Si2
Cc3 -C2-C1
C4 -C3-C2
Cs5 -C4-C3
Cl5 -C4 -C3
C15 -C4 -C5
C4 -C5-C1
C7 -C6 -Si1
C10 -Cé6 -Sil
C10 -Cé6 -C7
Cé -CT7 -5Si2
c8 -CT7 -Si2
c8 -CT7 -Cé6
Cc9 -C8 -C7
C18 -C8 -C7
C18 -C8 -C9

Angle(®)

120.3
100.4(1)
109.1
108.1
107.7
109.5
91.6(2)
108.1(3)
117.2(3)
116.4(3)
115.9(3)
107.1(3)
92.1(2)
116.2(3)
108.4(2)
116.8(3)
115.3(2)
107.5(3)
123.9(4)
125.2(4)
106.2(4)
121.5(4)
127.4(4)
106.7(4)
109.8(5)
107.0(5)
127.9(5)
124.7(5)
110.3(5)
121.8(4)
128.0(4)
107.1(4)
122.5(4)
127.2(4)
106.9(4)
107.7(4)
126.4(4)
125.8(5)
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Table 3. (Cont.)

Angle(®)
Cio -C9 -C8
c9 -C10-Cé6
C21 -C10-Cé6
Cc21 -C10-C9
C16 -C15-C4
C17 -C15-C4
C17 -C15-C16
C19 -C18-C8
C20 -C18-C8
C20 -C18 -C19
C22 -C21-C10
C23 -C21 -C10

C23 -C21 -C22

H11lb -C11 -Hlla
Hllc -C11 -Hlla
Hllc -C11 -H11b
H12b -C12 -H12a
H12c -C12 -H12a
H12c¢ -C12 -H12b
H13b -C13 -H13a
H13c -C13 -H13a
H13c -C13 -H13b
H14b -C14 -H14a
H1l4c -C14 -H14a
H1l4c -C14 -H14b
H16b -C16 -H16a
H16c -C16 -H16a
H16c -C16 -H16b
H17b -C17 -H17a
H17c -C17 -H17a
H17¢c -C17 -H17b
H19b -Ci9 -H19a
H19c -C19 -H19a
H19¢ -C19 -H19b
H20b -C20 -H20a
H20c -C20 -H20a
H20c -C20 -H20b
H21b -C22 -H21a

110.2(4)
107.9(4)
126.3(4)
125.6(5)
109.8(6)
114.9(6)
112.2(7)
110.8(5)
112.6(5)
109.8(5)
109.5(5)
112.7(5)
110.0(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

Angle(®)

H21c -C22 -H21a
H21c -C22 -H21b
H22b -C23 -H22a
H22c -C23 -H22a
H22c -C23 -H22b

109.5
109.5
109.5
109.5
109.5
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