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CO/Ethene Copolymerization at Zirconocene Centers?
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The alternating copolymerization of CO and ethene at the zirconocene centers Cp,Zr, Me;-
SiCp,Zr, and rac-Me,Silnd,Zr was investigated by DFT methods. CO coordinates much more
strongly than ethene but has a rather high insertion barrier. Thus, propagation is slowed
dramatically but the growing chains will not necessarily all incorporate CO. Secondary alkyls
insert CO more efficiently than primary alkyls. After the first CO insertion, subsequent
olefin and CO insertions will alternate. Olefin insertion will be very slow at high CO
pressures, but at low [CO] the olefin and CO insertion barriers are comparable and are
lower than that of the first CO insertion. Use of CO as a quenching and chain-counting
method appears to be safe, provided a high pressure of CO is employed and the quenched

reaction is not worked up at low temperature.

Introduction

Olefin polymerization is catalyzed by both early (Ti,
Zr, V)t and late (Fe, Co, Ni, Pd)? transition metals. The
much more recently discovered alternating copolymer-
ization of olefins and carbon monoxide is catalyzed by
a few late transition metals only (typically Pd and Ni).3
Early transition metals are capable of both olefin and
CO insertion into the metal—carbon bond. Indeed, CO
insertion into zirconacyclopentanes, zirconacyclopentenes,
and zirconacyclopentadienes has been used in the
synthesis of cyclopentanones and related compounds.*
However, the high oxophilicity of these metals was
expected to block further insertion at some stage of the
reaction. Indeed, CO is frequently used to quench
polymerization reactions at early transition metals and
so count the number of growing chains.>® Therefore, the
observation by Busico’ that metallocene polymerization,
when quenched with CO, produced chains containing
oligoketone end groups came as a surprise. In the first
place, this can be an unwelcome complication, since it
makes the use of (possibly labeled) CO for counting
chains problematic. Second, it raises a number of
fundamental questions regarding the mechanism and
rate-limiting steps of the copolymerization. Finally, if
this copolymerization could be carried out in a reason-
ably efficient manner, it might enable the production
of apolar polyolefin chains bearing highly polar oligo-
ketone end groups, which should result in interesting
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surface properties such as improved adhesion and
paintability.

At present, the generality of the results reported by
Busico’ is not clear. CO quenching is a standard tool
for chain counting, but the results reported to date do
not indicate that it routinely leads to oligoketone end
groups. For example, Fukui® suggested that all chains
are terminated by a single CO moiety, leading to fully
blocked polymerization and eventually to aldehyde end
groups. Relatively little work has been done on CO
insertion in well-defined cationic zirconocene alkyls.
Jordan has reported CO insertion in Cp,ZrMe* and
Cp*2ZrMet fragments and observed multiple (alternat-
ing) insertions of CO and alkynes.8 The X-ray structures
of both Cp,Zr(»2-COMe)(CO)™ ? and Cp*,Zr(2-COMe)-
(CO)™ 19 have been determined. The substituted olefin
vinyl chloride was found to react with Cp,Zr(#>-COMe)-
(CO)™ via 1,2-insertion; a cascade of reactions eventually
led to a dinuclear acyl complex (Scheme 1).

No theoretical study on insertion in cationic alkyls
has appeared. CO insertion in neutral Cp,ZrMe;, lead-
ing first to Cp,Zr(Me)(>-COMe) and then to CpyZr(i?-
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Me,CO), has been studied theoretically by Sgamellotti.t
They found the first insertion to be a two-step process
(Scheme 2). CO preferentially enters from the side; via
a three-center transition state it forms an “O-out” ! acyl
complex. This is only a shallow local minimum, which
has a barrier of ca. 0.6 kcal/mol for rearrangement to
the much more stable »2-acyl complex.

In the current paper, we use DFT calculations to
clarify the possibility of multiple CO/olefin insertions
in zirconocene catalysts and to elucidate mechanistic
details. In addition, we will discuss the implications for
the use of CO quenching as a counting method.

Methods

All calculations were carried out with the Turbomole
program?? coupled to the PQS Baker optimizer.'® Geometries
were fully optimized as minima or transition states at the b3-
lyp level** using the Turbomole SVP basis set on all atoms
(def-SVP pseudopotential basis on Zr) and a fine (*m4”)
integration grid. All stationary points were characterized by
vibrational analyses; ZPE and thermal (enthalpy and entropy)
corrections (1 bar, 273 K) from these analyses are included.
All energies mentioned in the text are free energies.

Results and Discussion

The Basic Model: CpyZrMe™. Let us for the mo-
ment use the methyl group as an (admittedly minimal)
model of a polymer chain; the complications associated
with larger alkyl groups will be discussed below. The
complete path is summarized in Figure 1, and relative
energies are collected in Table 1.

Ethene insertion in Cp,ZrMe* has been studied by
several groups.!® The reaction follows a path similar to
the Cossee—Arlmann mechanism?® with o-agostic as-
sistance;'” the barrier between the -complex 2 and the
insertion transition state 3 is small or possibly non-
existent. With the basis set and functional used here,
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Table 1. Free Energies (in kcal/mol, Relative to
the Metal Alkyls) for Species on the CO/Olefin
Copolymerization Path

species Cp2ZrMe Me,SiCp2ZrMe Me,Silnd,ZrMe

1 0.0 0.0 0.0
2 —6.7 —-7.5 -3.7
3 2.6 2.9 5.9
4 —-13.4 —12.3 -9.7
5 4.0 7.4 6.1
6 —26.1 —24.4 —22.2
7a —-33.9 —33.8 —28.6
7b —34.3

8a -21.0 —-22.7 -15.9
8b —24.9

9 —-12.2 —12.8 -8.3
10 —47.5 —47.0 —43.8
1l1a —47.0 —47.5 —40.4
11b —44.2

12 —-36.1 —36.5 -31.0
13 -50.1 —49.0 —42.9
14 —51.0 —50.7 —44.6
15 —-37.3 —39.0 —-31.9

we obtain a complexation free energy of 7 kcal/mol and
a barrier of 4 kcal/mol. Addition of CO changes the
chemistry significantly (Figure 2). CO is a stronger
donor than ethene (complexation energy: CO, 13 kcal/
mol; ethene, 7 kcal/mol); therefore, the most stable
complex in the system will be Cp,Zr(Me)(CO)* (4). The
barrier to CO insertion, however, is quite high: 17 kcal/
mol. Alternatively, the system could displace CO by
ethene, insert via transition state 3, which is now 11
kcal/mol above the CO complex, and then regenerate
the CO complex. Assuming the displacement of CO by
ethene can follow an associative path and will not be
rate limiting, the effective barrier for propagation has
increased by 7 kcal/mol due to the presence of CO. The
similarity of the two effective barriers suggests that
(slow) propagation in the presence of CO, before its
insertion, remains possible.

Insertion of CO follows the standard migratory inser-
tion path. However, the energy profile of the reaction is
somewhat unusual. Starting from complex 4, the energy
increases monotonically up till a point (5) one would
normally classify as a o-bound acyl. Then the acyl starts
to turn its oxygen toward the Zr atom, to form an »?-
acyl, and it is only at that point that the energy starts
to decrease again. In other words, 5!-acyl 5 is a transi-
tion state, not a local minimum as found for CO
insertion in the neutral complex CpZrMe,.1! One
important consequence is that the Zr—alkyl bond is
already completely broken at the transition state.
Therefore, anything that affects the strength of this
bond affects the height of the insertion barrier directly.
In view of the high insertion barrier and strong exo-
thermicity of the CO insertion (13 kcal/mol counting
from 4), this step can be considered to be irreversible.

The final product of CO insertion is the 2-acyl species
6. This could again coordinate and insert both CO and
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Figure 1. Reaction path for CO/ethene copolymerization starting with Cp,ZrMe™. Relative free energies are given in

kcal/mol.

Figure 2. Insertion of CO into Cp,ZrMe™*: alkyl (1), CO
complex (4), transition state (5), and n?-acyl product (6).

ethene. CO coordination produces either 7a (“O out”)
or 7b (“O in”); the calculated energy difference of 0.4
kcal/mol in favor of 7b agrees nicely with the observed
equilibrium ratio of 5:1 observed experimentally (Figure
3).° Double CO insertion is presumably thermodynami-
cally unfavorable and was not considered here. How-
ever, CO coordinates much more strongly than ethene
to the acyl; thus, for subsequent insertions Cp,Zr(n?-
MeCQO)(CO)* (7b) is the resting state and reference
point. Displacing CO by ethene (to give 8a) costs 13 kcal/
mol. From the olefin complex on, the insertion barrier
is only 9 kcal/mol, so that the effective barrier is ca. 22
kcal/mol. The transition state 9 has a fully broken Zr—

Figure 3. Insertion of ethene into Cp,ZrCOMe™: acyl—
CO complex resting state (7b), acyl—ethene complex (8a),
insertion transition state (9), and insertion product (10).

Cacyl bond and a strong Zr—O interaction. Clearly,
coordination of the oxygen to Zr assists the insertion.18

After the insertion, we obtain five-membered-ring
chelate structure 10. This is extremely stable, as is
evident from the exothermicity of its formation (21 kcal/
mol from the 52-acyl, which is itself already stabilized
by a Zr—0O interaction). Thus, we expected that neither
ethene nor CO would be able to displace the carbonyl
oxygen from Zr. However, we find that CO can coordi-
nate without displacing the oxygen, producing the

(18) We have also considered a path where the acyl first rotates to
an 77%(C)-bound structure. This does give a true transition state leading
to the correct product, but the barrier is so much higher than for the
path maintaining the Zr—O interaction that we have not considered
it further.
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Figure 4. CO insertion into the Cp,ZrCH,CH,COMe™
chelate: CO complex (11a), insertion transition state (12),
and insertion product (13).

formally 18e species 11 (Figure 4). This complexation
is slightly uphill (1 kcal/mol) for entropic reasons.
Insertion of the CO molecule in the Zr—C bond then is
rather easy, requiring only 10 kcal/mol (cf. 17 kcal/mol
for formation of 4). Ethene, which is much bulkier than
CO, does not coordinate as strongly and hence does not
insert as easily. In other words, carbonyl coordination
in the chelate blocks ethene insertion but actually
assists CO insertion!

Once the second CO is inserted, we are left with 7?2-
acyl species 13 bearing an internally coordinating
carbonyl group. This 5Y,-membered chelate ring is
somewhat strained, and as a consequence opening of the
ring by CO or ethene to give 14 or 15 is not difficult
(Figure 5). CO will not insert, but ethene will. Since
there is no direct Zr—carbonyl interaction in the ring-
opened ethene complex 15, the barrier for ethene
insertion from 15 should be similar to that for 8a, and
the effective barrier, counting from CO complex 14,
should be similar to the energy difference between 7a
and 9. In other words, the second ethene insertion
should have the same effective barrier as the first (ca.
22 kcal/mol).

Influence of the Alkyl Group at Zr. CO quenching
is used to “count” primary and secondary alkyl chains
at the metal. Therefore, the relative efficiency of trap-
ping either kind of chain with CO is important. If
secondary chains would be trapped rapidly but primary
chains could grow on for a long time, counting could
produce a skewed picture of their relative amounts.

We see three different effects on going from a simple
methyl group to the larger ethyl and isopropyl groups
(Table 2). First, longer chain alkyls 1 always have a
pB-agostic Zr—H interaction. This is lost on ethene and
CO coordination. Thus, the complexation energies of CO

Budzelaar

Figure 5. Opening of Cp,ZrCOCH,CH,COMe™ by CO (14)
and ethene (15).

Table 2. Free Energies (in kcal/mol, Relative to
the CO Complexes) for Initial Ethene and CO
Insertion Steps

Cp2Zr Me;SiCpaZr Me,Silnd,Zr
species  Me Et iPr Me Et Me Et

13.4 5.2 54 12.3 6.8 9.7 3.2
6.7 10.1 115 4.8 9.1 6.0 6.9
16.0 151 155 15.2 14.6 15.6 135
0.0 0.0 0.0 0.0 0.0 0.0 0.0
174 14.6 11.8 19.7 17.6 15.8 11.9
—-12.7 -153 -—-18.2 -121 -141 -125 -16.5

OO WNE

and ethene decrease because of the somewhat artificial
change in reference point. This is the reason the
energies in Table 2 are given relative to the CO
complexes instead of the naked alkyls. However, this
in itself would not affect the relative barriers for CO
and ethene insertion. The second effect is steric. The
size difference among Me, Et, and iPr has a significant
effect on the ethene complexation energy, but because
of the much smaller size of CO it does not affect the CO
complexation energy much. Insertion transition states
are less sensitive to this steric effect, so again the effect
on insertion barriers is small. Finally, the Zr—alkyl bond
is destabilized by increased substitution at the a-carbon.
Since this bond is completely broken at the CO insertion
TS, but not at the olefin insertion TS, there is a clear
effect on the balance between CO and ethene insertion.
Each a-substituent decreases the barrier for CO inser-
tion by ca. 3 kcal/mol, while (relative to the CO complex)
the olefin insertion barrier does not change much. Thus,
secondary alkyls are more efficiently trapped by CO
than primary alkyls.

Ligand Effects: CpzZr, Me,SiCp.Zr, and Me;Si-
Ind,Zr. CO coordination to Me,SiCp,ZrMe™ is slightly
weaker than to Cp,ZrMe™ (ca. 1 kcal/mol). In contrast,
ethene coordinates more strongly to the same system
(ca. 1 kcal/mol), which agrees with the higher sensitivity
of ethene coordination to steric effects. The ethene
insertion barrier is comparable to that for Cp,ZrMet,
but the CO insertion barrier is clearly higher (by ca. 3
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kcal/mol, counting from the CO complex). The CO
insertion transition state is basically a Zr acyl lacking
any stabilizing interactions; it is reasonable that this
would be less favorable in combination with the more
open, less saturated Me,SiCp,Zr fragment. The net
effect of these changes is that CO insertion becomes
about 3 kcal/mol more difficult relative to ethene inser-
tion.

Going on to the Me,Silnd,Zr system, we find de-
creased CO and ethene coordination energies (by ca. 3
kcal/mol). CO insertion now becomes easier relative to
ethene insertion, by about 3 kcal/mol relative to Cp,Zr.
In this respect, the Me,Silnd,Zr system behaves as less
unsaturated than Me,SiCpoZr or even CpyZr. This is
also reflected in subsequent CO coordination energies.
In the order Cp.Zr, Me,SiCp,Zr, and Me,Silnd,Zr they
are as follows: for 6 — 7a, —6.8, —9.4, —6.4 kcal/mol;
for 10 — 11a, +0.5, —0.5, +3.4 kcal/mol.

The subsequent ethene insertion step is hardly af-
fected by the changes in ligand structure, but interest-
ingly, the second CO insertion step shows a trend
opposite to the first one: slightly easier for Me,SiCp,-
Zr and slightly more difficult for Me,Silnd,Zr. On the
whole, however, the only large (>2 kcal/mol) changes
are seen in the first CO insertion barrier.

Expectations for CO Quenching of Polymeriza-
tion. Both ligand structure and the alkyl chain have a
significant effect on the balance between olefin insertion
(propagation) and the first CO insertion. In addition,
insertion of propene in the Zr—alkyl bond is more
difficult than ethene insertion by ca. 4 kcal/mol.*° This
should be taken into account when comparing propaga-
tion and CO insertion barriers.

For Cp,Zr, CO and ethene insertion in a primary alkyl
are closely matched. For Me,SiCp,Zr, ethene insertion
is preferred in a primary chain; for a secondary chain,
or for propene and a primary chain, the difference
should be small. For MezSilnd,Zr, CO insertion is
easiest and should normally be preferred. However, the
preference is not extreme and at low CO pressures
competing olefin insertion cannot be excluded.

Once CO has inserted, subsequent olefin insertion has
a significant barrier. In the presence of excess CO, the
resting state will be the L,Zr(CO)(i?-acyl)™ complex, and
a barrier of about 20 kcal/mol can be expected. For low
CO concentrations, the relevant resting state shifts
toward L,Zr(n?-acyl)*, and the olefin insertion barrier
will be reduced to 12—14 kcal/mol. The following second
CO insertion has a barrier of 10—13 kcal/mol, which will
become higher at low CO concentrations. The end result
can be summarized as follows:

At high CO concentrations, CO will coordinate, which
is sufficient to completely quench polymerization. The
CO insertion rate depends on the system, but the
insertion barrier is significant and one cannot assume
all growing chains to incorporate CO if the quenched
reaction is worked up at low temperature. After CO
insertion, subsequent olefin insertion is possible but
slow; each olefin that inserts will immediately be
followed by a CO unit. Single-CO insertion has indeed
been verified in the quenching of Cp,Zr-catalyzed po-
lymerization of propene with high pressures of CO.® In

(29) Borrelli, M.; Busico, V.; Cipullo, R.; Ronca, S.; Budzelaar, P.
H. M. Macromolecules 2002, 35, 2835.
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many cases, however, single-CO incorporation has
simply been assumed to be quantitative and limited to
one CO per chain. Our results suggest that this as-
sumption may not always be valid.

At low CO concentrations, the propagation resting
state immediately becomes L,Zr(R)(CO)*, slowing down
propagation strongly. However, some olefin units may
still insert before the relatively slow CO insertion
occurs. After the first CO insertion, subsequent olefin
and CO insertions will occur alternatingly. The barriers
for these steps can be similar, depending on the CO
concentration; both can be faster than the first CO
insertion. Busico reported that the main end groups
visible by NMR are ketones, derived from primary
alkyls, and aldehydes, derived from secondary alkyls.”
This appears to be consistent with our observation that
(a) olefin and CO insertion barriers are comparable and
(b) CO insertion is easier in secondary alkyls. However,
since we have not studied propene insertion at all, this
explanation must remain tentative.

Comparison of Early (Zr) and Late (Pd) Transi-
tion Metals. The Pd-catalyzed alternating copolymer-
ization of CO and ethene has been studied in detail, both
experimentally?® and theoretically.?! Inspection of the
relevant energies shows that, perhaps surprisingly,
there are more similarities than differences between the
two types of systems. CO coordinates more strongly than
ethene by about 6 kcal/mol in both systems, and even
the calculated CO binding energies of Cp,ZrEt™ and (Hy-
PCH=CHPH,)PdEt" are similar.22 The CO and ethene
insertion barriers observed (AG* = 13.4 and 12.3 kcal/
mol for (dppp)Pd2°2) and calculated (AH¥=11.5and 13.9
kcal/mol for (H,PCH=CHPH,)Pd?1?) for the Pd system
are fairly similar to those calculated here for 10 — 12
and 6 — 9 (AG* = 11 and 13 kcal/mol). The main
difference is in the first CO insertion step (4 — 5), which
for Zr can have a higher barrier (12—18 kcal/mol,
depending on the ligand) than later CO insertions.

Another important difference with Pd is that, in the
absence of CO, zirconocenes are much more active in
olefin homopolymerization. The calculated homopolym-
erization barrier for Zr, counting from the olefin complex
(2 — 3, ethene in Zr—Et) is ca. 5 kcal/mol, which should
be contrasted with an experimental AG* of 16.3 kcal/
mol for (dppp)Pd2%2 and a calculated AH* of 15.5 kcal/
mol for (H,PCH=CHPH;)Pd.?12 Thus, the slowdown of
reactivity by CO addition is much more dramatic for Zr
than for Pd.

If we look at geometries of intermediates and transi-
tion states, further differences emerge. Olefin insertion
into the Pd—acyl bond involves initial conversion of the
n?-acyl group to a perpendicular »(C) orientation, in
which the metal—oxygen interaction has been lost
(Scheme 3). In contrast, the much more oxophilic Zr

(20) (a) Shultz, C. S.; Ledford, J.; DeSimone, J. M.; Brookhart, M.
J. Am. Chem. Soc. 2000, 122, 6351. (b) Ledford, J.; Shultz, C. S.; Gates,
D. P.; White, P. S.; DeSimone, J. M.; Brookhart, M. Organometallics
2001, 20, 5266. (c) Rix, F. C.; Brookhart, M.; White, P. S. 3. Am. Chem.
Soc. 1996, 118, 4746.

(21) (a) Margl, P.; Ziegler, T. 3. Am. Chem. Soc. 1996, 118, 7337.
(b) Svensson, M.; Matsubara, T.; Morokuma, K. Organometallics 1996,
15, 5568. (c) Frankcombe, K. E.; Cavell, K. J.; Yates, B. F. Organo-
metallics 1997, 16, 3199.

(22) Margl and Ziegler?'2 did not calculate free energies. Excluding
ZPE and thermal corrections, the calculated CO binding energies are
16.7 kcal/mol for Cp,ZrEt* (this work) and 18.6 kcal/mol for (HPCH=
CHPH)PdEt*.21a
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center retains contact with oxygen but has lost inter-
action with the acyl carbon in the planar five-center
transition state 9. In the subsequent CO insertion step,
the Pd system opens the MCH,CH,COR chelate ring
to accommodate the incoming CO ligand. This is not
possible with Zr. Instead, we find an associative mech-
anism in which carbonyl coordination is retained over
the whole sequence 10 — 11 — 12 — 13. Thus, the
consequences of oxophilicity and strong coordinative
unsaturation of the Zr center are expressed more clearly
in the geometries than in the energies of the species on
the copolymerization path.

Conclusions

COl/olefin copolymerization at zirconocenes is by no
means a fast and easy reaction. In view of the high
oxophilicity of Zr, the fact that it proceeds at all is
already remarkable. Our calculations suggest that two
factors are important here. In the first place, the stable
chelate 10 can coordinate and then insert a CO molecule
without losing the Zr—carbonyl coordination. This is
crucial, since displacement of the carbonyl by CO would
probably be prohibitively expensive. Second, carbonyl
coordination appears to be weaker in the 51/,-membered
carbonyl—acyl species 13, and here even ethene can
displace the carbonyl and then insert. The availability
to zirconocene—alkyl cations of two additional coordina-
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tion sites is essential, and it might well be that
octahedral systems having only a single empty site
available for chain growth (like the presumed active
species in heterogeneous Ziegler—Natta catalysis) would
be completely blocked by CO at the chelate stage.

Even for zirconocenes, CO has an inhibiting effect on
olefin insertion, and our results suggest it can be safely
used for chain counting, provided it is used in a large
excess, and temperature and reaction time are chosen
such that CO insertion does occur but subsequent olefin
insertion is still suppressed. These conditions are not
the ones typically used for chain counting. In particular,
the use of small quantities of (radioactive) CO is
generally preferred. We propose using instead a large
excess of diluted “CO (in 12CO) to ensure efficient
guenching of polymerization.

As for preparing oligoketone-functionalized polyole-
fins, the main problem is probably chain transfer and
reinitiation after CO “termination”. The functionalized
polymers are reactive enough to bind aluminum alkyls
and MAO commonly used as scavengers; thus, the
polymerization would require several equivalents of
scavenger per chain. Also, the process would have to be
divided into separate olefin and CO/olefin growth steps,
since just adding small amounts of CO during polym-
erization would cause an unacceptable slowdown of
polyolefin growth. The resulting process might well
become too complex to be practical.
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