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The barrier to ethylene insertion into the chromium—methyl bond in Cp(H,O)CrMe™* (1),
Cp(THF)CrMe™ (2), Cp(imidazol-2-ylidene)CrMe™ (3), (H.NC,H4CsH4)CrMe* (4), and (Me,-
NC,H,CsH,)CrMe™ (5) has been calculated using gradient-corrected density functional theory
(DFT) and compared to experimentally recorded activity data for homogeneous Cr(l11)-based
polymerization catalysts. The lack of correlation between the two data sets shows that the
observed differences in activity among these catalysts do not originate from a difference in
the ability of the various Cp(donor)CrR"™ complexes to instigate the bond-breaking and
-forming phases of the Cossée—Arlman-type insertion step. Rather, the superior performance
of the donor-substituted Cp—Cr catalysts is probably associated with the enforced proximity
of the donor group to the metal, demonstrating the importance of the constant presence of
the donor ligand in the inner coordination sphere of the chromium atom. For 5, insertion of
a second ethylene molecule has also been investigated, and the results reflect that for the
Cr(l11)-based catalysts the insertion step does not represent a serious bottleneck in the
propagation cycle, consistent with the observed high activities of the recently developed
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amino-substituted Cp—Cr catalysts.

1. Introduction

The fact that two of the commercially most important
catalysts for the polymerization of ethylene, the Phil-
lips12 and Union Carbide3* silica-supported catalysts,
are based on chromium has inspired efforts to prepare
homogeneous counterparts. This task has proved dif-
ficult and, although some progress has been made in
recent years, reports of homogeneous chromium-based
polymerization catalysts are scarce compared to those
of group 4 based catalysts. These results have already
been reviewed,>® and here we restrict ourselves to
noting that, among the low-valent states of chromium,
oxidation state +I11 stands out as the most active for
the polymerization of ethylene. The contemporary Cr(l11)-
based catalysts are typically donor-stabilized alkyls or
halides with a (substituted) cyclopentadienyl group as
one of the ligands. With the donor (e.g., amino group)
bridged to the Cp and with methylalumoxane (MAO)
as cocatalyst, Jolly et al.”~9 have obtained activities of
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1 x 10* kg of PE/((mol of Cr) h) at 2 bar and room tem-
perature. Closely related systems such as [CrCp*(THF),-
Me]*BPh,~ 1011 display activities orders of magnitude
lower, although in both cases it is assumed that a three-
coordinate cation of the general type Cp(donor)CrR*
(where Cp is a (substituted) cyclopentadienyl ligand)
constitutes the active species. Recent variations of the
donor ligand in (substituted) cyclopentadienylchro-
mium(I11) complexes also include carbenes in the form
of 1,3-disubstituted imidazol-2-ylidenes.®2 However, as
described in the preceding article,® the activity for the
polymerization of ethylene shown by the Cp(tetrameth-
ylimidazol-2-ylidene)CrCl, catalyst is disappointing, and
in this respect the carbene catalyst seems to resemble
the Cr—tetrahydrofuran complexes!®!! rather than the
amino-substituted Cp systems.

The dramatic differences in activity for ethylene
polymerization for these chemically closely related
systems call for further investigation. One possible
explanation for the differences is simply that, although
the catalysts are indeed related, the structural varia-
tions are sufficiently pronounced to significantly influ-
ence the barrier to ethylene insertion. A quantum-

(9) Dohring, A.; Gohre, J.; Jolly, P. W.; Kryger, B.; Rust, J;
Verhovnik, G. P. J. Organometallics 2000, 19, 388.

(10) Thomas, B. J.; Theopold, K. H. 3. Am. Chem. Soc. 1988, 110,
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chemical study?? of CI(H,O)CrMe* as a model for such
three-coordinate cations of chromium(lll) has already
demonstrated that the latter has a low (~8 kcal/mol)
barrier for ethylene insertion.14~16 Here, we extend this
study to a series of Cr(l11)-based complexes and include
realistic models of several recently developed catalysts.
Catalysts based on group 4 metals with the oxidation
state +1V (d°) have been shown to insert alkenes with
very low barriers, and it has been questioned whether
the insertion step is actually rate-determining in these
cases.!” Catalysts based on metals with significant d
population, however, may be expected to display more
pronounced barriers to insertion,318 and it is thus more
likely that in these cases this reaction step determines
the actual activity. We report here the use of gradient-
corrected density functional theory (DFT) to compare
the barrier to ethylene insertion with the observed
catalytic activity by studying the initial insertion step
into the Cr—Me bond for Cp(H,O)CrMe™ (1), Cp(THF)-
CrMe™ (2), Cp(imidazol-2-ylidene)CrMe™ (3), (H2NC,-
H4C5H4)CrMe+ (4), and (M62NC2H4C5H4)CI’M6+ (5), as
well as the second insertion step for 5 (see Chart 1).

2. Computational Details

This study was carried out using gradient-corrected density
functional theory (DFT) with the gradient corrections included
self-consistently during both geometry optimization and energy
evaluation. Throughout this work we have employed the local
exchange-correlation potential developed by Vosko et al.'®
augmented with Becke’s?® nonlocal exchange corrections along
with Perdew and Wang's?* nonlocal correlation corrections. All
calculations were performed in the spin-unrestricted formula-
tion, and at various points, tests were conducted to ensure that
stable solutions had been obtained. For practical reasons,
Figure 1 displays restricted open-shell orbitals, which for the
systems in question are very similar to their unrestricted
counterparts. Extensive studies reported elsewhere!®22 show
that the BPWO91 functional is capable of providing accurate
energy profiles for the monomer insertion step during metal-
catalyzed olefin polymerization. Two different implementations
of this functional were employed in the current work, and these
are described below.

2.1. G94 Approach. For the complexes 1—4 we used the
DFT facility as implemented in the Gaussian 94 set of
programs,? and the results obtained are labeled G94 in the
current work. Stationary points of ethylene insertion were
optimized and characterized using algorithms involving ana-
lytic calculations of the first and second derivatives of the
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energy, respectively. Geometries were converged to a maxi-
mum force and displacement of 0.000 45 hartree/Bohr and
0.0018 Bohr, respectively. Thermochemical quantities were
computed within the harmonic oscillator, rigid-rotor, and ideal-
gas approximations. The basis sets employed were spherical-
harmonics atom-centered Gaussian bases (denoted by basis
B in ref 13) which consist of a triply split d shell on chromium,
are of valence double-¢ plus polarization quality for first-row
atoms, and employ a doubly split 1s for hydrogen. With the
exception of the donating carbon atom of the carbene ligand
in 3, polarization functions were generally omitted for carbon
atoms not forming part of the ethylene or the polymer chain.
It has been specifically shown in ref 13 that augmenting these
sets with one contracted f function on chromium and one
uncontracted p function on each hydrogen belonging to the
growing alkyl chain or the monomer has very little influence
on the calculated relative energies of ethylene insertion.

2.2. ADF Approach. For complexes 4 and 5 we employed
the Amsterdam Density Functional®*~26 package, and the
results are labeled ADF in the current work. Geometries were
converged to a maximum force of 0.001 hartree/A or hartree/
radian. The potential energy surface (PES) of ethylene inser-
tion was investigated in a linear transit fashion where all
degrees of freedom, except for the reaction coordinate (taken
to be the carbon—carbon bond formed during insertion), were
optimized in each step. For 5, the C—H bond lengths of the
methyl groups on nitrogen were constrained to be equal, which
is expected to have a negligible effect on the shape of the
calculated PES. The corresponding gradient elements still
remain very low (absolute values <0.007 hartree/A) and almost
constant during the reaction. The transition states were
obtained as the maximum on the potential energy curve of
ethylene insertion. The difference between the resulting
structure and the fully optimized, true transition state of
ethylene insertion for a d° metal is reported to be minimal.1®
The ADF calculations were performed in parallel.?” Slater-type
bases from the ADF internal database?2° were used through-
out, together with the frozen-core approximation. For chro-
mium (valence: 3s, 3p, 3d, 4s, 4p), an uncontracted triple-¢
basis was applied. Carbon (valence: 2s, 2p) was described by
a double-¢ basis, while for ethylenic C atoms as well as those
in the growing polymer chain this set was augmented with a
single 3d polarization function. For hydrogen (valence: 1s), a
double-¢ basis was applied and augmented with a single 2p

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
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Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P.
Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian,
Inc., Pittsburgh, PA, 1995.
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(27) Fonseca Guerra, C.; Visser, O.; Snijders, J. G.; te Velde, G.;
Baerends, E. J. In Parallelisation of the Amsterdam Density Functional
Program; Clementi, E., Corongiu, G., Eds.; STEF: Cagliari, Italy, 1995;
p 303.

(28) Vernoijs, P.; Snijders, J. G.; Baerends, E. J. Slater-type Basis
Functions for the Whole Periodic System; Department of Theoretical
Chemistry, Free University: Amsterdam, The Netherlands, 1981.
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Tables 1982, 26, 483.
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Figure 1. Frontier orbitals of (H,NC,H,CsH4)CrMe™ (4, upper row) and Cp(H,O)CrMet (1, lower row). The orbitals are
depicted as isosurfaces at a value of 0.09 au using the MOLDEN®%*® program. They were obtained within the restricted
open-shell formulation (ROBPW91) with the structures optimized using the G94 approach as described in Computational

Details.

polarization function for atoms belonging to ethylene as well
as the growing polymer chain. A set of auxiliary®® s, p, d, f,
and g Slater functions centered on all nuclei was used in order
to fit the molecular density and present Coloumb and exchange
potentials accurately in each SCF cycle.

3. Results and Discussion

An important goal of the present work was to cor-
relate the ease with which ethylene is inserted (as
measured by the barrier calculated relative to the &
complex) with the structure and properties of each
catalyst. The complexes 1-5 differ mainly in the nature
of the donor ligand, which varies from water, through
tetrahydrofuran and amino groups, to a carbene. Thus,
one may expect some variation among the metal—donor
bonds, possibly accompanied by significant differences
in the electronic structure of the catalysts. Therefore,
the first subsection below is concerned with the metal—
donor bond strengths and the influence of the donor on
the frontier orbitals and electronic structure of the
catalyst complex. Ethylene insertion is considered in the
two following subsections.

3.1. Properties of the Catalyst Cation. 3.1.1.
CpCrMe*™—Donor Bond Energies. To bypass the
problem of comparing metal—donor bond strengths in
bridged complexes such as 4 and 5 with those in
complexes where the donors are not bridged to a
covalent ligand, we decided to focus the investigation
of metal—donor bond strengths on complexes of the type
CpCrMe*—donor. Instead of the two bridged-donor
complexes, we used Cp(NH3)CrMe* and Cp(NMes)-
CrMe™, and the metal—donor bond energies are given
in Table 1 together with those of complexes 1—3.

Considerable variance is seen among the bond ener-
gies in Table 1. The carbene ligand is found to be a very
good donor, in accord with experimental findings,31:32

(30) Krijn, J.; Baerends, E. J. Fit Functions in the HFS Method;
Department of Theoretical Chemistry, Free University: Amsterdam,
The Netherlands, 1984.

(31) Arduengo, A. J.; Harlow, R. L.; Kline, M. J. 3. Am. Chem. Soc.
1991, 113, 361.

(32) Herrmann, W. A.; Kécher, C. Angew. Chem. 1997, 109, 2256.

Table 1. CpCrMe*—Donor Bond Dissociation
Energies (kcal/mol)

donor AE, AG29s
H20 36.12 24.72
THF 43.4,243.2° 29.32
NH3 45.2,244.7° 33.02
NMes 47.4b
imidazol-2-ylidene 66.20
aG94. b ADF.

and the complexation energy is almost twice that of the
poorest donor, water. If electronic effects induced by the
donor ligand are of any importance for the ethylene
insertion reaction, the vast span in metal—donor bond
strengths should guarantee that such electronic effects
are indeed covered by the current study. Intermediate
bond energies are found for THF, NH3, and NMej3, with
less than 3 kcal/mol difference between ammonia and
trimethylamine. The small difference in the latter case
shows that NH;3; can be used as a model for larger,
substituted amines—at least when one focuses on elec-
tronic effects. As a result, in the present study we should
expect similar results for catalysts 4 and 5 and differ-
ences can mainly be attributed to the larger steric
requirement of 5. It is also gratifying that the agreement
between the two computational approaches (G94 and
ADF) is excellent, as evident from entries in Table 1,
where both approaches have been applied to the same
systems. Finally, the free energies of donor complexation
(AGgagg) are seen to be 12—14 kcal/mol less in favor of
the adducts than the pure electronic energies, a differ-
ence that is mainly due to the reduction in entropy upon
complexation of the donor. The zero-point vibrational
contribution to this reduction in stability of the adducts
is only 2—3 kcal/mol.

Another important aspect of the catalyst—donor bond
strengths is how they compare with those of cocatalyst—
donor bonds. Accurate values for the latter are difficult
to obtain, since the detailed structure and role of
methylalumoxane (MAO) during the catalysis is not
known. For simplicity, we assume that the strongest
Lewis acid in, and thus the active species of, MAO is
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actually trimethylaluminum (see comments in ref 9).
The MesAl—water and MezAl—ammonia electronic bond
dissociation energies are found to be 15.5 and 22.1 kcal/
mol (using G94), whereas the corresponding bond ener-
gies for THF and imidazol-2-ylidene are 15.8 and 30.4
kcal/mol, respectively, as calculated using the ADF
approach. These bonds are less than half as strong as
the corresponding chromium—donor bonds listed in
Table 1, indicating that (at least in the limit of complete
charge separation and exclusion of solvent effects) the
donor prefers to remain coordinated to the catalyst.
Excess trimethylaluminum is thus needed before ab-
straction of the Lewis base occurs. It seems likely that
the presence of solvent as well as the high cocatalyst/
catalyst ratios of Ziegler catalysts may result in ab-
straction of the donor despite relatively large catalyst—
donor bond energies. If we assume that presence of the
donor ligand is important for obtaining catalytic activity,
correlation between the catalyst—donor bond strength
(or alternatively the difference between the donor bond
strength of the catalyst and cocatalyst) and the observed
catalytic activity should be expected. The carbene ligand
has by far the largest catalyst—donor bond energy and
also the largest difference in donor bond energy between
catalyst and cocatalyst (35.9 kcal/mol). The carbene
complex should thus have a higher catalytic activity
than other nonbridged donors, in accord with experi-
ment.3® However, even if a better model of the acidic
centers of MAO could be obtained, a more accurate
investigation of the relative stability of the catalyst—
donor complexes will require modeling of the catalyst—
cocatalyst contact as well as solvent effects.

3.1.2. Frontier-Orbital Picture of the Catalyst
Cation. For the reactant complexes (H2NC;H4CsHa)-
CrMe™ (4) and Cp(H,0)CrMe™ (1), the orbitals of main
interest are included in the upper and lower rows of
Figure 1, respectively. As far as polymerization is
concerned, the properties of the metal—alkyl bond and
the low-energy virtual orbitals at the metal are of
interest. The highest lying orbitals with Cr—C bond
character (no. 44 and 37 for 4 and 1, respectively) are
similar and show good directionality and a shape
consistent with a d,—p, bond. The Cr—C bond originates
mainly from a 3d2-rich lowest unoccupied orbital (LUMO)
in the Cy-like fragment Cp(donor)Cr*. For d® metal-
based catalysts, this d,2-dominated orbital is often found
to be of rather high energy,3*3° and the bond to the alky!l
group is thus formed through hybridization with the dy;,
and d,2-2 orbitals and is associated with deformation
toward a pyramidal structure. For complexes based on
Cr(111), the higher d-occupation reduces the energy gap
to the d,2 orbital and is accompanied by an increase in
stability for the planar arrangement in the three-
coordinate Cr—alkyl cations. For 4, the energetic prefer-
ence for a pyramidal compared to a trigonal-planar
arrangement (the transition state of inversion) is only
1.1 kcal/mol, whereas for 1 as well as the other

(33) Following a reviewer’'s suggestion, we have compared the
activities for ethylene polymerization of Cp(THF)CrCl,/MAO and Cp-
(tetramethylimidazol-2-ylidene)CrCl,/MAO in CH,Cl,/toluene at 20 °C
and P(C,H,) = 0.3 bar: both show very low activity, with that of the
carbene adduct (8 kg of PE/((mol of Cr) h)) being 10 times higher than
that of the THF adduct.

(34) Margl, P.; Deng, L. Q.; Ziegler, T. Organometallics 1998, 17,
933.

(35) Jensen, V. R.; Bgrve, K. J. Manuscript in progress.
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complexes with unbridged (free) donor ligands, the
trigonal-planar arrangement is preferred. For d° metal-
based catalysts, the barrier to planarity has been found
to correlate with the barrier to monomer insertion,18:3%
and thus, solely on the basis of the high stability of the
planar configuration, rather low barriers to ethylene
insertion should be expected for the catalysts 1-5. In
addition, only minor differences exist between the three
singly occupied (SOMOQ'’s) and the LUMO orbitals for 1
and 4. The frontier orbitals for the carbene complex 3
also resemble those pictured in Figure 1. To summarize,
the frontier orbitals of 1-5 are qualitatively similar
despite the marked difference in metal—donor bond
strength.

One might also expect that the presence of dative
ligands with very different donor abilities should influ-
ence a simple, scalar property such as the charge on
the metal. However, this does not seem to be the case
for 1, 3, and 4 (Mulliken charges on Cr are 0.74, 0.70,
and 0.69 e, respectively). Again, the conclusion is that,
although the dative ligands chosen for the study are
indeed different, this has little effect on the electronic
structure for the three-coordinate, cationic methyl com-
plexes and one might therefore expect similar catalytic
performance.

3.2. Initial Ethylene Insertion Step. In this sec-
tion, detailed analyses of energetic, geometric, and
electronic aspects of the initial ethylene insertion step
for the complexes 1-5 are presented. Insertion of a
second ethylene molecule is discussed for complex 5 in
the next section.

3.2.1. Geometric Structures. The geometrical fea-
tures of the stationary points along the reaction path
of ethylene insertion are found to be very similar for
the current model catalysts, and we thus limit the
graphical representation to complex 5 (Figure 2). The
most important geometrical parameters for the reac-
tants, the metal—ethylene complexes, and the transition
states for all complexes studied are given in Table 2. It
is apparent that these stationary points resemble those
expected for the Cossée—Arlman mechanism, which are
well-known from theoretical investigations of d° metal-
based catalysts (for example, see refs 18, 34, 36, and
37). The similarity to structures obtained in our study??
of the small model system CI(H,O)CrMe™ is also evident.
The three-coordinate reactant complexes with bridged
donors (4 and 5) are weakly bent (pyramidal), as judged
from 6, ~ 10°, the deviation from 360° of the sum of
the three primary bond angles around chromium. The
complexes with nonbridged (or free) donors, on the other
hand, are planar with 8, being zero or close to zero. The
position of the donor relative to chromium is to a large
extent determined by the relatively short ethano bridge
in 4 and 5, the Cp—Cr—(donor) angles being ~25° more
acute than in the complexes with free donors. A weak
o-agostic interaction involving a lengthening of the C—H
bond of 1—-2 pm is observed in all reactant complexes.
Coordination of ethylene causes deformation of the
planar or close to planar three-coordinate fragment, and
the & complexes may all be characterized as having
distorted-tetrahedral structures with the 6, value being

(36) Jensen, V. R.; Barve, K. J.; Ystenes, M. J. Am. Chem. Soc. 1995,
117, 4109.

(37) Margl, P.; Deng, L. Q.; Ziegler, T. 3. Am. Chem. Soc. 1999, 121,
154.
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Figure 2. Geometries of stationary points of two consecutive ethylene insertions for (Me,NC,H4CsH;)CrMe™ (5) as optimized

with the ADF approach.

Table 2. Important Structural Parameters of
Stationary Points of Ethylene Insertion for
Complexes 1-52

Cr—
complex®  Cr—C1 Cr—C3 Cr—Cp¢ donor C1-C2 C2—C3 §,¢
1, R® 2.02 1.91 206 1.35 0
1, ¢ 2.40 2.07 1.93 211 137 294 28
1, TS 2.10 2.19 1.93 212 144 210 20
2, Re 2.03 1.92 2.01 1.35 0
2, 241 2.07 1.95 208 1.37 291 27
2, TS 2.11 2.19 1.94 2.07 143 212 19
3, R® 2.03 1.93 210 1.35 0.5
3, 2.38 2.07 1.95 2.08 1.38 3.07 30
3, TS 2.10 2.20 1.95 209 144 210 21
4, Re 2.00 1.91 213 135 10
4, 1® 2.35 2.06 1.94 2.14 1.38 3.10 38
4, TS 2.10 2.18 1.93 215 144 212 29
4, Rf 2.00 1.92 213 135 13
4, af 2.37 2.06 1.93 214 1.36 3.05 40
4, TS 2.10 2.19 1.93 215 142 210 27
5, R, 1stinsf 2.01 1.92 215 1.35 9
5, @, 1st insf 2.39 2.06 1.94 220 1.36 3.05 37
5, TS, 1stinst  2.11 2.20 1.94 2.20 1.42 210 23
5, R, 2nd insf 2.03 1.92 217 135 18
5, &, 2nd insf 2.45 2.09 1.94 222 136 3.00 32
5, TS, 2nd insf 2.18 2.15 1.94 224 139 230 23

aBond lengths are given in angstroms and angles in degrees.
C1 and C2 denote the two ethylene carbons, with C1 being the
atom forming a bond to Cr during insertion. C3 is the alkyl chain
carbon next to the metal in the reactant. ® x symbolizes the
chromium—ethylene preinsertion complex and TS the transition
state of insertion. ¢ The distance between the chromium atom and
the geometric midpoint of the five carbon atoms forming the Cp
ring. 9 6, = 360° — OCpCrC — OCpCr(donor) — O(donor)CrC,
where C denotes the carbon atom closest to Cr in any given
structure. ¢ G94. f ADF.
close to that of a regular tetrahedron. The difference in
0, of about 10° found between reactant complexes with
bridged and free donors is retained in the = complexes
as a result of the constrained Cp—Cr—(donor) angle in
4 and 5. Agostic interactions are not found in the
metal—ethylene complexes. The transition states of
insertion are located somewhat late, as judged from the
forming Cr—C bonds being 8—10 pm shorter than those
being broken, as well as relatively long ethylenic bonds
of 1.43—1.44 A. The a-agostic interaction usually found
at the transition state (TS) in quantum-chemical studies
of metal-catalyzed ethylene insertion is relatively weak
for the current complexes, with a lengthening of the

C—H bond of only 2 pm. As for d° metal-based cata-
lysts,'® the TS has a more planar character than does
the & complex, with a 8—14° lower value of 6p. The
current project is focused on the activation step of going
from the 7 complex to the transition state of insertion.
The products of insertion are thus not deemed crucial,
and product geometric parameters are not tabulated
(except for 5, for which the product of the initial
insertion is tabulated as the reactant of the second).
With one exception, the product structures, which have
been optimized, show as expected the characteristics of
the reactant geometries. The exception is the y-agostic
hydrogen found to be coordinated to the apex of the
pyramid formed by the metal and the three primary
ligands of the Cp(donor)CrCsH;" complexes, which
results in larger values for 6p.

3.2.2. Energy Profiles. Relative energies for the
stationary points of insertion for complexes 1-5 are
given in Table 3, and the full linear transit energy curve
(see Computational Details) describing the shortening
of the new C—C bond for the assumed, active component
(5) of a bridged donor type catalyst is shown in Figure
3. The activation energies range from 6.4 (2) to 10.2 kcal/
mol (4). Part of the variation is a result of the use of
two different methods, as is evident when comparing
the G94 (8.5 kcal/mol) and ADF (10.2 kcal/mol) values
for complex 4. The higher barrier calculated with ADF
is probably due to the fact that in this case true
transition states were not identified: the TS is taken
as the maximum on the potential energy curve gener-
ated by stepwise shortening of the C—C bond formed
during insertion. A final transition state optimization
starting from this geometry would probably lower the
energy to a value closer to the value obtained with G94.
Within a single computational approach (G94), the
barriers to ethylene insertion vary from 6.4 to 9.2 kcal/
mol. If there were no other factors determining catalytic
activity, the calculated barrier heights would certainly
influence the rate constants; however, the barrier
heights show no meaningful correlation with the ex-
perimentally recorded activity data. The lowest barrier
to ethylene insertion, for example, is found for the THF
complex 2, whereas the complexes relevant to the high-
activity catalysts (4 and 5) show higher calculated
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Table 3. Relative Energies of Ethylene Insertion into the Cr—Methyl Bond in Cp(donor)CrMe* Complexes

1-52
energy relative to separated reactants® barrier to insertion®
complex AEe(J'E) Angg(.T[) AEe(TS) Angg(TS) AEe(rx) Angg(rX) AEe* Angg*
1d —16.2 -2.0 —6.9 6.8 —25.6 —9.2 9.2 8.8
2d —11.3 3.1 —4.9 10.7 6.4 7.6
3d —16.5 —-3.4 -7.0 7.4 —25.0 —10.4 9.5 10.8
4d —19.8 —6.3 —-11.4 4.0 8.5 10.3
4¢ —19.8 —-9.7 —27.3 10.2
5. 1stins —16.3 —6.5 —25.5 9.9
5, 2nd ins —-8.1 -2.1 —24.3 6.0

a Energies in kcal/mol. ® 7 symbolizes the chromium—ethylene preinsertion complex, TS the transition state of insertion, and rx the
primary product of the insertion. For 5, energies are given relative to ethylene + (Me2NC,H;CsH4)CrMe™ for the first insertion and
ethylene + (Me2NC,H4CsH4)CrCsH-;* for the second. ¢ Energy relative to the & complex. @ G94. ¢ ADF.

5 4

04

-10 -

-15 -

Energy (kcal/mol)

-20 -

-25 4

'30 T T T T T T 1
8 7 6 5 4 3 2 1
R(C2-C3) (A)

Figure 3. Energy profiles of the first (solid line) and
second (dashed line) ethylene insertions for 5 as obtained
with the ADF approach. In both cases, energies are given
relative to infinitely separated reactants, i.e., relative to
ethylene + (Me;NC,H4CsH,)CrMe™ for the first insertion
and ethylene + (Me,NC,H,CsH,;)CrCzH;* for the second.

barriers to insertion. Among the higher calculated
barriers we also find the carbene complex 3, whose
activity, however, is about 10 times that of the THF
complex.®® In fact, all Cp(donor)Cr'"'-type complexes
tested so far,® which either do not contain a donor
bridged to the Cp ligand or for which the donor is not
coordinated to the metal in the catalyst precursor, are
not particularly active. In addition, the calculated
barriers are little influenced by the metal—donor bond
strength. For example, the two complexes with the
weakest (1) and strongest (3) chromium—donor bond
have almost identical barriers to ethylene insertion. In
other words, it appears that the dramatic difference in
activity among the Cr(ll1)-based catalysts is not the
result of differences in the barrier to insertion.

It could be argued that this lack of correlation
between experimental activities and calculated barriers
to ethylene insertion is the result of either an over-
simplified or perhaps incorrect model for the catalyti-
cally active species, that the mechanism followed is
incorrect, or that the calculations themselves are simply
not sufficiently accurate. In contrast to the group 4
metallocene catalysts, for which the active center has
been identified®® and for which a series!?.18:34.36.37 of

theoretical investigations support the Cossée—Arlman
mechanism, the nature of the active species in the case
of chromium has not been identified. However, there is
convincing evidence that the active center and mecha-
nism postulated here are reasonable. Investigations of
systems such as [CrCp*(THF),Me]"BPh,~ indicate that
the active component of this catalyst is actually the
mono-THF 13-electron chromium(l11) cation.> Attempts
to design related chromium(l1)-based catalysts have not
been successful,®> while excess THF reduces the poly-
merization activity of the Cr(lll)-based catalyst. Fur-
thermore, a 15-electron species such as the [CrCp*-
(THF),Me]" cation may be regarded as a coordinatively
saturated, relatively stable entity,53° as can the corre-
sponding mono-THF ethylene complex. Our calculations
also indicate that, with ethylene present, the resulting
15-electron species are both electronically and coordi-
natively saturated. In attempts to explore two-monomer
mechanisms, it became apparent that such 17-electron
species are unstable, and the second ethylene molecule
is invariably expelled from the coordination sphere of
chromium during the geometry optimizations. In addi-
tion, the similarity with the group 4 based catalysts is
also evident from our results as well as from the
earlier? quantum-chemical investigation: the insertion
process proceeds through almost identical stationary
points, although with a somewhat higher barrier to
insertion than found for the group 4 metallocenes (see
below for comparison). However, the energy profiles
reflect that insertion for Cr(l11)-based 13-electron reac-
tants is a highly feasible reaction, and it is not easy to
envisage a mechanism that could proceed with a lower
barrier.

We have previously shown?? that, as far as modeling
of ethylene insertion is concerned, the DFT functional
applied in the present work (BPW91) performs in
excellent agreement with the best ab initio methods
available. The only available experimental estimate (8
kcal/molll) of an activation energy for a homogeneous,
chromium(l11)-based catalyst falls in the middle of our
calculated values. In fact, even CI(H,O)CrMe™, a mini-
mal model of a Cr(lll)-based catalyst, was found to
display a barrier to ethylene insertion close to 8 kcal/
mol,3 confirming that the barrier to ethylene insertion
is determined to a large extent by the electron config-
uration of the metal (d®, molecular term symbol “A)
rather than by the exact nature of the ligands. There is
hence sufficient reason to expect that differences in

(38) Jordan, R. F.; Dasher, W. E.; Echols, S. F. 3. Am. Chem. Soc.
1986, 108, 1718.
(39) Green, M. L. H. J. Organomet. Chem. 1988, 500, 127.
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activation energy calculated within a series such as the
current one should be reproduced accurately.

Having established that the calculated electronic
barriers for the Cr(l1l) species fall in the range 6—10
kcal/mol, it is of interest to compare these d2 systems
with the group 4 catalysts which have no formal d
occupation. Woo et al.*° have reported barriers to
insertion into the zirconium—methyl bond of Cp,ZrMe™
and SiH»(Cpy)ZrMe* to be below 1 kcal/mol using
gradient-corrected DFT methods comparable to the
those discussed here, and a somewhat higher barrier!3
was also noted for the simple model system CI(H,0)-
CrMe™ in comparison to corresponding chlorides of
group 4. The origin of these differences is probably
electronic and can be assigned to a difference in the
ability of d® and high-spin d® metal atoms to take part
in the insertion reaction. One significant difference
between d® metals and metals with formal d occupation
is the tendency of the latter to form covalent bonds with
alkenes through donation of metal d electrons into the
a* orbital of the alkene. At the TS of insertion, contri-
bution from z* is important for forming the new C—C
bond and, in the case of a d° metal, the accompanying
m—a* mixing leaves the complex with a relatively high-
lying LUMO of antibonding ethylene—alkyl charac-
ter.1841 Population of this antibonding orbital at the TS
through substitution of the d° metal with, for example,
a d® metal should therefore lead to a higher activation
energy. In our chromium(ll) & complexes, the back-
donation bond to ethylene is, as expected, found among
one of the three singly occupied orbitals (SOMO’s). At
the TS of insertion, however, the energy of the z*-rich
antibonding ethylene—methyl orbital is too high to be
retained among the SOMO's, which are seen to be
dominated by metal d orbitals. The higher activation
energy calculated for the d® metal based catalysts may
thus be explained as originating at the cost of breaking
the back-donation metal—ethylene bond in the pre-
insertion complex rather than as being due to the
involvement of an ethylene—alkyl antibonding interac-
tion at the TS. Similar findings have been made for
related first-row transition-metal systems having the
oxidation state +111.42 Finally, from the treatment of
the monomer-free reactants (see above), it should be
recalled that the three-coordinate Cr(l11)-methyl com-
plexes have no or insignificant barriers toward planar-
ity. This property is of importance for maintaining a low
barrier to insertion,'835 and in this respect the Cr(I11)
complexes have an advantage over many of the d°
systems. To summarize, the title d® chromium(l11)-based
catalysts have electronic properties which both facilitate
and hinder insertion compared to typical d° metal
catalysts. The height of the activation barriers, however,
suggests that the latter do have a slightly higher
intrinsic ability to perform insertion.

Total reaction energies are not crucial to the present
project, and only a few have been calculated. The
absolute values are in the range 25—27 kcal/mol and
reflect the overall reaction energy for the simple gas-
phase reaction CHz + C,Hs — C3H7 (—27.6 kcal/mol
with the G94 approach). The ethylene coordination

(40) Woo, T. K.; Fan, L.; Ziegler, T. Organometallics 1994, 13, 2252.

(41) Lauher, J. W.; Hoffmann, R. 3. Am. Chem. Soc. 1976, 98, 1729.

(42) Jensen, V. R.; Angermund, K.; Jolly, P. W. Manuscript in
progress.
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energies are of more relevance to the barrier heights,
although at first glance no simple correlation is appar-
ent. However, it is probably no coincidence that the
complex 2, with the lowest ethylene coordination energy,
has the lowest barrier to insertion. The steric bulk of
the THF complex is apparently sufficiently large to
lower the stability of the 7z complex, relative for example
to that of the water complex (1), and thus to reduce the
energy needed to perform insertion from the latter. It
should also be noted that the calculated ethylene
coordination energies are low compared to those ob-
tained for the donors in Table 1. Displacement of the
donor through monomer coordination thus proceeds only
in the presence of excess alkene. However, in the vicinity
of complexes such as 4 and 5, the donor concentration
will always be large and increasing the concentration
of alkene should not be expected to have the same effect
on displacement. For the amino-substituted Cp—chro-
mium catalysts, a propagation mechanism involving
displacement of the donor group through monomer
coordination is not a necessity.

Mainly because of the reduction in entropy upon
coordination, the Gibbs free energies, as compared to
electronic energies, are much less in favor of the &
complexes. For the present catalysts, the —TAS contri-
bution is 10.6—12.6 kcal/mol at 25 °C and increases by
another 1.3—1.4 kcal/mol at 60 °C. In general, the free
energy of formation of m complexes from infinitely
separated catalyst and ethylene entities is seen to be
close to zero for the approach of the first ethylene
molecule. In fact, for 2, the free energy of coordination
is already positive at ambient temperatures. As the
electronic stabilization will be lower for coordination of
the second ethylene molecule (see below) and also for
catalysts including ligands with bulky substituents,*3
free energies of coordination should generally be ex-
pected to be even less in favor of the = complex than
those calculated here. The presence of solvent molecules
and counterions (cocatalyst) will also contribute to a less
favorable coordination of the monomer. It is possible
that, at least for some of the homogeneous Cr(l11)-based
catalysts described here, the coordination step is actu-
ally rate-determining. Unfortunately, an accurate esti-
mate of the free energy of & coordination, or the height
of the barrier involved in this step, including all the
factors mentioned above, is not feasible at the current
stage. In principle, the large difference in catalytic
activity observed between THF complexes and the
bridged amino complexes could be caused by differences
in coordinating the monomer, as indicated by our
calculated coordination energies. However, experimen-
tal evidence® suggests that steric hindrance during
ethylene coordination actually is not the only reason for
this difference: one of the major structural differences
between the C,Hs-bridged and the free-donor complexes
is the more acute Cp—Cr—(donor) angles of the former
resulting from a short bridge, leaving a larger metal
surface available for ethylene coordination. However,
increasing the length of the bridge from C,H, to C3Hg
has been observed to have no influence on the catalytic
activity. Also, one of the most active catalysts so far
tested is the rather bulky compound (cyclo-C4HgNC,H4Cs-

(43) Thorshaug, K.; Stevneng, J. A.; Rytter, E.; Ystenes, M. Mac-
romolecules 1998, 31, 7149.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on January 21, 2000 on http://pubs.acs.org | doi: 10.1021/0m9906666

410 Organometallics, Vol. 19, No. 4, 2000

Mes)CrMe,, where the donor group is structurally
similar to tetrahydrofuran.

3.3. Second Ethylene Insertion. As noted already
for the products of the first insertion step, the chro-
mium—propyl cations display marked y-agostic interac-
tions, with a lengthening of the C—H bond of 3 pm. This
secondary interaction reduces the acidity of the reactant
complex for the second and later insertion steps com-
pared to that of the methyl fragment. Accordingly, the
exothermicity of the ethylene coordination step is
significantly lowered, as is evident from the potential
energy curve shown in Figure 3 as well as the relative
energies given in Table 2. The electronic barrier for
displacement of the y-agostic hydrogen is estimated to
be around 3 kcal/mol, from the weak charge-induced-
dipole complex seen at large C2—C3 distances. Insertion
from the & complex proceeds rapidly, with a barrier of
ca. 6 kcal/mol—some 4 kcal/mol lower than that of the
first insertion. This is mainly a result of the slightly
reduced stability of the = complex. As judged from the
fact that the new chromium—carbon bond is longer than
the one to be broken, the TS is located earlier (see Table
2 and Figure 2) than all of those found for the initial
insertion, where bond-breaking and -forming seemed to
be the dominating process in the transition-state region.
No vibrational analysis was performed for the maximum
on the linear transit curve seen in Figure 3, but a
comparison of the structures of neighboring points
around the TS confirms that internal rotations of the
alkyl chain are also important at this stage of the
reaction. As expected, due to reduced acidity of the the
Cr—propyl compared to the Cr—methyl cation, the
overall exothermicity of the second insertion is some-
what lower than that of the first. The energy curve of
the second insertion is less pronounced and is similar
to those obtained for second and later insertion for
y-agostic structures of zirconocene-based catalysts.*3 It
can be expected that structures and reaction profiles of
other reaction routes, not covered in the present study,
will be similar to those obtained in the detailed studies
of zirconocene-based catalysts.*3

As we have already mentioned for the first insertion
step, the reduction in entropy upon coordination could
result in an increase in the corresponding free energy
of activation during formation of the = complex com-
pared to the AG* of insertion, and further studies
directed toward the coordination step will be needed to
clarify this point. Despite the electronic configuration
on the d3 metal being somewhat less suited to alkene
insertion than that of d° metals, it appears that these
differences become less significant for the actual cata-
lytic complexes and subsequent insertions. In the x
complex region, bulky substituents and the presence of
longer polymer chains result in a more loosely bound
monomer with a z* population lower than that found
in the smaller Cr—methyl complexes. With the barrier
reduced to ca. 6 kcal/mol, the insertion step is indeed
facile and does not represent a serious bottleneck in the
propagation cycle. Our computational results are thus
consistent with the experimental finding that the
bridged, amino-substituted CpCr/MAQO catalysts® are
very effective polymerization catalysts, with activities
comparable to those of the group 4 based metallocene/
MAO systems.
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4. Conclusions

The Cp(donor)CrMe™ complexes (1—5) were found to
insert ethylene with activation barriers in the range
6—10 kcal/mol. These barriers are, as expected, some-
what higher than those found for comparable group 4
metallocene species. The higher barrier is mainly as-
sociated with the breaking of the back-donation bond
upon going from the preinsertion ethylene complex
toward the transition state of insertion. However, for
realistic catalytic complexes and subsequent insertions,
it is seen that some compensation of the d%d? difference
occurs. The calculations also show that the insertion
step for the Cr(l11)-based catalysts does not represent
a serious bottleneck in the propagation cycle, and this
is consistent with the high activities of the amino-
substituted Cp—Cr catalysts.

The trend among the calculated barriers to ethylene
insertion for the Cp(donor)CrMe™ complexes does not,
however, correlate with the corresponding metal—donor
bond strengths or the experimental observation that
catalysts with donor-substituted Cp ligands are more
active than those with free, unbridged donor groups. The
difference in activity is, therefore, not the result of a
different ability of the various Cp(donor)CrR* complexes
in performing the bond-breaking and -forming phases
of the Cossée—Arlman-type insertion step. An alterna-
tive explanation for the differences in activity focuses
on the role of the bridge in the donor-substituted Cp—
Cr catalysts: the calculated Cr—donor bond strengths
for the Cp(donor)CrMe™ species are considerably larger
than the corresponding Cr—ethylene and MezAl—donor
bond strengths. For catalysts with free donors used in
combination with MAO or a classic cocatalyst such as
AlMes, the donor will probably dissociate from the
chromium complex as a result of the high Al:Cr ratio
and the presence of solvent. A bridge linking the donor
group and the cyclopentadienyl fragment, however,
ensures a high donor concentration in the vicinity of the
metal, regardless of the bulk concentrations of cocatalyst
and monomer. This suggests that the presence of the
donor in the inner coordination sphere of the metal is
essential for high activity. At the present stage, we have
no evidence supporting the existence of a more dynamic
behavior** of the bridged donor group.
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