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Abstract: The role of the bulky ligands in Ni(ll) diimine catalyzed ethylene polymerization has been examined with

a combined density functional theory quantum mechanics and molecular mechanics (QM/MM) model. Specifically,
we have examined the catalytic center of the type @&MR)—C(R=NArNi"-R'*, where R= Me and Ar=
2,6-GHs(i-Pry. The Ar and R groups were treated by a molecular mechanics force field while density functional
theory was applied to the remainder of the system. The chain propagation, chain branching, and chain termination
processes have been investigated with the hybrid method and found to have barAkfs=ef11.8, 15.3, and 18.4
kcal/mol, respectively, which is in excellent agreement with experiment in both absolute and relative terms. This is
in stark contrast to the pure QM model in which the influence of the bulky Ar and R groups was neglected and the
established order of the barriers is not even reproduced. The role played by the bulky substituents is dual in nature.
First, the Ar and R groups act to sterically hinder the axial coordination sites of the Ni center. This has the most
dramatic destabilizing effect on the resting state and termination transition states, in which both axial positions are
occupied. In addition to the steric factor, we find that the electronic preference for the aryl rings to orient themselves
in a coplanar fashion with the diimine ring results in a stabilization of the insertion transition state relative to the
resting state. These two factors act to both lower the propagation barrier and increase the termination barrier compared
to the “naked” pure QM model system.

1. Introduction Scheme 1

Brookhart and co-workets? have recently developed Ni(ll) R . P ¥ R p
and Pd(ll) diimine based catalysts of the type (AR(R)— R ' P R ' R '
C(RF=NAr)M —CHjs", which have emerged as promising al- EM‘}\HK_, EM% H]i\/M\j%
ternatives to both ZieglerNatta systems and metallocene CI / ‘ RS NS Ry
catalysts for olefin polymerization. Traditionally, such late Ar A Ar
metal catalysts are found to produce dimers or extremely low
molecular weight oligomers due to the favorability of the +
B-elimination chain termination proce$swith the Brookhart
systems very high molecular weight polymers can be produced. Scheme 2
They also exhibit high activities which are competitive with P P
commercial metallocene cataly8tdNot only can these catalysts P \

N

resting state metal alkyl cation

He Hzc\/ NS N
convert ethylene into high molecular weight polyethylene, but EN\NP’CK . EN\N? . E S N ety
the polymers also exhibit a controlled level of short-chain v =\ ~v ~v

branching. NMR studies which indicate the presence of multiple

methine, methylene, and methyl signals suggests branches ofyg gjimine ligandd:2 Three main processes are thought to
variable length with methyl branches predominatingthe dominate the polymerization chemistry of these catalyst systems,
extent of the branching is a function of temperature, monomer 5 mejy propagation, chain branching, and chain termination.
concentration, and catalyst structure. Thus, by simply varying go|jowing cocatalyst activation of the precatalyst, a diimine
these parameters, polymers which are highly branched or ey cation is formed. First insertion of ethylene yields a

virtually linear can be tailored. o _ diimine alkyl cation, which upon uptake of another ethylene
Brookhart's group has studied the mechanistic details of the mgjecule produces a metal alkyl olefin-complex. This

polymerization including the role of the bulky substituents on  ;_complex has been established by NMR stubliesbe the
T University of Calgary. catalytic resting state of the system. The chain propagation

* Universita“Federico 11" di Napoli. cycle is depicted in Scheme 1. The first step involves the

® Abstract published idvance ACS Abstractsune 15, 1997. insertion of the coordinated olefin moiety to form a metal alkyl
(1) Johnson, L. K;; Killian, C. M.; Brookhart, MJ. Am. Chem. Soc.

109E 117, 6414, cationic species. Rapid uptake of monomer returns the system
(2) Johnson, L. K.; Mecking, S.; Brookhart, Nl. Am. Chem. S04996 to the initial resting state--complex. The unique short-chain
118 267. branching observed with these catalysts is proposed to occur
Chg%Kggﬂggé,\ﬁsTingk D. J.; Johnson, L. K.; Brookhart, B1. Am. via an alkyl chain isomerization process as sketched in Scheme
(4) Wilke, G. Angew. Chem., Int. Ed. Englogg 27, 185. 2. In this proposed process;hydride elimination first yields
(5) Haggin, J.Chem. Eng. New#996 Feb 5 6. a putative hydride olefim-complex. Rotation of ther-coor-
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dinated olefin moiety about its coordination axis followed by
reinsertion produces a secondary carbon unit and therefore
branching point. Consecutive repetition of this process allows
the metal center to migrate down the polymer chain, thus
producing longer chain branches. Chain termination occurs via gng detailed manner. In this study, we will examine the

concerted fashion as illustrated in Scheme 3 or in a multistep = methyl and Ar= 2,6-GsHa(i-Pr).. The bulky R and Ar groups
associative mechanism as implicated by Johresoal! will be treated by a molecular mechanics potential while the

Similar Ni and Pd catalysts developed by Kéiamd others® remainder of the system will be described by a density functional
which do not posses the bulky ligand systems have been usedyotential.

to produce dimers or extremely low molecular weight oligo-

mers? Brookhart has suggestethat the bulky aryl ligands 2. Computational Details

act to preferentially block the axial sites of the metal center as . . h ial ; lculated

illustrated by Figure 1. This feature in the catalyst system must Stationary points on the potential energy surface were calculate

. . oY >~ with the Amsterdam Density Functional (ADF) program system,

in some way acf[ to retard the chain termln_at|on process relative developed by Baerendt al516 and vectorized by Ravenék. The

to the propagation process, thereby allowing these catalysts tonymerical integration scheme applied for the calculations was developed

produce high molecular weight polymers. by te Veldeet al® The geometry optimization procedure was based

In an earlier pure quantum mechanical stdywe neglected on the method from Versluis and Ziegér.The electronic configura-

the role of the bulky diimine substituents by modeling the tions of the molecular systems were described by a tdpbasis set

catalyst system with a Ni(ll) coordinated to an unsubstituted on nickef®?‘for 3s, 3p, 3d, 4s, and 4p. DoubleSTO basis sets were

diimine ligand (HN=CH—CH=NH). With this unsubstituted used for carbon (2s, 2p), hydrogen (1s), and nitrogen (2s, 2p),

model system, the chain termination process was found to beaugmented with a single 3d polarization functlo_n exc_ept for h.ydrogen

more favorable than the propagation and therefore the catalyst®/1€"€ @ 2p function was used. The2$2p configuration on nickel

Id not produce the high molecular weight bolvmers as and the 1§shel| on carbon and nltroggn were assigned to t.he core and

\c/jvou pd by Brookh g | Rath g h P yd | treated within the frozen core approximation. A set of auxnﬁésy p,
emonstrated by Brookhart's catalyst. Rather, the model systemy ¢ and g STO functions, centered on all nuclei, was used in order to

would only be useful as a dimerization catalyst. The barriers fit the molecular density and present Coulomb and exchange potentials

for propagation, chain isomerization (branching), and chain accurately in each SCF cycle. Energy differences were calculated by

termination were calculated to eH* = 16.8, 12.8, and 9.7  augmenting the local exchange-correlation potential by Vastkal 23

kcal/mol, respectively. Although the truncated model system with Becke'$*nonlocal exchange corrections and Perd&v®nonlocal

did not reproduce the established order of the barrier heights, correlation correction. Geometries were optimized including nonlocal

the structure of the optimized transition states did offer insights corrections. First-order scalar relativistic correctidi$were added

into the role of the bulky ligands. As suspected by Johregon to the total energy, since a perturbative relativistic approach is sufficient

al., the transition state for chain termination occupies both axial for 3d metals. In view of the fact that all systems investigated in this

" . . b work show a large HOMO-LUMO gap, a spin restricted formalism
positions of the metal whereas the insertion transition states only, -\ <o for all ?:alculations gap P

occupy the equatorial coordination sites. Thus, the bulky aryl  the ADF program system was modifiétb include the AMBER9®
substituents likely destabilize the transition state of the termina- molecular mechanics force field according to the method prescribed
tion process more so than the insertion transition state. by Morokuma and Maserd3. Using the terminology introduced by

In this study we intend to examine, in a detailed manner, the Morokuma?? Chart 1 defines the four sets of QM/MM atom types in
role of the bulky diimine substituents in the Brookhart catalyst the real system and the QM model system. Set 1 represents the QM
system with the combined quantum mechanics/molecular me-atoms that are common to both the model system and the real system.
ch_anics (QM/MM) approacdii~14 of Morokuma and Maserds. (15) Baerends, E. J; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41.
With the QM/MM method, part of the molecular system, namely  (16) Baerends, E. J.; Ros, Bhem. Phys1973 2, 52.
the active site, is treated quantum mechanically while the c 7 tRaVlt%neRK \INAEIJOSIIthS I:gﬂnliikAppTlIijUons 03 Vﬁctortaﬂd Karg’el

. : . H omputerste Riele, R. J. J., Dekker, |. J., van ae Rorst, A. A., S.;

remalr)der of the system is treated with a molecular.mechanlcsElsevier: Amsterdam. The Netherlands, 1987,
force field. This allows extremely large systems which are out  (18) te Velde, G.; Baerends, E.J. Comput. Cherrl992 99, 84.

of the reach of pure QM calculations to be studied in an efficient ~ (19) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.
(20) Snijders, J. G.; Baerends, E. J.; VernoijsAB.Nucl. Data Tables

q:igure 1. Axial (AX) and equatorialqg) coordination sites of the metal
center and their potential steric interactions with the bulky substituents.

(6) Keim, W. Angew. Chem., Int. Ed. Engl99Q 29, 235. 1982 26, 483.

(7) Abecywickrema, R.; Bennett, M. A.; Cavell, K. J.; Kony, M.; Masters, (21) Vernoijs, P.; Snijders, J. G.; Baerends, E.Shter Type Basis
A. F.; Webb, A. G.J. Chem. Soc., Dalton Tran993 59. Functions for the Whole Periodic Systemepartment of Theoretical

(8) Brown, S. J.; Masters, A. B. Organomet. Chenl989 367, 371. Chemistry, Free University: Amsterdam, The Netherlands, 1981.

(9) These systems have been calculated theoretically by Fan and (22) Krijn, J.; Baerends, E. Jrit Functions in the HFS Method
Ziegler: (a) Fan, L.; Krzywicki, A.; Somogyvari, A.; Ziegler, Thorg. Department of Theoretical Chemistry, Free University: Amsterdam, The
Chem.1994 33, 5287. (b) Fan, L.; Krzywicki, A.; Somogyvari, A.; Ziegler, Netherlands, 1984.

T. Inorg. Chem.1996 25, 4003. (23) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(10) Deng, L.; Margl, P. M.; Ziegler, TJ. Am. Chem. S0d.997, 119, (24) Becke, A.Phys. Re. A 1988 38, 3098.

1094. (25) Perdew, J. P.; Zunger, KRB 1981, 23, 5048.

(11) Since submission of this paper, another pure QM study of the same  (26) Perdew, J. FPhys. Re. B 1986 34, 7406.
process has been published: Musaev, D. G.; Froese, R. D. J.; Svensson, (27) Snijders, J. G.; Baerends, E.Mol. Phys.1978 36, 1789.

M.; Morokuma, K.J. Am. Chem. S0d.997 119 367. (28) Snijders, J. G.; Baerends, E. J.; RosMBl. Phys.1979 38, 1909.
(12) Maseras, F.; Morokuma, K. Comput. Chenl995 16, 1170. (29) Woo, T. K.; Cavallo, L.; Ziegler, T. Unpublished work.
(13) Singh, U. C.; Kollman, P. AJ. Comput. Chenl986 7, 718. (30) Cornell, W. D.; Cieplak, P.; Bayly, C. |.; Gould, I. R.; Merz, K.
(14) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Chenl99Q 11, M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;

700. Kollman, P. A.J. Am. Chem. S0d.995 117, 5179.
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Chart 1

real system QM model system

Set 1 also includes the growing alkyl chain, and the ethene monomer.
The set 2 atoms or the so called capping “dummy” hydrogen atoms
are only present in the model system. These dummy atoms are replaced
in the real system by the corresponding set 3 atoms or “linking” carbon
atoms. These set 3 carbon atoms are denoted by an asterisk in Chart
1. The set 4 atoms or the pure MM atoms encompass the remainder
of the system, namely the R and Ar substituents. The rules determining
which MM energy and gradient contributions to omit are defined in
ref 12. For each covalent bond that crosses the QM-MM boundary,
such as the NC* bond of Chart 1, there are two bond lengths to
consider which are coupled to one another. The bond between the set
1 atom and the set 4 atom and the other between the set 1 atom and .. __
the set 2 atom are coupled such that their differeid®, is fixed. In i
the present case, the difference between the two bond lengths was fixed
to AR=0.41 A for the R substituents giving a-€ bond of roughly

1.51 A and fixed toAR = 0.35 A for the Ar substituents providing a
N—C(aryl) distance of roughly 1.38 A.

An augmented AMBER95 force fieleiwas utilized to describe the
molecular mechanics potential. (All force field parameters are provided
as Supporting Information.) Employing the AMBER atom type labels
as described in ref 30, the diimine carbon was assigned with atom type Figure 2. Optimized QM/MM metal alkyl cation and metal alkyl
“CM” parameters, the diimine N with “N2”, aryl ring carbon atoms  7-ethylene resting state structures. MM atoms (set 3 and set 4 atoms
with “CA", aryl ring hydrogen atoms with “HA”, and the remaining  as defined in ref 12) are ghosted for clarity, while the dummy hydrogen
carbon and hydrogen atoms of the MM region with “CT” and “HC”,  atoms (set 2) are omitted. Parenthetic values refer to the same geometric
respectively. For the propagation and termination processes, theparameter found in the corresponding pure QM geometry as described
reacting ethene monomer was assigned with‘RE” van der Waals in ref 10. Distances and angles shown are in angstroms and degrees,
parameters through to the transition state structure and changetl to sprespectively.

“CT” parameters in the product. A similar procedure was followed
for the isomerization process. Alkyl carbon and hydrogen atoms of 3. Results and Discussion
the active site were assigned “CT” and “HC” van der Waals parameters,

respectively. Niwas assigned the “Ni2” van der Waals parameters a. Pro_pagation_. i-_ Ni—Alkyl Complex_ a_nd the ReStin_g
of Rappés UFF3! Electrostatic interactions were not included in the ~ State. Displayed in Figure 2 are the optimized geometries of
molecular mechanics potential. the most stable Ntpropyl cation,1a, and Ni-propyl z-ethyl-

All structures shown correspond to minimum points on the potential €ne,2a, conformations found. The pure MM atoms (set 3 and
surface, except those prefixed B, which represent transition states. ~ Set 4 atoms) are ghosted for clarity, while the dummy hydrogen
Transition states were obtained by full transition state optimization. atoms (set 2) are omitted. Parenthetic values refer to the same
No symmetry constraints were used. All reported linear transit geometric parameter found in the corresponding pure QM
calculations involve full geometry optimization along a reaction geometry as described in ref 10.
coordinate that is constrained in each step. We have recently verified e QM domain (set 1 atoms) of th@agostic Ni-alkyl
the accuracy of our DFT approach in a very similar Pd(ll) system, o, hjex 14 remains essentially unchanged when compared
where the barrier heights were found to be within5kcal/mol of S .

i " to the pure QM model system. This is expected since the
experimental measuremerfs® Stanton and Merz have undertaken a -
o-carbon and theg-agostic hydrogen atoms occupy the un-

systematic study of the reliability of DFT calculations for barrier heights . . .
and have concluded that DFT yields results of the same quality as post-encumbeﬂ'}d square planar coordination sites of the Ni center

HF calculation$* In a number of previous papers, transition metal &S Opposed to the sterically hindered axial sites (Figure 1). The
ligand dissociation energetics have been proven to be correct within 5 MOst notable change upon introduction of the bulky diimine
kcal/mol of the experimental resdft:3® The combined or integrated ~ Substituents is that the \Ni—C, angle is increased slightly
QM/MM method has recently been applied to organometallic systems from 102 in the pure QM model to 105n the QM/MM model.

by Morokuma and co-worker$. We will see that this is a common effect of the bulky ligands
: as they tend to compress the groups within the active site
Ski(’r3f1\)NRE;L\5|)|63e AArﬁl;gr?esrinogngl;z (i(ileeilclio};AS'; Goddard, W. A., 1ll; together. The aryl rings are twisted away from a perpendicular
(32) Margl, P.; Ziegler, TOrganometallicsL99§ 15, 5519. orientation with respect to the Nidiimine ring. This not only
(33) Margl, P. M.; Ziegler, TJ. Am. Chem. Sod.996 118, 7337. minimizes steric interactions with the alkyl chain, but there is
(gg) Etélmtoné _R-Z,V-:IMEFTZj *;; M'ch]{ Ch%mdggysﬁg%ll%% 434. also an electronic preference for this since the stabilizing
g%g Li??.?'sch'recligr?bréch,' G_?"Ziegl‘;mw%y& ghenaﬂ.99 4 98, 4838, interactions between-systems of the Ntdiimine ring and the
(37) Ziegler, T.: Li, J.; Schreckenbach, [Borg. Chem1995 34, 3245. aryl rings are maximized when the rings are coplanar. In our
(38) Li, J.; Schreckenbach, G.; Ziegler,Jl.Am. Chem. S02995 117, model, this orientational preference of the rings is described

48%9) Ziegler, T Li, J.Can. J. Chem1994 72, 783 by a molecular mechanics-NC(aryl) bond torsion potential.

(40) Matsubara, T.: Maseras, F.; Koga, N.; Morokuma)kehys. Chem. We note that a fully coplanar orientation of the rings cannot be
1996 100, 2573. achieved because of severe steric interactions incurred between



6180 J. Am. Chem. Soc., Vol. 119, No. 26, 1997
Chart 2
anyl
rings L
- —Ni
Nl-tr:::gme /ea

the aryl rings, the diimine ring, and both their substituents. Since

the alkyl moiety ofla occupies the equatorial coordination

plane, this allows the ortho-substituted aryl rings to twist away

from the perpendicular alignment with the diimine plane. We

quantify this twist with the angld}, between the aryl ring plane

and the Ni-diimine ring plane as illustrated in Chart2.When

0 is 90, the rings are roughly perpendicular, and wites 0°,

the rings are coplanar. lbathe 6 angles are 64 and 68
Uptake of an ethylene unit bya yields a Ni~alkyl sz-olefin

complex that has been shown by Johnebal! to be the resting

state of the catalytic system. The most stable confirmafian,

is sketched in Figure 2. Linear transit calculatifieveal that

Deng et al.

expected to be very low since there is no steric hindrance to
the process and since a stabilizifigagostic interaction can be
maintained throughout the rotation. For related polymerization
catalysts, similar rotational barriers have been calculated and
found to be less than 3 kcal/mt¥#445 The bulky aryl ligands
have a similar effect o2b as described foRa.

The bulky diimine substituents drastically reduce the calcu-
lated ethylene uptake energy. The ethylene complexation energy
in 2ais 14.7 kcal/mol whereas the most favorable uptake energy
in the pure QM model was determin€do be 19.4 kcal/mol.
Thus, the bulky ligands as modeled by the MM force field
reduce the ethylene uptake energy by 4.9 kcal/mol. Over 95%
of the change in uptake energy is accounted for by a destabiliza-
tion exhibited in the MM contribution. In other words, changes
in the QM electronic structure due to the perturbation of the
geometry account for only 5% of the lowered uptake energy.
A decomposition of the molecular mechanics energy which is
summarized in Table 1 reveals that the destabilization can
primarily be accounted for by two factors. First, as intuitively
expected, there is an increased steric interaction between the
active site fragments and the aryl rings. This occurs because
both axial coordination sites of the metal are occupied in the

the resting state forms without a noticeable steric or electronic resting state and therefore steric interactions involving the aryl

barrier when free ethylene is complexedlm This contrasts
the conjecture of Brookhart and co-workéfthat the extreme
bulk of the substituents hinders the complexation of the

rings and the active site fragments cannot be significantly
reduced by rotation of the aryl rings. In particular, rotation of
the rings, which may alleviate the steric hindrance between one

monomer. Here we suggest that the complexation barrier is of the ortho substituents and the top axial group, will only
entropic in nature, and that increases in the steric bulk of the enhance the interaction between the other ortho substituent and

substituents will act to increase the entropic barrier. This is
supported by our linear transit calculations which show for the
pure QM model system both axial and lateral attacks of the
monomer are possible whereas for the QM/MM model only
the lateral attack is possible. We are currently performing
combinedab initio molecular dynamics and molecular mechan-
ics calculations to address this isside.

Although the parameters displayed in Figure 2 do not exhibit
it to the full extent, the structure of the resting sta?e, is
perturbed by the bulky ligands more so than the-alkyl
complex,la. This is expected since the active site groups in

the bottom axial group, andce versa To quantify the increase

in steric interaction, we have analyzed the MM van der Waals
interaction energy involving the aryl rings (including the
o-isopropyl groups) and the propyl fragment of the active site.
We find that there is a 1.20 kcal/mol increase in this interaction
energy in going fromla to 2a. The second dominant source
of destabilization occurs because the aryl rings in the resting
state are forced to adopt a less favorable perpendicular orienta-
tion with respect to the Nidiimine ring. For example, the
anglesf, and 6, between aryl ring planes and the-Ndiimine

ring plane (see Chart 2) are 8and 86 in the resting statea,

the resting state occupy the axial positions, which are more whereas they are 84nd 68 in the Ni—alkyl cation,1a. As
sterically hindered than the equatorial sites. The steric demandsdescribed earlier, the molecular mechanics @ aryl) bond

of the aryl substituents act to bring the ethylene unit and the
alkyl moiety closer together compared to the pure QM model.
This is evidenced by a decrease in the-C(olefin) distances
which are reduced to 2.88 and 2.90 A in the QM/MM model
from 2.92 and 2.95 A in the pure QM model. The same is
observed for the olefin midpoiriNi—Hg angle, which is
decreased to 108rom 116. Expansion of the NtC,—Cy
angle and elongation of the NH distance are also observed

torsion potential has a maximum at the perpendicular orientation
and a minimum at a parallel orientation of the rings. This
physically corresponds to the stabilizing interaction between the
m-systems of the two rings, which is maximized at a parallel
orientation. This rotation of the aryl rings with respect to the
Ni—diimine ring destabilizes the MM torsion energy by 3.5 and
2.9 kcal/mol for the two rings, respectively.

The possibility that the resting state complex really possesses

as a consequence of the compression of the active site unitsfwo coordinated monomer units (as opposed to one) which

This results in the weakening of tffieagostic bond as indicated
in the shortening of the £-Hg distance by 0.01 A when the
bulky ligands are introduced.

A related resting state structur2b (not shown), that was
located lies 1.4 kcal/mol abo&a. ThefS-agostic resting states
2a and?2b differ by the orientation of the methyl group of the
alkyl chain through a rotation about the,€Cg bond by
approximately 60. The rotational barrier linkin@a and2b is

occupy each of the axial coordination sites of the metal center
has been examined. We have found that the addition of a second
olefin unit provides virtually no stabilization withH = —0.5
kcal/mol. Consequently, this auxiliary coordination is easily
overcome by entropic factors, and we conclude that the single
olefin t-complex is indeed the resting state.

ii. Insertion.#® In both the pure QM and the hybrid QM/
MM models, we find two distinct insertion channels which we

(41) The reported values are the angle between the normal vectors of

the two planes defined by the Ni, N, C atoms of the-Niimine ring and
C1, C2, C6 atoms of the aryl ring.
(42) Two linear transit calculations were performed in which one of the

(44) Lohrenz, J. C. W.; Woo, T. K,; Ziegler, T. Am. Chem. Sod995
117, 12793.

(45) Woo, T. K.; Margl, P. M.; Lohrenz, J. C. W.; Ziegler, J. Am.
Chem. Soc1996 118 13021.

Ni—C(ethylene) distances was used as the reaction coordinate. The reverse (46) We have also examined the first insertion or chain initialization
process, from the resting state to the free Ni alkyl cation and free ethylene process with our pure QM/MM model. The first insertion of ethylene into

unit, was examined.
(43) Woo, T. K.; Margl, P. M.; Deng, L.; Blchl, P. E.; Ziegler, T. Work
in progress.

the Ni-=methyl bond is calculated to proceed through a barrier of 5.7 kcal/
mol. This is significantly diminished from the pure QM model, which gives
a first insertion barrier of 11.1 kcal/mol.
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Table 1. Energy Decomposition for Insertion, Termination, and Isomerization Processes

AEab ring plane angle§® AEiorsion(N—C1)d AEvaw®® aryl substituents with
species AEror®  AEwvm®  AEow®  (pure QM) a b a b ethene propyl methyl

insertiort

2a 0.0 0.00 0.00 0.0 78 83 0.00 0.00 0.00 0.00 0.00

2b 1.4 0.44 0.96 -0.5 81 86 0.25 0.05 0.30 -0.29 0.11

la+ ethene 14.7 —-4.87 19.57 —18.9 64 68 —-3.54 —2.85 —-1.20 —0.09

TS[2b-5] 13.2 —5.89 19.09 17.0 69 67 —2.48 —4.60 -0.21 0.02 0.35

TS[2a-5] 14.3 —5.32 19.62 70 68 —2.06 —4.37 -0.13 0.09 0.32

TS[3-6] 17.3 1.57 15.73 16.3 79 86 0.05 0.32 0.89 0.93 —-0.07
terminatior

TS[2a-9] 18.6 4.80 13.80 9.2 89 89 0.90 0.36 1.56 1.25 1.54

TS[2b-9] 20.5 5.14 15.36 9.2 74 86 —0.64 0.31 1.14 0.25 1.56
isomerizatiof

TS[1a-8] 15.3 4.01 11.29 12.8 64 88 0.42 3.19 1.12 -0.17

8 -0.8 0.06 —0.86 -1.8 69 71 0.53 0.43 —0.06 —-0.23

aEnergies are reported kcal/méIRelative energies of the analogous pure QM structures from refTli@e angle between the aryl rings and the
Ni—diimine ring. Specifically, the anglé is defined as the angle between the normal vectors of the two planes defined by atoms Ni, N, C(diimine)
and C1, C2, C6, respectively. “a” and “b” refer to the each of the two aryl rihBelative molecular mechanicsNC1 bond torsion energies. “a”
and “b” refer to each of the two aryl ring&Relative molecular mechanics van der Waals interaction energy of the aryl fragments with the (i)
ethene and (i) propyl fragments of the active site and (iii) methyl fragment of the diimine li§&nergy components are relative to the resting
state structur®a. 9 Energy components are relative to the-lgropyl cationla.

(4,

[ lax 4 . TS[3-6] +2.6 (-2.6

5 fehene  (77s19mm - (361426 (26) 3
g 0T K \ TS[2a-5] -0.4 (-1.9) ]
3 . :
2 5t :
> [ ]
B.10f :
@ F ]
= r .7 ]
= .15+ '8(-18.8) 4
K 4
2 F ]
=] [ ]
% -20¢ — — - in-plane channel ]
- out-of-plane channels 1
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Figure 3. Energy profile for the chain propagation process. Parenthetic
values refer to the analogous relative energies of the equivalent pure
guantum mechanical structures of ref 10. All energies in kcal/mol.

have labeled the “in-plane” and “out-of-plane” insertion chan-
nels. Displayed in Figure 3 are the energy profiles of the out-
of-plane insertion channels (solid) and the in-plane insertion
channel (dotted). For the out-of-plane insertion we have
explored two pathways, one initiated from the resting state ..
structure2a and the other initiated from its rotam2b.

The in-plane channel occurs in a stepwise fashion whereby
two intermediater-complexes are involved in addition to the
incipient resting stater-complex,2a. The first intermediate
observed3, can be characterized asrecomplex in which the
ethylene moiety is oriented perpendicular to the plane of the
Ni—diimine ring. Rotation of the coordinated ethylene group
in 3, such that both carbon atoms lie in the diimine ring plane,
yields the second intermediate Here, the alkyl group, the  Figure 4. Optimized geometries of the intermediatecomplexes of
Ni—diimine fragment, and the ethene moiety are all coplanar. the in-plane insertion channel. Conventions as in Figure 2.

The optimized QM/MM structures of both these intermediates,

3and4,*" are shown in Figure 4. The bulky substituents actto Figure 5, lies 17.3 kcal/mol higher in energy than the resting
destabilize the in-plane-complexes3 and4, compared to their  state structur®a This is only slightly higher than the 16.3-
pure QM counterparts. Structurdsnd4, respectively, lie 8.4 kcal/mol barrier observed with the pure QM system. Interest-
and 16.6 kcal/mol higher in energy than the resting state ingly, the C(olefin)-C, distance is actually 0.16 A larger in
structure2a, whereas the equivalent pure QM complexes lie TS[4-6] than in its pure QM counterpart. We suggest that an
6.0 and 11.2 kcal/mol higher than the pure QM resting state. earlier transition state is formed due to the bulky groups. Since
The most noticeable geometric consequence of the bulky ligandsthe in-plane insertion channel is less favorable than the out-of-
occurs in4, where the —C(olefin) distance decreases from  plane channel when the bulky ligands are included, the transition
2.65 A in the pure QM complex to 2.44 A in the QM/MM  states linking ther-complex2ato 3 and3 to 4 were not located.
structure. Furthermore, the NC,—C; angle increases from e, however, do not expect these transformation barriers to be
133 to 140 as a result of the bU”(y aryl Iigands. The transition |arge based on our pure QM Stdﬂwhere these barriers were
state for the in-plane insertiorf,S[4-6], which is shown in  found to be less than 2 kcal/mol. The kinetic product of the

(47) The QM/MM structures3 and 4 correspond to the pure QM in-plane insertion is @l'aQOSti.C Ni-pentyl cation§, Which lies
structures7a and 8a of ref 10. 1.0 kcal/mol above the resting state compl2a, Speciess,
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Figure 6. Transition state and kinetic product for the out-of-plane

Figure 5. Transition state and kinetic product for the in-plane insertion insertion channel. Conventions as in Figure 2.

channel. Conventions as in Figure 2.

which is pictured in Figure 5, has two-agostic hydrogens as
evidenced by the short 1.84 and 1.99 A, distances.

The insertion process in the second pathway, the “out-of-
plane” channel, proceeds directly from the resting state structures
and does not involve additional intermediarcomplexes. Here,
the direct insertion initiated from both resting state conforma-
tions 2a and 2b has been explored. Althoudta is the more
stable of the resting states, the insertion transition state com-
mencing directly from it lies slightly above the transition state
derived from2b. As shown in Figure 3T S[2b-5], which lies
11.8 kcal/mol above the resting stab, is 1.1 kcal/mol more
stable tharT S[2a-5], which lies 14.3 kcal/mol abov@a. Figure
6 displays the optimized QM/MM transition state structure
TS[2b-5]. Since the interconversion of the two rotam@es
and2b is expected to be facile, it can be argued that the out-
of-plane insertion commencing from the more stable resting ‘
state, 2a, will likely lead to the more stable transition state, Figure 7. Optimized structure of the thermodynanfi@gostic insertion
TS[2b-5]. Therefore, the most appropriate estimate of the out- product. Conventions as in Figure 2.
of-plane insertion transition stateAdd* = 13.2 kcal/mol. This
value compares well with the experimental free energy barrier
of propagation, which is estimated to b&* = 10—11 kcal/
mol .48

The analogous out-of-plane insertion process in the pure QM
model system has a barrier of 17.5 kcal/iHblThus, the bulky
substituents in the hybrid QM/MM model act to lower the out-
of-plane insertion barrier by 4.3 kcal/mol. This is primarily
due to the destabilization of the QM/MM resting state by the
steric bulk of the aryl groups. More specifically, a more
favorable orientation of the aryl rings with respect to the-Ni
diimine ring in TS[2b-5] can be adopted compared to that in

the resting stat@a. As compiled in Table 1, these ultimately
lead to a 5.9-kcal/mol decrease in molecular mechanics energy
for TS[2b-5]. Itis notable that for the pure QM model system,
the in-plane insertion is calculated to be more favorable than
the out-of-plane insertionthe opposite of what is presented
here for the QM/MM system.

The initial kinetic product of the out-of-plane insertion
channel is g/-agostic Ni-pentyl cation 5, which is displayed
in Figure 6. Althouglb lies 1 kcal/mol above the resting state
2a, it is likely to rearrange rapidly to form the thermodynamic
pB-agostic product, which lies 11 kcal/mol belows and is
sketched in Figure 7. We have not determined the transition

(48) Professor Maurice Brookhart (Department of Chemistry, University Stat€ linking5to 7. HOV‘{ever: since the process is not sterically
of North Carolina at Chapel Hill). A private communication. hindered by the bulky ligands, we expect the barrier to be very
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modest. For the pure QM modehnd other related systerffs,

this rearrangement process from jaagostic metatalkyl
complex to gB-agostic complex is found to have a barrier of

less than 3 kcal/mol. Structuré completes the propagation
cycle, since we have calculated the monomer coordination and
insertion process frorfi-agostic (a) to S-agostic {) Ni—alkyl
complexes. The overall exothermicity of the insertion process
(from 1la + ethene to7) is AH = —24.7 kcal/mol, which
approaches the equivalent value of 26.1 kcal/mol in the pure
QM model system.

From the hybrid QM/MM model, we conclude that the
insertion barrier is 13.2 kcal/mol and proceeds directly from
the resting stater-complex through the out-of-plane insertion
channel. This is significantly diminished from the insertion
barrier of the pure QM model system, which was determined
to be 16.8 kcal/mol and proceeded through the stepwise in-
plane channel. The primary effect of the bulky aryl ligands in
the insertion process is to reduce the stability of the resting state
complex, which results in a lowered insertion barrier. This is
supported by the fact that relative to the reactant-&lkyl ‘
complex and free ethene molecule, the resting state is destabi- ..
lized by 4.2 kcal/mol in the QM/MM model compared to the
pure QM model, whereas both the insertion transition state and
the thermodynamic product maintain their positions relative to
the initial reactants in both the pure QM and QM/MM models.

In other words, for both models the insertion transition states

lie roughly 1-2 kcal/mol below the reactants and the thermo-
dynamic products lie 2526 kcal/mol below the reactants. This ©

contrasts the resting state, which lies 14.7 kcal/mol below the Figure 8. Transition state and product of the isomerization or chain
reactants for the QM/MM model but 18.9 kcal/mol below the Pranching process. Conventions as in Figure 2.

reactants for the pure QM system.

. . . ) The overall QM/MM isomerization process is only exother-
b. Chain Branching (Isomerization). Sketched in Scheme ... by AH = —0.8 kcal/mol, which is virtually unchanged from

2 is the proposed mechanisthat gives rise to the unique short- the pure QM system where the isomerization process is only 1
chain branching observed with the Brookhart catalyst systems. | -51/mol more exothermic wittAH = —1.8 kcal/mol. As

With this proposed mechanism, the branching occurs by a chaing;marized in Table 1, there is essentially no change in the
isomerization process whereby ifidydrogen of the alkyl chain  \ 1 energy betweeriaand the isomerization produd, The
is eliminated, yielding a hydride olefin complex. Rotation of 7 \ca)/mol destabilization of the QM/MM isomerization product
thes-coordinated olefin a_bout the Nblefin bond followed by appears in the QM electronic energy. Figure 8, which depicts
reattachment of the hydride produces a secondary carbon andine optimized geometry of the isomerization product, reveals
consequently, a branching point. Commencing from the mono- 5t the N-Ni—C, angle is increased from 102n the pure
merle‘_s,s Ni-alkyl catior_1, the pure QM calculation_s sh_ow_that QM model to 106 in the hybrid model. Since there are no
there is no stable hydrideplefin complex, thereby implicating  gther significant changes in the geometry of the isomerization
a concerted isomerization pathway. A 12.8 kcal/mol isomer- nroqyct, it is most likely this small perturbation in the active
ization barrier was determined for the pure QM model system. gjta that gives raise to the modest 1 kcal/mol decrease in the
These calculations were repeated with the hybrid QM/MM exothermicity of the isomerization process.
model system, which was initiated from fieagostic Ni-propyl Itis possible that chain isomerization could commence from
cation, 1a. the resting state, such that the isomerization occurs in the
Concordant with the pure QM calculations, no stable hy- presence of ther-coordinated monomer. With our pure QM
dride—olefin complex could be located. The optimized isomer- model system, we have located such a transition state that lies
ization transition state[S[1a-8], lies 15.3 kcal/mol abovéa 3 kcal/mol higher than termination transition state. Since this
The bulky ligands, therefore, increased the isomerization barrier transition state and the termination transition state are very
by 2.5 kcal/mol compared to the pure QM model system. Figure similar in nature, the inclusion of the bulky aryl groups would

8 shows that the isomerization transition stal&[1a-8], is make this process even more unfavorable. Therefore, our
somewhat compacted by the bulky aryl groups. This is calculations show that the chain isomerization does not likely
illustrated by the slight compression of thg-GHnydrigeand Ni— commence from the resting state.

Cp distances and slight dilation of the-NNi—C, angle as a c. Chain Termination. The chain termination is proposed

result of the introduction of the aryl ligands by the QM/MM  to occur by an olefin assistg#thydrogen elimination process.
method. The destabilization of the transition state due to the Brookhart and co-worket2 have suggested that the termination
bulky ligands is not manifested in the electronic QM energy, is initiated byS-hydrogen transfer to the metal, to form an olefin
but rather emerges in the MM energy. Again, there is a van hydride complex. In this picture, the termination is then
der Waals component and a torsion component as detailed incompleted by the association of monomer followed by insertion
Table 1. The torsional component arises because as theof the monomer into the metahydrogen bond. Since we could
propene-like moiety rotates it forces one of the aryl rings to find no stable olefin hydride complex, we suggest that the
adopt an unfavorable perpendicular orientation such thafithe termination is more concerted in nature such that the process is
angle is 88 in TS[1a-8]. best described asfxhydrogen transfer to the monomer. This
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Figure 9. Energy profile for the chain termination process. Parenthetic
values refer to the analogous relative energies of the equivalent pure
guantum mechanical structures of ref 10. All energies in kcal/mol.

subtle variant is detailed in Scheme 3. Our earlier pure QM
study of the termination reveals that the hydrogen transfer to
the monomer involves a weak doubteolefin hydride complex
whereby the transferred hydrogen is shared equally between the
two olefin moieties which occupy the axial coordination sites.
Neglecting the bulky ligands, the termination barrier was
calculated to be 9.7 kcal/mol, significantly less than the pure “
QM propagation barrier of 16.8 kcal/mol. This is consistent
with the fact that similar Ni and Pd systems which contain no
bulky ligands are used as dimerization and oligomerization
catalysts$8

In this study we have examined the termination process
commencing from both resting stat@s,and2b. The calculated
QM/MM energy profiles are displayed in Figure 9. Unlike the - o
termination process in the pure QM model, no discernible Figure 10. Transition state and product of the chain termination
intermediate hydride complex could be located. Thus, in the process. Conventions as in Figure 2.
QM/MM system thed-hydrogen is transferred directly from the
alkyl chain to the monomer (compare Figure 9 with Figure 5  d. Comparison of Theoretical and Experimental Results.
of ref 10). The termination pathway initiated from resting state The reaction barriers calculated from our combined QM/MM
structure2a leads to a 18.6-kcal/mol barrier, of which the model are in excellent agreement with the experimentally
optimized transition statd,S[2a-9a] is displayed in Figure 10.  determined free energy barriers, both in absolute and relative
The transition state]TS[2b-9b] (not shown), for the pathway terms. This contrasts the results of the pure QM study where
initiated from2b lies 1.9 kcal/mol abov@S[2a-9], giving rise the bulky ligands were not modeled and the order of the barriers
to a 19.1 kcal/mol barrier. These QM/MM termination barriers was not reproduced. The role of the bulky ligands can be
roughly double those of their pure QM counter parts. Table 1 examined in detail since we have two model systems, one in
reveals that there is a mutual destabilization exhibited in the which the bulky aryl rings are modeled by a molecular
QM electronic system and the MM system, which gives rise to mechanics potential and one where there are no bulky aryl rings.
the increased termination barrier in the QM/MM system. For i. Propagation. The calculated QM/MM propagation barrier
example, the pure QM termination barrier is 9.7 kcal/mol, which of AH* = 13.2 kcal/mol agrees well with the experimental free
compares to the change in the QM contribution of the total QM/ energy barri¥ of AG* = 10—-11 kcal/mol. This compares
MM energy of 13.8 kcal/mol foifS[2a-9a] Thus, compared  with the calculated pure QM propagation barrier of 16.8 kcal/
to the pure QM transition state, the electronic system of the mol. As previously discussed, the bulky ligands act primarily
QM/MM model is additionally destabilized by 4.1 kcal/mol. to reduce the stability of the resting state while the energies of
This perturbation of the electronic system by the bulky MM the thermodynamic product and the transition state remain
substituents is also evident in the geometric distortion of the unchanged relative to the Nalkyl cation. Thus, the poly-
transition state structure. Most notably, there is a contraction merization activities should actually increase with increasing
of the G—Hhydrige boNd of 0.12 A. The destabilization of the steric bulk. This peculiar effect has been observed experimen-
transition state due to the MM potential accounts for 4.8 kcal/ tally.t For example, when the-isopropyl groups are replaced
mol, roughly half of the overall destabilization. The last three by less bulkyo-methyl groups, the catalyst activities are found
columns of Table 1 show that most of the MM destabilization to decrease from 7680 to 1800 kg per mol of Ni per h.

is a result of an increased steric interaction between the aryl ii. Chain Branching (Isomerization). Table 2 summarizes
rings and the active site fragments (ethene and propyl). In the reaction barriers for the pure QM model system, the present
addition to these steric interactions, there is~ah5-kcal/mol QM/MM model system, and experimental results in both relative

increase in the steric interaction between the aryl rings and theand absolute terms. Based on the frequency of secondary carbon
auxiliary methyl fragments bound to the diimine ligand. Thus, atoms in the polymer chain as determined from NMR experi-
the substituents on the diimine ligand play an important role in ments, and assuming that the fraction of branching can be
destabilizing the termination transition state. It has been equated with the rate of isomerization, the isomerization barrier
observed experimentally that if the diimine methyl groups are is estimated to be 1.3 kcal/mol greater than the insertion barrier.
replaced by hydrogen atoms, the molecular weights decreaseThis is in reasonable agreement with our calculated QM/MM
dramatically from 8.1x 10° to 2.8 x 10° g-mol~1.1 isomerization barrier of 15.3 kcal/mol, which lies 2.1 kcal/mol
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Table 2. Comparison of Calculated Barriers to Experimental In calculatingAAG* we have assumed that every hydrogen
Relative Barriers transfer event leads to the loss of the chain and, consequently,
reaction barriers (kcal/mol) chain termination. However, the vinyl terminated chairBa

can reinsert. If the reinsertion is competitive with chain loss

insertion branching termination STV . i
then the above assumption is invalid. Other polymerization

abzzlrtgzm (AHY) 16.8 128 o7 systems, namely early transition metal metallocenes, generally
QM/MM (AH?) 13.2 15.3 18.6 exhibit the behavior that the higher theolefin, the higher the
exptP (AGY) 10-11 barrier to insertio®® This would pin point the reinsertion barrier

relative to insertion to be at least as high as the normal monomer insertion barrier.
pure QM(AAF];) 0.0 —4.0 —7.1 In the worst case, this would imply that our assumption is
Sx“gia"('\ﬁééﬁ)"' ) 8:8 ié ;éﬂ incorrect. Here, we argue that our chain loss barrier is a gas

_ phase barrier and that the loss of olefin is in actuality assisted
aR(if‘sezrence 10 Reference 48 Reference 1. Polymenzgnon of1.6 by the solvent or ethylene, resulting in a barrier substantially
x 106 mol of (ArN=C(R)C(R}=NArNi(CHs)(OE)]*[B(3,5- lower than that in the gas phase. This further implies that the

gﬁﬁé&%@?“&cw ?g:el'gr?izﬁ'&ﬂé";géﬁ;d pRr:Vmg " 1rggomlafo£8 barrier to olefin loss is significantly lower than the barrier to

isomerization events per 500 insertions, assuming that all branches arg€insertion and, consequently, indicates that our approximation
methyl branches (methyl branches are experimentally observed tois justifiable.

predominate). Applylng Boltzmann statistics to this ratio at 273.15 K e. General Discussion.For the Brookhart Cata'yst system

yields aAAG" of 1.3 kcal/mol. The weight-average molecular weight, . - -
M, of 8.1 x 10° g/mol provides an estimate for the ratio of termination the combined QM/MM method is clearly an improvement over

events to insertion events of 1:28900. Using Boltzmann statistics to the truncated pure QM'modeI begause of the Critical'importance
this ratio gives aAAG* of 5.6 kcal/mol. of the bulky aryl substituents which are neglected in the pure

QM model. Our calculations further show that the QM/MM
above the calculated insertion barrier. We note that monomer model is a clear improvement over a stepwise QM followed by
concentration effects are not taken into account in our model MM method>:%5 In the stepwise QM/MM method, QM
and therefore the above comparison is dubious since the extencalculations are first performed by using a truncated model
of branching may be highly dependent on the rate of monomer system in which the bulky substituents are neglected. Then a
trapping. It has been demonstrated experimerittibt increas- MM calculation is performed on the whole system with use of
ing the steric bulk of the ortho substituents increases the active site geometries extracted from the pure QM calculation.
branching frequency. This is somewhat at odds with our The most important difference between the stepwise QM/MM
theoretical result, which shows that there is a modest increasemethod and the present combined QM/MM method is that
in the isomerization barrier of 2.5 kcal/mol in moving from the during geometry optimization in the stepwise method, the pure
bare QM system which has no steric bulk to the hybrid QM/ QM geometry is fixed® Therefore, there is no relaxation of
MM model. We therefore conclude that the dominant role of the active site structure in order to accommodate the bulky
the bulky groups (pertaining to the branching process) is to substituents. For the sake of comparison, we have performed
impede the formation of the resting state, thereby promoting such a stepwise QM/MM calculation whereby the pure QM
the branching process to ocdr.To address the issue we are geometry of ref 10 was frozen in an MM calculation by using
currently examining the process with the combined QM/MM the same force field as described above. The results of the
ab initio molecular dynamics methdd. stepwise QM/MM calculations are poor. For example, the

iii. Chain Termination. Our model systems show that of ~Darriers for insertion, branching, and termination ate* =
all the processes studied, the bulky ligands have the most18:5, 14.0, and 25.7 kcal/mol, respectively. This compares to
dramatic effect on the termination, virtually doubling the AH = 13.2, 15.8, and 18.6 kcal/mol, respectively, for the
termination barriers in going from the pure QM system to the cOmbined QM/MM method. Another noteworthy result of the
QM/MM system (Table 2). This is in agreement with the fact stepwise QM/MM method is tha_t it overestimates the energy
that without the bulky ligands these Ni diimine systems are mere difference between the two resting state rotanrsand 2b.
dimerization catalysts, but with the bulky ligands these systems 'N€ stepwise method predicts ti2atis 5.3 kcal/mol more stable
are commercially viable polymerization catalysts. Our theoreti- than 2b whereas the combined QM/MM results provide a

cal results are also in agreement with the related finding that asdifference of 1.0 kcal/mol. We conclude that for this system
the steric bulk of the diimine ligands is increased, there is a full Optimization of both the QM and MM regions, as is done

correspondent increase in the molecular weights. As previously " the combined QM/MM method, is necessary to provide even
discussed, our analysis of the destabilizing interactions in the qualitatively correct results. o ,
termination transition state reveals that the methyl groups bound 1€ primary goal of this study was to examine, in detail, the
to the diimine ligands interact strongly with the bulky aryl olé that the bulky substituents play in the polymerization
substituents. Again this is consistent with the experiments which Chemistry of the Brookhart Nidiimine catalysts. By simple

show that the polymer molecular weights drop when the methy! examination of the catalyst structure one can ascertain that the
groups are replaced by hydrogens. bulky substituents block the axial coordination sites. Our

From the weight-average molecular weigh,, we can previous pure QM study, which revealed the nature of the

estimate the ratio of termination events to insertion events, which  (50) Brintzinger, H. H.; Fischer, D.; Moaupt, R.; Rieger, B.; Waymouth,
can in turn be used to determine the difference between theR- M: Angew. Chem,, Int. Ed. Engl995 34, 1143.

(51) Cavallo, L.; Guerra, GMacromolecules996 29, 2729.

termination and insertion free energy barrigxdG*. As shown (52) Hart, J. R.; RappeéA. K. J. Am. Chem. Sod.993 115 6159.

in Table 2, there is a remarkable agreement between the (53) Castonguay, L. A.; Rapp@. K. J. Am. Chem. Sod 992 114
: + _ $ 5832.

experimental AAG. .5'6 kcal_/mol) and QM/MM AAH (54) Morokuma, K.; Yoshida, T.; Koga, NDrganometallics1996 15,

5.4 kcal/mol) termination barrier relative to the insertion. 2766.

(55) Kawamura-Kuribayashi, H.; Koga, N.; Morokuma,XAm. Chem.
(49) This is further corroborated by the experimental observation that Soc.1992 114, 8687.

increased ethylene pressures decrease the branching, while not dramatically (56) Comparison of the combined QM/MM and the stepwise QM then

affecting the polymer yields or molecular weights. MM methodologies can be found in ref 40.
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generic intermediates and transition states involved, suggestedcal/mol, respectively, which is the reverse order of barriers as
that the bulky ligands would have the most dramatic effect on that determined experimentally. In the present QM/MM study,
the termination process that utilizes both axial coordination we find that the bulky ligands act to destabilize the resting state
positions. This combined QM/MM study reaffirms this picture. complex. This has the effect tdwering the insertion barrier
Analysis of the molecular mechanics energy contributions as since the relative energy of the insertion transition state is not
previously discussed suggests that there is a second importansignificantly perturbed by the bulky substituents. With respect
feature of the aryl ligands apart from the positioning of the steric to the chain branching and chain termination processes, the
bulk. We observe that preferential orientation of the aryl rings bulky ligands destabilized the transition states. This is particu-
away from a perpendicular alignment to the-diimine ring larly true of the termination process in which there is a 2-fold
provides stabilization in both the Nalkyl complexes and the increase in the barrier.

insertion transition states. This factor contributes to the  \ith our pure QM and the present QM/MM study we are
reduction of the propagation barrier as compared to the pure gpje to reproduce the experimental observation that the generic
QM model system. It is difficult to ascertain the relative (1) diimine systems are intrinsically dimerization catalysts,
importance of this secondary effect since strong steric effectsput can be converted into polymerization catalysts with the
can often manifest themselves in other mole_cular mechanics gqdition of suitable substituents. Our study suggests that two
energy terms, such as bond bending and torsion energy termsyiteria need to be met by the bulky substituents for this to be
Despite this, we suggest that increasing the preference for agyccessful. First and foremost, the substituents must dispro-
more parallel alignment of the aryl rings by increasing the portionately block the axial coordination sites of the Ni center
z-orbital interactions between the aryl rings and the diimine qyer the equatorial coordination sites, as was first suggested
ring will have an effect of increasing the activity of the catalyst by Johnsoret all Secondly, our calculations suggest that the
and increasing the molecular weights. This can be achievedgypstityents must also have a conformational preference to
(other ramifications nc_>t considered) by substitution of the para y5cate the axial sites. In the particular case of the aryl ring
hydrogen of the aryl ring by an acceptor group such-&K0, substituents, it is more favorable for the rings to orient

or —CFs. Anothe_r _possibility i_s to fu_nctionalize the diimine R themselves (more) parallel to the Ndiimine plane than to
group such that it interacts with tleeisopropyl group so asto  remain perpendicular to it.

pull the aryl rings into a more coplanar orientation. Unfortu-
nately, our model suggests that this would also lead to
diminished branching since the isomerization TS has a desta-
bilizing torsional component.

In the current QM/MM model, the electrostatic coupling
between the QM and MM atoms has been neglected. In some
systems this approximation may be severe. However, in the
present case we feel that this approximation is justified since
the dominant nonbonded interactions between the QM (ethene .
and propyl moieties) and MM (isopropyl and methyl groups) A_cknowle_dgment. This _vvork_ has been supporte_d by the
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Finally, we conclude that the combined QM/MM method can
be effectively applied to a study of transition metal based
catalytic processes in a detailed and efficient manner. Moreover,
we have demonstrated that the unique features of the QM/MM
method have allowed for deeper insights into the substituent
effects to be achieved compared to either the truncated pure
QM model or the stepwise QM then MM model.

We have successfully applied the combined QM/MM meth-
odology of Morokuma and Maserdsto the study of the
Brookhart Ni(ll) diimine ethylene polymerization catalysts of
the type (ArN=C(R)—C(R=NAr)Ni"—R'*, where R= Me and
Ar = 2,6-GHs(i-Pr). In the combined QM/MM model, the
bulky Ar and R groups were treated by a molecular mechanics
potential while the remainder of the system was treated by
density functional theory (Becke88-Perdew86). Chain propaga-
tion, chain branching, and chain termination were studied and
calculated to have barriers oH* = 13.2, 15.3, and 18.6 kcal/
mol, respectively. These calculated barriers are in remarkable
agreement with experiment in both absolute and relative terms.
This contrasts our earlier pure QM study, which neglects the
bulky ligands. Here, the propagation, branching, and termina-
tion barriers were calculated to eH* = 16.8, 12.8, and 9.7 JA970226A

Supporting Information Available: Cartesian coordinates
of all species mentioned in the text and a full listing of the
molecular mechanics force field parameters utilized (9 pages).
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