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Modeling of ethylene polymerization using density functional theory was undertaken for both generic
and substituted nickel iminophosphonamide (PN,) and amidinate (CN,) complexes. The more highly
substituted complexes were studied using quantum mechanics/molecular mechanics (QM/MM) techniques
s0 as to probe the role of steric effects on insertion and chain-transfer processes. For the generic systems
H,P(NSiH3),NiR(L) and HC(NSiH3),NiR(L) (R = alkyl; L = C,Hy,), insertion had a higher barrier in the
PN, versus CN, complex. The energy of ethylene binding was strongly affected by the nature of the R
group. This was shown to be a function of agostic stabilization of the alkyl group in the absence of
monomer. Insertion barriers are also strongly dependent on the nature of the alkyl group, particularly in
the case of the sterically hindered Keim catalyst, which was modeled by (Me;Si),NP(Me)(NSiMe;),NiR(L)
and QM/MM techniques. Degenerate chain transfer was systematically studied in the case of the generic
CN; complex HC(NSiH3),NiEt(C,H4) and proceeds through five-coordinate intermediates with distorted
trigonal-bipyramidal geometries. The highest-energy intermediate corresponds to a bis(ethylene)—NiH
complex, where loss of ethylene would constitute (degenerate) chain transfer. Intermediates in the analogous
PN, complexes lie higher in energy, and thus these complexes should provide higher molecular weight
material, as observed experimentally. 5-H elimination/chain walking was also investigated using both
generic and substituted complexes. The ground states in these reactions are agostic alkyls, while the
ethylene—NiH complex, in which ethylene is perpendicular to the square plane, is a weakly bound
intermediate. These intermediates are related to those formed during chain transfer by binding of the

monomer.

1. Introduction

There is considerable interest in the synthesis of branched
poly(ethylene) (PE) using transition-metal catalysts." High-
density and linear low-density PE, both with sparse long-chain
branching, typically <1 long-chain branch (LCB) per 1000 C
atoms, are produced using ansa-metallocene and constrained
geometry catalysts in solution, slurry, or even gas-phase
processes.” The mechanism of LCB formation in these materials
primarily involves macromonomer incorporation,” a process that
is facilitated by the “open” coordination sphere about the metal
in these kinds of catalysts.

On the other hand, using a-diimine and related catalysts of
Ni and Pd, branched PE is formed from ethylene by a chain-
walking versus insertion mechanism.* Depending on the ratio
of the rates of these two competing processes, materials that
have controllable levels of short-chain branching (e.g., 0-100
Me groups per 1000 C atoms), depending on ethylene pressure,
or materials with hyperbranched architecture® are available when
the catalyst is capable of “walking” past a branch point at a
rate that is much faster than that of insertion.

Stochastic simulations of chain growth using either kinetic®
or density functional theory (DFT)” modeling approaches have
failed to indicate the formation of LCBs (i.e., those with
dimensions similar to those of the main chain) by a chain-
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walking versus insertion mechanism unless chain walking in a
particular direction is favored. In essence, once a catalyst has
migrated a few C atoms down the chain (or past a branch point),
it becomes equally probable for it to walk in either direction.
Thus, the chain-walking process becomes a true random walk,
and it is expected that the formation of a long branch via such
a process is improbable.

It is therefore of interest to note that the first synthesis of
branched PE from ethylene monomer using a transition-metal
catalyst, reported by Keim and co-workers nearly 25 years ago,
was said to provide a material resembling low-density PE in its
properties.® The catalyst was derived from the reaction of
phosphorane 1 with either Ni(COD), or Ni(;°-C3Hg), in the
presence of ethylene (eq 1).

H,C==CH;
) ~NSiMe; CaHy  Me;SIN—Ni—CH,PE
(Me3Si)N—PZ "> ™3 + (33.C4Hg),Ni — Branched PE via i
NSiMe; TP plodias
or (Measi)zN‘“‘lP NSiMe;
4 Ni(COD), 4,
(D

Subsequent work from the group of Yano in Japan has
revealed that these catalyst formulations produce PE with methyl
branches longer than six C atoms (Hx") as revealed by '*C
NMR analysis. Further, some of these branches were sufficiently
long so as to influence the intrinsic viscosity in solution (g' =
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71/ [7)1in = 0.6—0.8).9 The group of Fink has shown that these
formulations are competent for the chain-straightening oligo-
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merization of a-olefins at low 7 and has postulated that this
occurs via a chain-walking mechanism.'”

As we recently reported, the active catalyst involved in these
polymerization processes is an alkylnickel iminophosphonamide
(PN3) complex, PN>Ni(L)R (2; L = H,C=CH,) formed in situ
from the phosphorane and either the Ni(0) or Ni(Il) precursor
(eq 1)."' This was verified by the independent synthesis of
two such complexes [Ph,P(NTMS),NiPh(PPh3) (2a) and
Me(TMS,;N)P(NTMS),NiPh(PPh3) (2b)]. These complexes form
branched polymers with microstructures similar to, or in the
case of 2b, nearly identical with that produced using the Keim
formulations. We have also shown that the PE produced using
the Keim catalyst does possess sparse long-chain branching (by
gel permeation chromatography light scattering) with properties
resembling those of low-density PE;''® our modeling of
polymer branching using a DFT-based stochastic simulation
approach could not account for the intensity of Hx" branches
in these materials as arising from a chain-walking versus
insertion process, even though the short-chain branching
distribution was reliably modeled. [The energetics of insertion
versus chain walking for the Keim catalyst have been investi-
gated in significant detail in connection with modeling of the
branching distribution in PE formed using this catalyst.''® These
calculations involved insertion of C,Hy into Ni—"R, Ni—°R, and
Ni—'R (R = Bu, amyl) and chain walking involving Ni—"R,
Ni—°R, and Ni—'R (R = Bu, amyl, hexyl). Details of these
calculations are available from the authors upon request.]

Eisen and co-workers have reported polymerization studies

using isoelectronic amidinate (CN;) complexes of Ni
[e.g., PhC(NSiMes):Ni(acac)], activated by methylaluminoxane
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(MAO)."? These complexes provide linear unsaturated oligomers
from ethylene at high activity in contrast to the branched
polymer that is formed using the less active Keim catalyst. On
the other hand, when unhindered Ni—PN, complexes are
activated by MAO under the same conditions, they also provide
oligomers (chiefly butenes) at high activity.''®

With a view to clarifying the intrinsic behavior of both
Ni—CN; and Ni—PNj catalysts in ethylene polymerization, we
elected to study both generic and substituted versions of these
complexes by DFT using the quantum mechanics/molecular
mechanics (QM/MM) hybrid approach for the latter systems.
This paper reports on the structures and energies of these active
species and the barriers to insertion, chain transfer, and chain
walking.

2. Computational Details

All of the DFT results were obtained from calculations based
on the Becke—Perdew exchange-correlation functional,' using
the Amsterdam Density Functional (ADF) program.'* The
standard double-& Slater-type orbital (STO) basis sets with one
set of polarization functions were applied for H, C, N, P, and
Si atoms, while the standard triple-§ basis sets were employed
for the Ni atom.'> The 1s electrons of C, N, and O as well as
the 1s2p electrons of P, Si, and Ni were treated as frozen cores.
Auxiliary s, p, d, f, and g STO functions,'® centered on all nuclei,
were used to fit the electron density and obtain accurate
Coulomb and exchange potentials in each self-consistent-field
cycle.

QM/MM modeling of the substituted catalysts [PhC{N-
(SiMe3) }2INiR(L), [PhoP{N(SiMe3)},]NiR(L), and [(Me3Si),-
NP(Me){N(SiMe3)}»,]NiR(L) used the algorithms implemented
within ADF,'” where the QM part of these complexes were the
generic complexes [HC{N(SiH3)}>]NiR(L), [HoP{N(SiH3)},]-
NiR(L), and [(H3Si),NP(H){N(SiH3)},]NiR(L). Both the R
group on Ni and L = C,Hs were treated using the full QM
method, regardless of the chain length for the R group. Hence,
the MM part consisted of substitution of C—H, Si—H, and P—H
link atoms with C—Ph, Si—CH3, and P—Ph or P—CH3 groups,
as appropriate. An augmented Sybyl force field'® was utilized
to describe the MM potential, which included van der Waals
and torsional parameters for Si and P from the universal force-
field (UFF) potential."®

The geometry optimization on the entire system was carried
out with coupling between QM and MM atoms. In the
optimization of the MM part, the C—C, Si—C, and P—C
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distances were constrained to be 41.0, 28.0, and 26.5% longer
than the optimized C—H, Si—H, and P—H distances in the
generic complex. These constraints were also based on the Sybyl
or UFF bond-length values.'®'? Electrostatic interactions were
not included in the MM potential.

All structures reported here were stationary points on the
potential energy surface based on minimization of the energy
and energy gradients with respect to the Cartesian coordinates.
For transition-state structures (denoted by TS), these were
located initially by linear transit calculations along an assumed
reaction coordinate. The geometry corresponding to an energy
maximum was then subjected to transition-state optimization
typically using a small step size (rad = 0.02). The approximate
Hessian had one imaginary frequency or, if real, was essentially
of zero magnitude. In selected cases, particularly during the
study of conformationally complex systems, these stationary
points were subjected to a constrained geometry optimization
with the reaction coordinate fixed at the value located through
transition-state optimization. If a lower -energy structure was
located, this was resubjected to transition-state optimization in
an iterative manner until no further change in the energy was
observed.

3. Results and Discussion

Previous Experimental Data. As reported in detail else-
where, the Keim catalyst is most efficiently generated in situ
from Ni(COD), and phosphorane 1, usually in the presence of
an a-olefin. The catalyst is unstable at room temperature with
a peak turn-over frequency (TOF) of 225 h™" at 25 °C and 30
psig CoHy with [Ni] = [1] = 4 mM and [1-Hx] = 0.94 M."!
Further, the activity of this catalyst is not a strong function of
ethylene pressure (P) over the range studied (P = 30450 psig),
indicating that the propagation is zero-order in P or that
saturation kinetics pertain.”® Finally, in the absence of chain-
transfer agents (i.e., a-olefins), the molecular weight (MW) of
the PE formed varies between M,, = 30K and 100K with PDI
= 2 depending on conditions, being lower in MW at lower P.

On the basis of the work of Fink and co-workers'% as well
as our own studies, we have concluded that the extent of actual
catalyst formation under these conditions is minimal. For
example, at 20-fold higher concentrations of both Ni(COD),
and 1 in the presence of excess 1-hexene, 'P NMR spectra
indicate that the concentration of a NiPN, complex never
exceeds ca. 9 mol % of the total amount of 1 added (see the
Supporting Information). From this information, one can
estimate that the intrinsic activity of the Keim catalyst at the
lower concentrations reported in ref 11 corresponds to a TOF
< 1.25 s~ ! or an insertion barrier of >17 kcal mol " at 298 K.

The modest dependence of MW on P (i.e., slightly higher at
much higher P) suggests that chain transfer to monomer (or to
a-olefin if present''?) is the principle process that limits chain
growth. From the observed MW, the barriers to chain transfer
can be inferred to be 2—4 kcal mol ™' higher in energy compared
to insertion.

Both of the model complexes we prepared featured coordi-
nated PPhs, and both are essentially inactive in the absence of
a PPhj scavenger. In the case of 2a, Rh(I) had to be used, while
in the case of 2b in which PPh; is more labile, Ni(COD), proved
effective. In either case though, the activity of these two
complexes was about 2 orders of magnitude lower than that of
the Keim catalyst; because PPhs is a potent inhibitor of the Keim

(20) Jenkins, J. C.; Brookhart, M. J. Am. Chem. Soc. 2004, 126, 5827—
5842.
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Table 1. DFT and Relative Energies of Generic X(NSiH3);NiR(L) Complexes (for Structures, See Chart 1)

structure R L total E (au) AE (kcal mol™') structure total E (au) AE (kcal mol™') structure total E (au) AE (kcal mol™")
3a o-a-Me  o-CH  —4.185313¢ 32.8 3b —4.176547¢ 355 3c —5.529996¢ 34.6
4a Me CHy  —4.237552 0 4b —4.233057 0 4c —5.585104 0
5a Me CHs?  —4.225806 7.4 5b? —4.213472 12.3 5¢? —5.564690 12.8
TS 6a° Me —4.207527 18.8 TS 6b°  —4.199137 21.3 TS 6¢©  —5.548893 227
7a y-a-"Pr  y-CH  —4.229455 5.1 7b —4.222010 6.9 Tc —5.574838 6.4
8a p-a-"Pr  f-CH  —4.243499 —3.7 8b —4.237187 —2.6 8c —5.589967 —3.0
8d p-a-Et  B-CH —4.801333¢ 19.0 8e —4.795288¢ 20.0 8f —6.148318¢ 16.1
4d Et! CHy  —4.831600 0 4 —4.827106 0 4g! —6.174031 0
4e Et¢ CHy  —4.829799 1.1
5d Et CHy”  —4.819433 7.7
TS 6d° Et“ —4.801025 19.2 TS 6f°  —4.790896 22.7 TS 6g° —6.141776 204
TS 6e¢  Et° —4.800944 19.2
“Total energy includes that of an isolated C;Hs molecule (QM E = —1.154766 au). ” In-plane 7z complex. © Insertion transition state. ¢ g-axial Me

group; see text. ¢ g-equatorial Me group; see text.

TS 6d

Figure 1. Representative structures of Ni—CN, complexes: f-agostic Ni—Et complex, 8d; Ni—Et &z complex (g-axial Me group), 4d;
Ni—Et in-plane 7t complex (¢-axial Me group), 5d; insertion TS (g-axial Me group), TS 6a; y-agostic Ni—"Pr complex, 7a; 3-agostic

Ni—"Pr complex, 8a. For energies, see Table 1.

catalyst, we conclude that these low activities observed for the
model complexes reflect reversible scavenging of PPh;. Even
so, the more sterically hindered complex 2b formed PE that
was 1-2 orders of magnitude higher in MW than that produced
using 2a and with a branching distribution strongly resembling
that of the Keim formulations (i.e., both with ~30 branches
per 1000 C atoms with Me and Hx ™" branches in roughly equal
amounts). The less hindered complex formed more highly

Chart 1
SiH; SiHy | o SiHy  Ho
o Ne e H N TEECH, N -/C\CH

X SN X\ ,N\ x\ ~Ni

N CH, N CH, Sedy

SiH; SiH, R S|H3 H 2
3a: X=CH 5a:X=CH,R=H 7a: X=CH
3b: X=PH, 5b: X=PH;, R=H 7b: X = PHy

3¢: X = PH-N(8iH3), 5c: X = PH-N(SiH3);, R=H 7c¢: X = PH-N(SiH3),

5d: X=CH,R=Me

branched PE (ca. 80 branches per 1000 C atoms) of lower MW

(Xn ~ 20).

In contrast, both this complex and other complexes featuring
an unhindered PN, ligand can be activated for ethylene
dimerization upon the addition of MAO (200 Al/Ni) at 25 °C
and 150 psig. The peak activities are between 10° and 107 g of
C,Hy/mol of Ni x h, corresponding to a TOF of 10-100 sL

SiH3 CH, SiH; Hz SiHz C’?
N --"” /N\ /N\ rd Y
X SNig CHy NIt .CH, . _~Niz--->CH
~N” T CH-R' SN CH-R' ~N" R
SiH4 Il? SiH3 é SiH3
4a:X=CH,R=R =H TS6a:X=CH,R=R'=H 8a:X=CH R=H,R =Me
4b: X =PH, R=R'=H TS6b: X=PH,, R=R'=H 8b:X=PHy, R=H,R' =Me
4c: X = PH-N(SiH3)y, TS 6c: X = PH-N(SiH3), 8c: X = PH-N(SiHs)s
R=R'=H R=R=H R=H, R =Me

4d: X=CH R=Me,R'=H
4e: X=CH R=H, R =Me
4f. X=PH,R=Me,R'=H

TS6d: X=CH, R=Me, R"=H
TS6e:X=CH R=H,R =Me
TS 6f: X=PHy, R=Me, R"=H

49: X = PH-| N(S|H3)2

8d: X=CH,R=R'=H
8e:X=PH, R=R = H
8f: X = PH- N(S|H3)2

R=R

These data are comparable to that reported by Eisen and co-
workers using benzamidinate complexes of Ni. Thus, the species
responsible for ethylene oligomerization must have insertion
barriers in the 15-16 kcal mol™' range with relatively rapid
rates of chain transfer.

DFT Modeling of Ethylene Insertion for Generic
Complexes. Stationary points corresponding to agostic alkyls,
7 complexes, and insertion TS were located for the complexes
X(NSiH;3),NiR(L) [R = Me, Et, "Pr; X = HC, H,P, and
H{(H3S1),N}P; L = C;H4 or agostic C—H], and energies are
depicted in Table 1, representative ball-and-stick structures are

TS 6g: X = PH-N(SiH3),
R=Me R =H
TS 6h: X=CH,R=Et R'=H
TS 6i: X =CH, R=R'=Me

R=Me,R'=H
4h: X = CHR Et, R'=H
4i: X=CH,R=R'=Me

8g: X=CH,R= MeR’ H

depicted in Figure 1, and a set of structures and the numbering
scheme are shown in Chart 1.

Binding of ethylene to the Ni—a-agostic Me (a-a-Me)
complexes 3a—c is strongly exothermic with a binding energy
>30 kcal mol™'. Ethylene binds most strongly when it is
perpendicular to the square plane in 7 complexes 4a—c; the
corresponding in-plane st complexes Sa—c were ca. 7 and 12-13
kcal mol™! higher in energy for Ni—CN, versus Ni—PN;
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complexes. Surprisingly, the in-plane ;7 complexes are local
minima, as revealed by a frequency calculation on complex Sa.
We did not explore their conversion to 4 nor whether their
formation was a prerequisite for ethylene insertion into Ni—Me
(vide infra).

Insertion of ethylene into Ni—MeCN, complex 3a involves
a barrier of 18.8 kcal mol™'. The transition-state geometry
consists of a slightly puckered, four-membered ring. The Ni—C
distances differ dramatically (1.896 vs 2.133 ;A) in TS 6a as do
the Co,—Cp distances of 1.447 and 1.929 A, where the longer
distances involve the Me group undergoing migratory insertion.
There is no evidence of an a-agostic interaction in the TS, as
found for early metal systems, although the kinetic insertion
product features a weak vy-agostic interaction (vide infra).
Interestingly, the Ni—N distances of the CN, ligand are also
distorted, with the Ni—N trans to the migrating group being
much shorter than the other (1.918 vs 2.097 A). The geometry
of the transition structure TS 6a resembles that located earlier
for nickel diimine or anilinotroponate complexes;’ it is also
perhaps worth noting that the insertion barriers are not very
different from those estimated by DFT methods for insertion
involving nickel anilinotroponate complexes.

The immediate product following insertion into the Ni—Me
bond are y-a-"Pr complexes 7a—c, which lie 57 kcal mol '
higher in energy than the corresponding ;7 complexes; however,
these can quickly relax to 5-a-"Pr structures 8a—c by simple
rotation about the Cs—C, bond. These 3-agostic complexes are
between 2.5 and 4.0 kcal mol ™' lower in energy than the starting
7 complexes so that the overall propagation reaction is
exothermic by at least 22 kcal mol ',

The geometrical features of the corresponding alkyls, 7
complexes, and insertion TS for the two PN, complexes
investigated were analogous to those just discussed for the CN;
complex. However, significant energetic differences are ob-
served with 2.5-3.9 kcal mol ™ higher insertion barriers, relative
to the 7w complexes 4b and 4¢, and 1.8-2.7 kcal mol~! more
exothermic binding of ethylene to the Ni—Me complexes 3b
and 3c.

We suspect that the higher insertion barriers, as well as the
increased exothermicity, on binding of ethylene to PN, versus
CN, complexes reflect the more electron-rich nature of the
former ligands. It is known that the thermodynamic basicities
of these two ligands differ by about 3 orders of magnitude;*'
presumably, coordination of ethylene stabilizes the resulting 7
complexes through back-donation because neither the CN» nor
the PN, ligands are strong 7t acceptors. Because this stabilizing
interaction is reduced or eliminated in the TS for insertion, the
increased insertion barriers for PN, versus CN, complexes are
expected. It should be noted that the in-plane sz complexes for
both PN, complexes 5b and 5S¢ were 5 kcal mol™' less stable
with respect to the most stable st complexes, compared to the
corresponding CNj structure Sa, confirming the importance of
back-bonding when ethylene is in a perpendicular orientation.

Binding of ethylene to Ni—f-a-Et complexes 8d—f was also
investigated and is significantly less exothermic with AE =
16-20 kcal mol~'. We attribute this large difference in the
binding energy to the enhanced stability of the higher alkyl
complexes that can adopt 3-agostic structures. We note that (at
least) two diastereomers are possible for the 7t complexes 4 in
the case of the Ni—Et complexes 8d—f. They differ in the
orientation of the Me of the Et group being in-plane (or

(21) (a) Review: Kabachnik, M. 1. Phosphorus Relat. Group V Elem.
1971, 1, 117-132. (b) Genkina, G. K.; Korolev, B. A.; Gilyarov, V. A.;
Stepanov, B. 1.; Kabachnik, M. Z. Obsh. Khim. 1969, 39, 326-329.
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@-equatorial in 4e) versus out-of-plane (or ¢-axial in 4d, 4f,
and 4g). In the case of the 7r complexes 4e and 4d, the latter is
more stable (by 1.1 kcal mol™").

Insertion of ethylene into Ni—Et complex 8d involves a
barrier of 19.2 kcal mol ™', and as with the complexes, there
are two stereoisomeric transition structures TS 6d and TS 6e
differing in the orientation of the Me group. The energies of
these structures are essentially equivalent in this case. While
this observation is not that important here, it has major
consequences when looking at the more highly substituted
systems, as will be explained later.

Steric effects manifest themselves in two ways in the case of
the more highly substituted complex 8f. Binding of ethylene is
significantly less exothermic (by 3—4 kcal mol ') compared to
that of complexes 8d and 8e. We attribute this to destabilization
of the st complex 4g because the coordinated ethylene and the
@-axial Me group experience interactions with both the in-plane
and out-of-plane SiH3 moieties.

It should be noted that the presence of the N(SiH3),
substituent on P has an effect on the location of the in-plane
NSiHsz groups in that the PN,Ni ring is slightly puckered
(dihedral angle ¢ = 171.6°) compared to essentially planar in
the less substituted systems. In essence, the in-plane SiHz groups
tilt away from the N(SiH3), moiety, and thus there is hindrance
both above and below the square plane in 8f.

Similarly, insertion into Ni—Et in the case of 8f features a
2.3 kcal mol ™" lower barrier than insertion involving 8e, while
the difference in insertion barriers between 8d and 8e (AE =
3.5 kcal mol ") was comparable to that observed for 3a and 3b
(2.5 kecal mol™1). Because steric hindrance above and below
the square plane is partially relieved in the transition state for
insertion, the barrier is correspondingly reduced in the case of
TS 6g. Even though the Me group of the Et moiety is g-axial
in both the most stable 7z complex and insertion TS, the Et group
is much further away from Ni in the TS and so steric interactions
with the larger PN, ligand are largely alleviated.

DFT Modeling of Chain Transfer in Generic Com-
plexes. Chain transfer to monomer in nickel diimine catalysts
has been investigated previously and proceeds through bis(ole-
fin) hydride complexes.” We investigated the analogous process
here but in the context of degenerate transfer starting from the
CN,—NiEt & complex. This process initiates by establishing
an agostic interaction between the Ni—Et group above or below
the square plane of the t complex. While this motion should
lead to a square-pyramidal (spy) intermediate, attempts to locate
such stationary points were unsuccessful; optimizations refined
to either the 7 complex 4d or a distorted trigonal-bipyramidal
(tbp) complex 9a that lies 4.2 kcal mol ™' higher in energy. This
complex features an apical Ni—CH,CHj3 group with an equato-
rial Ni—f-a-CH interaction (Figure 2 and Chart 2).

A much higher energy tbp intermediate 10a is isomeric and
features an equatorial Ni—CH,CHj3 with an apical Ni—f-a-CH
interaction; it is 14.9 kcal mol™~ " higher in energy than the most
stable 7t complex 4d. Another intermediate 11a that can be
formed from 10a by S-H elimination is of nearly identical
energy (AE = 15.0 kcal mol ™" with respect to 4d) and is best
described as a tbp bis(ethylene)—NiH complex featuring two
equatorial ethylene molecules and an apical Ni—H. Both of the
ethylene molecules are orthogonal to Ni—H and are essentially
equivalent by symmetry.

A final stationary point 12a was located in which one of the
ethylene molecules has rotated so that it is coplanar with Ni—H.
This structure lies 4.7 kcal mol™" higher in energy than 11a,
and a frequency calculation indicated that it is a local minimum.
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P

12a (QM E = -4.800081 au)

9a (QM E = -4.824948 au)

10a (QM E = -4.807799 au)

11a (QM E = -4.807644 au)

Figure 2. Intermediates 9a—13a involved in degenerate chain transfer to monomer for the CN,NiEt(C,Ha) complex. See the text for an

explanation of the individual structures.

Chart 2
HoC—CH, —CH, H H cH
| ] C— o 2
SH { ./ «CHy |HeCixen, |
Me3S|T l\|l|\ CH, Me3S|Tl N'\/CHZ Me3S|T ’T'\/CHZ Me3SIT l\lll\/éHz
S%\/Ie3 - S%\/Ie3 S%\/Ie3 X=—NSiMe;
9a 10a 11a 12a

Scheme 1. Chain Transfer in Ni—CN; and PN, Complexes

CH CHR
! 2 H w
2 412C’\\’CH2 Rt
Me3SIN—Ni—CH,CH,R Me3SiIN—NiZ___ ———= Me;SiN—Ni—CH,CH;
L via 9 and 10 | __H.C—CHR .
X=NSiMe; X—NSiMe; X—NSiMe;
n complex 4 1
X = CPh, PPh, etc. .
R = H or polymer chain H - H,C=CHR + H,C—CH;
CH,
H Y
H—CH2 ‘ HZC;/
MeaSiN— N.—CH2 Me3S|Tl '\Ihm// Measirrl—r\ili—CHch3
|
X —NSiMe3 X—NSiMe; X—NSiMey
8 16

It is unclear whether this intermediate is involved in chain
transfer. It is also possible to transform 11a directly into 10a
merely by rotating one of the coordinated ethylene molecules
about the metal. This pathway was investigated by linear transit
and has a barrier less than 4.7 kcal mol™'; 12a is not an
intermediate structure involved in this pathway. We shall return
to the nature of 12a when we discuss chain transfer in the
substituted complexes.

The pathway from intermediate 9a to furnish 10a proved
problematic to locate. Although, in principle, these complexes
may interconvert through ¢-rotation, the requisite spy interme-
diates do not represent stationary points on the potential energy
surface (or they are so weakly bound that they cannot be located
using conventional algorithms based on steepest descent). A
structure intermediate between 9a and 10a and involving rotation
of the CN; ligand about the Ni---C axis was located by linear
transit techniques. Transition-state optimization of this structure
using a small step size converged to structure TS 13a (QM E
= —4.804919 au), which resembles a trigonal prism (Figure
2), and is only 1.8 kcal mol ™" higher in energy than intermediate

10a. A frequency calculation on TS 13a revealed one imaginary
frequency consistent with this transition structure being inter-
mediate between 9a and 10a.

All of the stationary points identified in connection with the
formation of intermediate 11a are local minima on the potential
energy surface as revealed by frequency calculations except for
TS 13a. Undoubtedly, there are other transition structures
connecting these shallow minima, but we were unsuccessful in
locating them. For example, the highest-energy structure in a
linear transit between 11a and 10a when subjected to unre-
strained optimization converged to either of these high-energy
intermediates.

To summarize, degenerate chain transfer proceeds via the
establishment of an agostic interaction, above or below the
square plane, and then isomerization to a high-energy tbp
intermediate. A low barrier separates this latter species from a
bis(olefin) hydride complex, where the two ethylene molecules
are equivalent. Of course, in the real situation, one of these
coordinated alkenes will be a polymer chain with terminal or
even internal unsaturation. Reversal of these steps will lead to
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14a
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8g 15a 16a

Figure 3. Agostic "PrNiCN, complex 8a, in-plane 7 complex 14a, agostic ‘Pr complex 8g, in-plane 7 complex 15a, and out-of-plane
NiH(C3;Hg) 7 complex 16a (syn-Me group). For energies, see Table 2.

Table 2. DFT and Relative Energies for HC(NSiH3),NiR(L) Complexes

structure R L total E (au) AE (kcal mol ") total E + CyHy (au) AE (kcal mol ")
8a p-a-"Pr B-CH —4.243552 0.22 —5.398318 18.3
8g B-a-'Pr B-CH —4.243908 0.00 —5.398674 18.1
14a“ H CsHg —4.235236 5.44 —5.390002 235
15a° H C3He —4.237012 4.33 —5.391778 224
syn-Me 16a H C3He —4.236404 4.71 —5.391150 22.8
anti-Me 17a H CsHe —4.236206 4.83 —5.390968 229
4h "Pr CyHy —5.427482 0.00 —5.427482 0.00
4i ‘Pr CyoHy —5.426859 0.39¢ —5.426859 0.39
insertion TS 6h "Pr —5.397305 18.9¢ —5.397305 18.9
insertion TS 6i Pr —5.396323 19.6° —5.396323 19.6

“Tn-plane 77 complex with two imaginary frequencies, the lowest of which involves C—H stretching of the agostic C—H. ? In-plane 7 complex with
no imaginary frequencies based on the approximate Hessian.  Relative energy with respect to the most stable 7 complex 4h.

a Ni—Et 7 complex with the chain still coordinated (Scheme
1). Actual chain transfer will not occur unless the chain end is
ejected from an intermediate analogous to 11a (and a complex
analogous to 12a may be an intermediate involved in this
pathway). Alternately, associative substitution of the coordinated
chain end by ethylene is possible from the 7 complex, as
suggested by Brookhart and co-workers.*

Structure 12a represents the highest energy stationary point
located in the case of Ni—CN, complexes in the context of chain
transfer. It is 19.8 kcal mol™" higher in energy than the most
stable 7z complex, while insertion features a comparable barrier
of 19.0 kcal mol ', Assuming that chain transfer to monomer
is the only process occurring with the systems studied by Eisen
and co-workers and that propagation is first-order in [Ni] but
zero-order in [M], the number-average degree of polymerization
will be

}_(H _ ﬁ _ kz[Nll'C2H4] ~ E (1)
R, kJ[INrCH,] k,
where k» is the insertion and k; is the transfer rate constant. It
is obvious that the generic complex would only oligomerize
ethylene with X, ~ 3.85 at 298 K. This is fortuitously close to
that observed in the real systems studied by Eisen and
co-workers.

Chain transfer was also studied in the context of the other
generic 7t complexes 4f and 4g under investigation. In the case
of 7 complex 4f, structure 12b (QM E = —4.786112 au) is
25.7, while the corresponding insertion TS 6f is 22.8 kcal mol
higher in energy. A similar difference in energy is seen for =
complex 4g, where insertion TS 6g and structure 12¢ (QM E
= —6.137162 au) are 20.4 and 23.1 kcal mol ™" higher in energy,
respectively. Thus, in both cases, insertion is favored over chain
transfer by ~3 kcal mol ™!, which corresponds to X, ~ 157 at
298 K. Thus, both complexes should polymerize ethylene to a
low-MW polymer (M, ~ 4400) at 298 K.

DFT Modeling of Chain Isomerization in Generic
Ni—CN; Complexes. Chain isomerization involving reversible
[-H elimination and reinsertion into Ni—H is the key process

involved in chain walking.*” It was investigated for Ni—Et,
Ni—"Pr, and Ni—'PrCN, complexes, although only the latter
two complexes (8a and 8g) are discussed here. The ground-
state structures involved in chain walking are agostic alkyls 8a
and 8g (Figure 3), where 3-H elimination proceeds via transient
in-plane Ni—H(C3Hs) complexes 14a and 15a. These complexes
or the agostic alkyls can isomerize to out-of-plane 7z complexes
16a and 17a (Table 2, Figure 3, and Scheme 2) by rotation of
coordinated olefin.

Unlike the situation encountered for nickel alkyls, it would
appear that in-plane 7t complexes 14a and 15a are transition
structures; a frequency calculation on 14a indicated two
imaginary frequencies, the lowest energy of which corresponds
to stretching of the agostic C—H bond in 8a. The next imaginary
frequency involved SiHj rotation, was of low intensity, and is
not relevant. However, the energy of 15a (located via TS
optimization) is actually somewhat lower than either of the out-
of-plane 7 complexes 16a and 17a, while the approximate
Hessian had no imaginary frequencies. A linear transit calcula-
tion starting from 8g, and stretching of the agostic C—H bond
revealed an inflection point at the geometry corresponding to
15a but no minimum.

It is unclear whether 14a and 15a are relevant stationary
points involved in chain walking. The agostic alkyls and out-
of-plane st complexes can directly interconvert by rotation of
coordinated alkene about the metal, and neither of these in-
plane structures is encountered during this process. In the case
of the generic NiCN, Pr complexes 8a and 8g, this was
investigated by linear transit; the barriers to this rotation are
between 5.1 and 5.4 kcal mol ™!, with 7z complex 16a a high-
energy intermediate (Figure 4).

Summarized in Table 2 are the absolute and relative energies
for the Ni—"Pr and "Pr complexes along with relevant data for
ethylene binding and insertion. On a strictly enthalpic basis (last
two columns of Table 2), chain walking features significantly
higher barriers than insertion (by 3—4 kcal mol™") such that one
would be tempted to predict that only linear oligomers would
be formed from this generic Ni—CN, complex. However, this



Theoretical Modeling of Ethylene Insertion

Organometallics, Vol. 26, No. 26, 2007 6619

Scheme 2. Chain-Walking Isomerization of NiCN, Propyl Complexes
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analysis neglects the significant entropy change on ethylene
binding to the agostic alkyls. This value has been estimated
both experimentally and theoretically to correspond to ~9.0 kcal
mol " at 298 K.*7

Under such a scenario, ejection of ethylene from the most
stable 7z complexes will be the rate-determining step involved
in chain walking with barriers of 18.3 and 18.1 kcal mol ™" for
"Pr and 'Pr, respectively (Scheme 3). In contrast, the out-of-
plane 7t complexes involved in chain walking will be only
13.8-14.1 kcal mol ™" higher in energy than the most stable 7
complexes. Thus, a consideration of free energy changes in
insertion versus chain walking would seem to indicate that the
generic Ni—CN, complexes should be quite competent for the
latter event.

Analogous calculations on the generic PN, complexes were
not performed. Instead, attention was next focused on the study
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Figure 4. Linear transit between S-agostic HCN(SiH3),NiPr
complexes 8a and 8g involving rotation of C3Hg about the Ni—H
bond. r complex 16a is an intermediate along this pathway. The
dashed line is a fit of a sixth-order polynomial to the data points,
where an approximate error of 0.4 kcal mol ' is implied.

Scheme 3. Chain-Walking versus Insertion Energetics for
HC(NSiH;3),NiPr Complexes
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of the “real” catalysts through the introduction of substituents
and the use of QM/MM techniques to model electronic and steric
effects with these catalysts.

QM/MM Modeling of Insertion and Chain Transfer
for Ni—CN; versus PN, Complexes. These two processes were
studied for X(NSiMe;),NiEt complexes where X = CPh
(8a—Ph), PPh, (8b—Phy), and PMe[N(SiMe3):] (8c—Me).
Because the latter complex features unsymmetrical environments
above and below the square plane, this doubles the number of
configurations that need to be examined by QM/MM techniques.
In most cases, location of the substituents, etc., on the least
hindered side of the square plane, syn to the P—Me group, was
considered when modeling insertion and chain transfer.

Shown in Figure 5 are the structures of the relevant
intermediates involved in these processed for the Ni—CN,
complex. The structures of the PN, complexes are analogous
and the energies of all of these structures are summarized in
Table 3 along with those of the generic complexes for
comparison. Finally, we include Chart 3 showing the QM/MM
structures involved in insertion and chain transfer along with a
numbering scheme.

There are two major effects of replacing Si—H with Si—CHj
groups in these molecules, as well as including the appropriate
substituents on C or P. There is a reduction in the binding energy
of ethylene to the agostic alkyls in the case of the hindered
Ni—CN; and Ni—PN, complexes of ca. 1.5-2.5 kcal mol L.
The exception to this trend is found for 8f—Me, where binding
of ethylene is about 1.5 kcal mol ™' more exothermic than that
in the generic system. The other effect is a fairly dramatic
change in the energies of the structures corresponding to 12,
thought to be involved in chain transfer, relative to the most
stable st complex.

As for the reduction in ethylene binding energy, an examina-
tion of the energies of the agostic alkyls and their corresponding
7 complexes reveals no clear trends. In the case of the Ni—CN,
complexes, the QM energies of the agostic alkyls in the generic
8d and substituted systems 8d—Ph are nearly equivalent (Table
3), and it is the r complex 4d—Ph that is destabilized in the
case of the real catalyst. However, the converse situation is true
for the unhindered Ni—PN; complex 8e and 8e—Ph..

We do note that the different “bite” angles of these two
ligands (~68 vs 78° for Ni—CN; vs Ni—PN, complexes) lead
to differences in the in-plane steric effects. In essence, in the
Ni—CN; complexes, the N—SiMe; groups are further away (by
ca. 0.3 A) from the remaining ligands than in the case for the
Ni—PN, complex. This feature should selectively destabilize
the agostic ethyl complex, where all of the atoms are in-plane,
in the case of the Ni—PN, complex as observed.
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Figure 5. Structures of NiEt 8d—Ph, NiEt(C,H4) 4d—Ph, NiEt insertion TS 6d—Ph, and NiEt chain-transfer intermediate 12a—Ph for

Ph-substituted Ni—CN, complexes.

Table 3. DFT Energies for Ni—CN; and Ni—PN; Complexes Modeled by QM/MM Techniques

generic structure QM E (au) AE (kcal mol™ 1) real structure QM E (au) AE (kcal mol™ 1)

8d (+C,Ha) —4.801333 19.0 8d—Ph (+C,Hy) —4.801087 17.5
7 complex 4d (L = C,Hy) —4.831600 0.0 7 complex 4d—Ph —4.828960 0.0
insertion TS 6d —4.801025 19.2 insertion TS 6d—Ph —4.797909 19.5
chain-transfer TS 12a —4.800081 19.8 chain-transfer TS 12a-Ph —4.798409 19.2
8e (+C2Hy) —4.795288 20.0 8e—Ph;, (+C,Ha) —4.800446 17.5
7 complex 4f —4.827106 0.0 7 complex 4f—Ph, —4.828404 0.0
insertion TS 6f —4.790896 22.7 insertion TS 6f—Ph, —4.792125 22.8
chain-transfer TS 12b —4.786112 25.7 Chain transfer TS 12b—Ph, —4.796860 19.8
8f (+C,Hy) —6.148318 16.1 8f—Me (+C,H.) —6.156050 17.6
7 complex 4g —6.174031 0.0 7 complex 4g—Me —6.184073 0.0
insertion TS 6g —6.141776 20.2 insertion TS 6g—Me —6.153765 19.0
chain-transfer TS 12¢ —6.137162 23.1 chain-transfer TS 12¢—Me —6.131615 32.9

chain-transfer TS 12¢—Me'? —6.143770 25.3

“ Highest-energy structure on linear transit between structures 11c—Me (QM E = —6.149458 au) and 10c—Me (QM E = —6.151816 au; Chart 3)

involving rotation of one coordinated ethylene about Ni—H in 11c—Me.

Chart 3

SiMe;  cH, SiMe; H> SiMe; o

N L4 N U N -
PN e TS e ~

X NiZ_CH> X Nil. CHy TN CH
\gg \(.:Hz ~N— “CH, X\N‘/ ‘\‘H/ 2
iMeg CHa SiMe; CHs SiMe;
4d-Ph: X = CPh TS 6d-Ph: X = CPh 8d-Ph: X = CPh

4f-Phy X =PPh, TS 6§-Phy: X = PPh, 8e-Phy: X = PPh,
4g-Me: X = PMe-N(SiMeg), TS 6g-Me: X = PMe-N(SiMes), 8f-Me: X = PMe-N(SiMes),

H——,(I)Hz H c H CH, 12a: X; =C:

{7 CHy r‘z_»*\“CHz ‘ CIH 12a-Ph: X = CPh
Me3SiN—Ni~. MeaSIN—Ni—_ CH, RsSIN—Ni~~CH R = Me
P Tase e U e L WG T 12biX=Ph
ReP—"NSiMes R P—NSiMes; XZNSiR; R=H
v Mé 12b-Phy: X = PPh,
R=Me

10c-Me: R = N(SiMe;),  11¢c-Me: R = N(SiMeg), 12¢: X = PH-N(SiHz),
R=H

12c-Me: X = PMe-N(SiMe3),
R=Me

In the case of the hindered Keim catalyst, ethylene binding
energies increase by 1.5 kcal mol™' compared to a generic
system featuring an N(SiH3), substituent on P. An examination
of the energies indicates that both the 7 complex 4g—Me and
agostic ethyl 8f—Me are stabilized by a similar amount in the
hindered catalyst, although the difference is largest with the 7
complex (6.3 vs 4.8 kcal mol™"). This result seems counterin-
tuitive given the increased steric hindrance at least on one side
of the square plane in the Keim catalyst.

Much more dramatic effects were noted on the energies of
the structures corresponding to 12, earlier identified as the
highest-energy stationary point involved in chain transfer with
the generic Ni—CN; complex. Surprisingly, there is a significant
decrease in the energy (nearly 6 kcal mol™") of this transition
structure in the case of the Ni—PN, complex 12b—Ph, versus
the generic system 12b. An examination of these two structures
reveals that, in the latter case, the weakly coordinated ethylene
molecule is nearly coplanar with the Ni—H bond (¢ = 0.62°),
while in the case of the substituted system, it is slightly twisted
(¢ = 15.1°). Because the energies of the Ni—CN, complexes
12a and 12a—Ph are nearly equivalent and this dihedral angle

also has a similar value for both (3.2 vs 5.8°), we conclude that
the energy of this structure is a sensitive function of the twist
angle because of repulsive interactions of the ethylene
electrons with the Ni—H o bond. In fact, an optimization for
Ni—PN; complex 12b—Ph,, where this dihedral was restrained
at 0°, converged to a structure that was 22.2 kcal mol ™! higher
in energy than the ;v complex 4f—Ph,.

On the other hand, in the case of the hindered Keim catalyst,
the energy of structure 12c—Me is nearly 10 kcal mol~ ' higher
compared with the energy of the generic system 12¢. Because
the structures of these two stationary points were otherwise
similar, we conclude that steric effects are responsible for the
destabilization seen. Specifically, because the ethylene molecules
are located above and below the plane defined by Ni, H, and
the two N atoms, at least one of them will experience steric
hindrance due to the bulky N(SiMes), group.

In contrast, insertion barriers were largely unaffected in going
from the generic to the substituted systems. There was a modest
decline of 1.2 kcal mol ™" in the barrier for the hindered Keim
catalyst. As mentioned previously, the sz complex 4g—Me is
more stable than 4g by ca. 6.3 kcal mol ', while the transition
state for insertion TS 6g—Me is lowered by an even larger
amount (7.5 kcal mol "), thus accounting for the modest decline
in insertion barriers.

It should be noted, however, that the geometry of the insertion
TS in the case of TS 6g—Me differs significantly from many
of the other complexes studied. The four-membered NiCH,CH(u-
Et) ring is more puckered with a dihedral angle of 159° vs 164°
in the generic complex TS 6g, such that the Et group undergoing
migratory insertion lies significantly below the square plane [syn
to the P—Me group and away from the bulky N(SiMes),
moiety].

The other transition structures featured dihedral angles
between 163 and 180°, where the most acute angle was observed
for NiPN, complex TS 6f—Ph,. Thus, substitution above and/
or below the square plane causes this puckering, and this effect
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may well be indirect in that these substituents, in turn, influence
the conformation of the in-plane NSiRj3 groups bonded to the
metal (vide supra).

Thus, the effects of ligand substitution are most profound in
the case of the Keim catalyst, less so for the unhindered PN,
complex, and least evident for the CN;, complex. In absolute
terms, the DFT QM/MM results suggest that the Keim catalyst
4g—Me would be most active with, or at least of comparable
activity to, the CN;, system 4d—Ph. The unhindered PN, catalyst
4f—Ph, would be the least active and by a considerable margin
(ca. 600 times less active at 298 K than 4g—Me). The actual
insertion barrier of 19.0 kcal mol ' for the Keim catalyst agrees
reasonably well with that estimated from the peak TOF and a
catalyst concentration at 298 K (vide supra). On the other hand,
there is a significant discrepancy between the calculated insertion
barrier for the amidinate catalyst and what can be estimated
from the work of Eisen and co-workers.

As far as the MW of the polymer is concerned, the DFT QM/
MM results indicate that the Keim catalyst 4g—Me should
produce the highest-MW polymer by far, in agreement with the
experimental results. In fact, if 12c—Me was the actual TS for
chain transfer, X, would be in excess of 10'° at 298 K. Because
the observed MW in the absence of o-olefin corresponds to X,
~ 10%, this implies that the chain transfer and insertion barriers
differ by only 4.6 kcal mol ™",

One can also view 12¢—Me as an intermediate involved in
ethylene binding to the high-energy olefin hydride complexes
16 and 17 involved in chain walking (vide supra). In this sense,
the observed ordering in energy reflects what one would
intuitively expect for associative substitution on such intermedi-
ates but may not be relevant for actual chain transfer. It is
interesting to note that analogous structures could not be located
for olefin—alkyl intermediates; we note that one of the coor-
dinated ethylene molecules in 12¢—Me is weakly bound (Ni—C
> 2.2 A) and in the more hindered alkyl complexes may
dissociate completely.

It is thus possible that chain transfer proceeds as previously
described but does not involve 12 as an intermediate. Indeed, a
linear transit calculation on the hindered Keim catalyst going
from intermediate 11¢—Me to 10c—Me, which are 21.7 and
20.2 kcal mol ™', respectively, higher in energy relative to the
most stable 7 complex 4g—Me (see the footnote to Table 3)
and which involved rotation of one coordinated ethylene into
coplanarity with Ni—H, revealed a significantly lower internal
barrier (3.6 kcal mol™! with respect to 11c—Me), where the
highest-energy point (12c—Me') was now 25.3 kcal mol ' above
the most stable 7 complex (Table 3).

Chain Walking for Substituted Ni—CN, versus PN,
Complexes. This was studied by examining isomerization of
agostic Ni—"Bu to Ni—°Bu complexes and degenerate isomer-
ization of the latter. The motion was analogous to that studied
in the generic systems and involved rotation of 1- or trans-2-
butene about the Ni—H axis. We did not consider the process
involving cis-2-butene, but it obviously can occur.

As shown in Scheme 4, even for the two symmetrical
catalysts, there are two ways in which one can go from Ni—"Bu
complex 8h to Ni—*Bu complex 8i and evidently four ways in
the case of the unsymmetrical Keim catalyst. In the case of
degenerate isomerization of Ni—°Bu featuring an agostic Et
group (complex 8j), the number of possible pathways is reduced
by a factor of 2. In these cases, not only are the intermediate 7
complexes 16 and 17 expected to differ in their stability, but
the barriers connecting them with the corresponding agostic
alkyls must also differ.
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Scheme 4. Chain-Walking Isomerization of Ni—"Bu 8h to
Ni—°Bu 8i Complexes
8h-Ph: X = CPh
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This complexity was not appreciated when this process was
studied using the generic CN, complex, perhaps in the belief
that steric effects would not be important there; certainly the
isomeric, out-of-plane syn- and anti-NiH 7t complexes 16a and
17a differed little in energy in this case (vide supra). However,
it can be appreciated from Scheme 4 that the isomerization
pathway involving the anti-1-butene complex 17a—Ph to form
8i—Ph from 8h—Ph involves rotation of the Et group through
the space occupied by one NSiMes group, whereas with the
syn stereoisomer 16a—Ph, it is H that undergoes a similar
motion, even though the start and end points are the same. It
was our expectation that the latter pathway would have a lower
barrier; linear transit calculations on the unhindered Ni—PN,
complex reinforced this view; the pathway featuring the anti
stereoisomer had a 4 kcal mol ™' higher barrier. Therefore, in
what follows, only the pathway involving the syn stereoisomer
was investigated in detail.

The energies of the agostic alkyls and this intermediate along
with the various TSs are summarized in Table 4. In the case of
the unhindered Ni—PN, complex 8h—Ph,, the highest-energy
transition structure TS 18a—Ph, (AE = 7.8 kcal mol ') for
chain walking from "Bu to *Bu is encountered in going from
the agostic "Bu complex 8h—Ph, to the syn-olefin hydride
complex 16b—Ph, (AE = 2.9 kcal mol !). A lower barrier (AE
= 6.9 kcal mol™ ') connects this intermediate with the *Bu
complex 8i—Ph; featuring an agostic Me group. The most stable
agostic alkyl is the "Bu complex, although the difference in
energy is modest (1.1 kcal mol ™).

Degenerate isomerization of the Ni—*Bu complexes 8j—Phy,
featuring an agostic Et group, has a higher barrier of 9.3 kcal
mol ', Here it is not possible to avoid rotating the alkene
without one of the Me groups intruding into the space occupied
by a NSiMes group. We believe this steric interaction is
responsible for the higher barrier seen. Very similar values were
obtained for the chain-walking isomerization barriers for the
corresponding Ni—CN, complexes 8h—Ph and 8j—Ph (8.1 and
11.5 kcal mol ™!, respectively) and the hindered Keim catalysts
8h—Me and 8j—Me (7.9 and 9.1 kcal mol !, respectively). In
the latter case, the situation is somewhat more complicated
because of the additional diastereomers possible (Scheme 5).

For example, in the case of degenerate isomerizaton of
Ni—*Bu complexes, there are two different agostic Et complexes,
8j—Me and 8k—Me. The latter is 1.1 kcal mol ™' lower in energy
than the former. Also, the lowest-energy, intermediate 7
complex 16d—Me is accessible from 8k—Me and is 2.7 kcal
mol ™" higher in energy than 8k—Me. In contrast, based on linear
transit calculations, only a metastable 7 complex 16¢c—Me is
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Table 4. QM Energies for Chain Walking in X(NSiMe3),NiR(L) Complexes

structure X R L QM E (au) AE (kcal mol ")
8h—Ph PhC f-a-"Bu —4.840215 1.04
TS 18a—Ph PhC f-a-"Bu —4.828967 8.1
8i—Ph, PhC f-a-"Bu a-Me group —4.841239 0.40
8j—Ph PhC f-a-"Bu a-Et group —4.841874 0.00
TS 18c—Ph PhC f-a-"Bu —4.823550 11.5
8h—Ph, Ph,P f-a-"Bu —4.840027 0.0
TS 18a—Ph, Ph,P p-a-"Bu —4.827556 7.8
16b—Ph, PhyP H 1-butene (syn-Et) —4.835354 29
TS 18b—Ph, PhyP p-a-*Bu —4.829058 6.9
8i—Ph, PhoP B-a-*Bu a-Me group —4.838302 1.1
8j—Ph, PhyP f-a-°*Bu a-Et group —4.839099 0.58
TS 18¢—Ph; PhyP [-a-°*Bu —4.825165 9.3
16¢—Ph, Ph,P H trans-2-butene —4.835279 3.0
8h—Me (MesSi)NP(Me) f-a-"Bu —6.201635 0.24
TS 18a—Me (MesSi),NP(Me) f-a-"Bu —6.189081 8.1
8i—Me (MesSi)NP(Me) f-a-"Bu a-Me group —6.199286 1.7
8j—Me (MesSi);NP(Me) B-a-"Bu a-Et group —6.200184 1.1
TS 18c—Me (MesSi);NP(Me) B-a-*Bu —6.187459 9.1
16c—Me (MesSi);NP(Me) H trans-2-butene —6.193431 54
8k—Me (MesSi)>NP(Me) p-a-*Bu a-Et group —6.202023 0.0
TS 18d—Me (MesSi),NP(Me) p-a-*Bu —6.178017 15.1
16d—Me (Me;3Si),NP(Me) H trans-2-butene —6.197730 2.7

Scheme 5. Chain Walking for Ni—*Bu Keim Complexes
8j—Me and 8k—Me
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encountered during degenerate isomerization of 8§j—Me, and it
is 4.2 kcal mol ™' higher in energy than 8j—Me. However, the
lowest barrier to rotation is actually encountered during isomer-
ization of 8j—Me (8.0 kcal mol " with respect to 8j—Me) versus
the situation for 8k—Me (15.1 kcal mol ™).

Complexes 8j—Me and 8k—Me are diastereomers and can
interconvert by, e.g., 5-H elimination, trans-2-butene dissocia-
tion, recoordination by the opposite face, and reinsertion, or if
one destroys the -agostic C—H interaction, 8j —Me and 8k—Me
can interconvert by way of a 14-electron classical o-alkyl
complex. Either pathway involves a 14-electron intermediate
at some point and is likely prohibitive from an energetic
perspective. Alternatively, rotation of the PN, ligand about the
Ni—P axis (or reversible dissociation of this hemilabile chelating
ligand) leads to interconversion of 8j—Me and 8k—Me.

This latter process has a low energy barrier in the case of
phosphine complexes 2a and 2b because only one in-plane
NSiMes signal is seen in the '"H NMR spectra at room
temperature (AG = 11.5 & 0.5 kcal mol ' for 2b at 298 K).''*<
We anticipate a similar process to be facile for 8j and related
complexes, although we did not investigate it from a compu-
tational perspective (it is interesting to note, however, that during
the course of this investigation higher-energy stationary points
with the PN, ligand distorted toward an h' geometry were
frequently encountered). Evidently, chain walking may occur
exclusively via the less stable diasteromer 8j—Me given the
large difference in barrier heights (6.0 kcal mol ™).

These results indicate that chain walking is equally facile for
all three complexes. Because insertion barriers are in the order
thP(NSiMe3)2NiR > PhC(NSlM63)2N1R ~ Me[(Me3Si)2N]P—
(NSiMe3),NiR, one would expect branching to be most pro-
nounced for the Ph,P(NSiMes),NiR catalyst versus the
Me[(MesSi),N]P(NSiMes),NiR catalyst. This is what is ob-
served: the total branching frequency for the former complex
is about 80 branches per 1000 C atoms at 298 K and 150 psig,''
where the latter provides a polymer with ca. 30 branches per
1000 C atoms under these conditions.''®

On the other hand, the predicted behavior of the
PhC(NSiMes),NiR complex does not agree with what is
observed upon activation of a variety of catalyst precursors with
MAO (rapid formation of linear oligomers'?), while activation
of Ni—PN; complexes with MAO also results in the formation
of linear oligomers.""

We suspect, based on our work with model Ni—PN,
complexes and AIR3,"'" that the Ni—CN, and Ni—PN, ligands
are modified upon reaction with MAO or ligand abstraction is
occurring. We note that complete or partial ligand abstraction
would generate charged or zwitterionic nickel(Il) alkyls; the
activity of the species formed in situ from the nickel amidinate
complexes and MAO was much more active in polar media,'*
in agreement with this hypothesis.

4. Conclusions

The calculations reported here shed significant insight into
the expected polymerization behavior of structurally related
nickel amidinate and nickel iminophosphonamide complexes.
The latter complexes are intrinsically more electron-rich and
thus feature higher barriers to insertion; our calculations suggest
that this results from a reduction in back-bonding to coordinated
olefin in the transition state versus the ;z complex. Because bulky
substituents above and below the square plane hinder chain
transfer to monomer and substituents of this type are easily
introduced into PN, ligands at phosphorus(V), one may have
the ability to independently “tune” in-plane versus out-of-plane
steric interactions in these PN, complexes. Finally, our calcula-
tions suggest that both types of complexes should be competent
for forming branched polymer or oligomers from ethylene.

One thing we have not been able to account for is the
incidence of long-chain (Hx ") branching in PE prepared using
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the Keim catalysts. Our earlier simulations easily accounted for
the preponderance of Me over Et, "Pr, "Bu, etc., branching
because insertion into PNoNiCH(Me)R features a significantly
lower barrier compared to higher alkyls.''* Further, the Keim
catalyst is not competent for o-olefin copolymerization, at least
at room temperature, where added a-olefin acts mainly as a
chain-transfer agent.''*® So, macromonomer incorporation
through copolymerization seems unlikely as a mechanism for
LCB formation. Very recently, we observed that complex 2b
is susceptible to facile ligand C—H activation in solution at room
temperature (eq 2).%* Earlier, we had hypothesized that perhaps
an intra- or intermolecular version of this process might account
for LCB formation.''* These processes can be studied from both

(22) (a) Chai, J.; Collins, S. Unpublished observations. For related
reactions involving thermolysis of L,NiR" or L,NiR; (R = CH,CMe;, etc.)
complexes, see:. (b) Kitiachvili, K. D.; Mindiola, D. J.; Hillhouse, G. L.
J. Am. Chem. Soc. 2004, 126, 10554—10555. (c) Miyashita, A.; Ohyoshi,
M.; Shitara, H.; Nohira, H. J. Organomet. Chem. 1988, 338, 103-111.
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an experimental and a theoretical perspective and will be the
subject of future work.
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