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The mechanism of the copolymerization of carbonyl with ethylene by model cationic d®
transition-metal complexes, (HCNH),MMe* (M = Pd, Ni) has been studied. In addition to
the hybrid density functional B3LYP method, ab initio MO methods such as MP2, CPF,
and PCI-80 have been used as well. In particular, the steps of insertion of carbonyl and
ethylene into M—Me and M—COMe bonds have been examined in detail. The activation
barriers theoretically determined for the Pd catalyst are compared to recently reported
experimental results, and temperature effects are studied for some insertion steps. The
Pd-based catalyst is shown to have a better selectivity but a lower reactivity in the alternating

copolymerization compared to the Ni analog.

I. Introduction

Migratory insertion is a fundamental elementary step
in organic synthesis and also in catalytic reactions with
organometallic compounds.? For instance, catalytic
olefin polymerization and olefin hydrogenation using
transition-metal complexes are widely industrialized
processes where olefin migratory insertion plays a key
role the reaction. Hydroformylation with a Rh(l) com-
plex, explored by Wilkinson et al. in the 1970s, includes
both carbon monoxide insertion and alkene insertion
steps in the catalytic cycle.

In addition to many experimental studies, extensive
theoretical studies have provided important information
concerning the mechanism of migratory insertion, in
particular on the transition state (TS) structure, reac-
tion paths, and activation barriers.?2 Using an ab initio
molecular orbital (MO) method, Koga and Morokuma
have characterized the carbonyl migratory insertion into
metal—alkyl and metal—hydrogen bonds for Pd and Pt
complexes.® They have shown that alkyl and hydride
groups actually migrate, stabilizing a three-centered TS
via appropriate orbital interaction. Carbonyl insertion
into metal—alkyl and metal—hydrogen bonds of CoR-
(CO)4 and MNR(CO)s (R = H, CH3) has been investi-
gated by Versluis and Ziegler with density functional
theory (DFT) methods.* Berke and Hoffmann studied
the orbital interaction for stabilization of the TS for
carbonyl insertion into Mn—CH3; and Mn—H bonds with
the extended Huckel method.> Nakamura and Dedieu
showed the importance of electron correlation for the

® Abstract published in Advance ACS Abstracts, November 15, 1996.

(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987.

(2) Koga, N.; Morokuma, K. In Theoretical Aspects of Homogeneous
Catalysis; Leeuwen, P., Morokuma, K., van Lenthe, J., Eds.; Kluwer
Academic: Boston, 1995.

(3) (a) Koga, N.; Morokuma, K. J. Am. Chem. Soc. 1985, 107, 7230.
(b) Koga, N.; Morokuma, K. 3. Am. Chem. Soc. 1986, 108, 6136.

(4) Ziegler, T.; Versluis, L.; Tschinke, J. 3. Am. Chem. Soc. 1986,
108, 612.

(5) Berke, H.; Hoffmann, R. 3. Am. Chem. Soc. 1978, 100, 7224.

energetics of carbonyl insertion.? Siegbahn et al. have
studied the energetics of carbonyl insertion into M—CHj3
and M—H bonds for a sequence of different unsaturated
second-row transition-metal complexes using high-qual-
ity ab initio methods.” The alkene insertion step in the
hydrogenation catalytic cycle has also been studied
theoretically by many groups. Koga, Daniel, and Moro-
kuma found that C,H, insertion is the rate-determining
step in the hydrogenation catalytic cycle using RhCI-
(PH3), as a model for the Wilkinson catalyst.®8 The
insertion of C,H, into the Co—H bond of CoH(CO)3 has
been studied by Antolovic and Davidson with ab initio
methods and by Versluis et al. with DFT methods.®
Siegbahn et al. investigated alkene insertion into
metal—H and metal—CHg; bonds for a series of second-
row transition-metal atoms with ab initio methods.1°

Copolymers of carbon monoxide and olefin have
attracted much attention from an industrial point of
view, because these copolymers have interesting chemi-
cal and physical properties.}! The presence of carbonyl
groups in the backbone of the copolymer also makes
them easy to modify chemically. Therefore, these
copolymers could serve as a good starting material for
other classes of functionalized polymers.

The mechanistic aspects of the alternating copolym-
erization of olefins with carbon monoxide have been
thoroughly discussed by Sen.’2 A schematic reaction
pathway for the alternating CO/C;H,4 copolymerization
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Scheme 1. Alternating Copolymerization of C,H,
and CO Using a Pd Complex
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with a Pd complex is presented in Scheme 1. The bold
arrows indicate a perfectly alternating CO/C,H, copo-
lymerization reaction pathway. Competing pathways
in each insertion step are represented by normal arrows.
Brookhart and Rix have recently studied the Pd(l1)-
mediated perfectly alternating copolymerization of eth-
ylene with carbon monoxide.1® They successfully com-
pared three kinds of migratory insertion reactions at
the same metal center: carbonyl insertion and olefin
insertion into a Pd—alkyl bond and the previously
unobserved olefin insertion into a Pd—acyl bond, which
correspond to migratory insertions A—C, respectively,
in Scheme 1. They used the square-planar d® Pd(ll)
complex (1,10-phenanthroline)PdMeL and Ar'sB~ (L =
CO, CyHy4; Ar' = 3,5-(CF3)2CsH3) as the starting reac-
tants and isolated several intermediates along the
reaction path. Furthermore, they determined the ac-
tivation free energy barriers AG* for CO insertion into
the Pd—Me bond (insertion A) to be the lowest at 15.4
kcal/mol, followed by 16.6 kcal/mol for C,H, insertion
into a Pd-acyl bond (C), 18.5 kcal/mol for C;H,4 insertion
into the Pd—Me bond (B), and 19.4 kcal/mol for CO
insertion into the Pd—Et bond, all within errors of 0.1
kcal/mol.

A general advantage of a theoretical approach over
an experimental approach is a possibility in theory of
determining structures and energies of transition states
as well as those of intermediates on the reaction path
and investigating the electronic characteristics of the
mechanism. Furthermore, ligands and metals can be
characterized electronically and sterically indepen-
dently. In this paper, using a model Pd complex for the
Brookhart and Rix system, we optimized all intermedi-
ates and transition states included in the reaction
pathways presented in Scheme 1 and determined the
potential energy surface using a density functional
B3LYP method. For the most important parts of the
pathways we also performed high-level ab initio calcula-
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tions. We compared carbonyl and olefin insertion for
the same metal complex and clarified the factors which
control the different mechanisms. In order to shed light
on the mechanism of alternating copolymerization, we
also studied corresponding pathways for a Ni complex
and compared them with those for the Pd complex.

I1. Methods of Calculation

All calculations were performed using the Gaussian92/DFT
package.** All transition states as well as equilibrium struc-
tures are fully optimized. For Pd complexes they are positively
identified as equilibrium geometries (nimag = 0) and transi-
tion states (nimag = 1) by the number of imaginary frequencies
(nimag) from the analytical Hessian matrix, obtained with our
own program for effective core potential (ECP) implemented
in the Gaussian package.'® Structures and vibrational fre-
guencies (and the zero-point energy correction, ZPC) are
determined at the density functional B3LYP level, which
consists of a hybrid Becke + Hartree—Fock exchange and the
Lee—Yang—Parr correlation functional with non-local correc-
tions.'6

For geometry optimization and frequency calculations, we
used basis set |. Basis set | for Pd consists of a (5s5p4d)/
[3s3p2d] double-¢ valence basis set with the relativistic ECP
developed by Hay and Wadt replacing core electrons up to 3d.
For Ni, it is a (5s5p5d)/[3s3p2d] double-¢ valence basis set with
the nonrelativistic ECP by Hay and Wadt replacing the 1s,
2s, and 2p core electrons.’” For carbons, oxygens, and hydro-
gens of the active parts, i.e. methyl, ethylene, and carbon
monoxide, it is the Dunning valence double-¢ basis set,® and
for carbon, nitrogen, and hydrogen of the inert ligand it is the
standard 3-21G basis set. In more accurate single-point
calculations a few higher quality basis sets were used. The
basis set Il is the same as I, except for a triple-¢ valence
contraction in the 5s, 5p, and 4d region of the same primitives
as in | for Pd, one d polarization function for carbon (0.75)
and oxygen (0.85) and one p for hydrogen (1.0) for the active
parts, and the Dunning valence double-¢ basis set for the inert
ligand. When the polarization functions were added to basis
set I, it was labeled as I4+P. In some cases one f polarization
function was added to basis set Il on Pd,*® giving basis set
1+

We performed some coupled-pair functional (CPF)? calcula-
tions for selected intermediates using basis set Ill. For
carbons, nitrogens, oxygens, and hydrogens the basis set Il
is identical with 11. The basis set Il for Pd is a (17s13p9d3f)/
[7s6p4dif] set, with the Huzinaga primitive basis set?* aug-
mented by two diffuse p, one diffuse d, and three f functions
and with the full contraction for core, a double- contraction
for 4s and 4p, a triple-¢ contraction for 5s and 5p orbitals, and
a full contraction for .22 Relativistic effects in the calculations
using this basis set were accounted for using first-order
perturbation theory, including the mass—velocity and Darwin
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terms.2® As recently presented by Siegbahn et al., the ten-
dency of methods such as CPF and CCSD to underestimate
correlation effects can effectively be accounted for by scaling
the correlation energy. The scheme proposed is called PCI-
80,24 where 80 indicates that the calculated correlation energy
is scaled by 1/0.80. For a selected number of important
intermediates PCI-80 relative energies will also be reported.

I11. Structures and Energies of Intermediates
and Transition States

All intermediates and transition states shown in
Scheme 1 are fully optimized at the B3LYP/I level. In
order to save computational time, we adopted ethane-
diimine, NH=CHCH=NH, as a model for 1,10-phenan-
throline (phen) used as a ligand in the experiment and
we will refer to it as phen’. We also used N,N'-
dimethylethanediimine, referred to as phen”, in order
to evaluate some steric and electronic effects which
could be important for the insertion steps.

EN EN
N N
N N
N,N'-diMe-
1,10-phenantroline ~ ethanediimine  ethanediimine
(phen) (phen') (phen")

In this section, we will begin our discussion with the
coordination of CO and C;H, to the methyl complex
(phen’)MMe™ (1) for M = Pd and Ni. We will then
examine the transition states and products of the
migratory insertion step. Then we will discuss CO and
C,H, coordination to the acyl complex, followed by the
transition states and products of insertion.

A. CO and C;H; Coordination to Alkyl Com-
plexes. The B3LYP/I-optimized structures of the re-
actants, i.e. the methyl complex (phen’)PdMe™* (1) and
free CO and CyH4, as well as of the CO and CyH4
coordination complexes, (phen’)Pd(CO)Me* (2) and
(phen’)Pd(C,H4)Met (3a,b), are shown in Figure 1. For
Ni, structures of only 1, 2, and 3b were optimized and
their geometrical parameters are shown in parentheses.
The B3LYP/I energies of these species, relative to the
reactant 1 and an appropriate number of free CO and
C,H4 molecules, are given in Table 1 for both Pd (with
and without ZPC) and Ni (without ZPC).

The reactant (phen’)PdMe™ (1), an unsaturated 14-
electron complex, has a Cs symmetry. The principal axis
of its methyl ligand is coplanar with the phen' ligand
and is trans to one of the nitrogen atoms, leaving an
empty site trans to the other nitrogen. As expected for
a 16-electron Pd(Il) complex, the carbonyl complex
(phen’)Pd(CO)Me™* (2), also with Cs symmetry, has a
square-planar structure in which CO is head-on and cis
to the methyl ligand. The CO ligand, as well as the
ethylene ligand, interacts with Pd through o-donation
and m-back-donation, as described by the Dewar—
Chatt—Duncanson model. For ethylene complex (phen’)-
Pd(C,H4)MeT (3), the two equilibrium structures (nimag
= 0) 3a and 3b exist, where the C=C bond of ethylene

(23) Martin, R. L. J. Phys. Chem. 1983, 87, 750.
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is either coplanar with the phen’ plane in 3a or
perpendicular in 3b. A very small barrier for rotation
exists between 3a and 3b but will not be discussed here.
Ethylene is more strongly bound to the metal in 3b than
in 3a; the C=C bond distance is 0.01 A longer and the
Pd—ethylene X (the midpoint of the C=C bond) distance
is 0.10 A shorter in 3b than in 3a. This is understood
by the fact that in 3b the dx orbital of the metal can
back-donate electrons to the z* orbital of ethylene. As
a consequence of the stronger olefin interaction in 3b,
the trans Pd—N bond in 3b is 0.03 A longer than in 3a.
The Pd—N distance in 3b is almost the same as in
carbonyl complex 2, indicating that here the trans
influence of ethylene with back-donation is similar to
that of CO. In structure 3a, the methyl—Pd—X angle
is 3° larger than in 3b, due to a larger steric repulsion
between methyl and ethylene. Complex 3b is 5 kcal/
mol more stable than 3a.

For Ni, all structures are qualitatively similar to those
of Pd. The smaller covalent radius of the Ni atom
makes all the bond lengths to the metal approximately
0.12 A shorter. The C—C bond in 3b is slightly less
activated, i.e., 0.01 A shorter, for Ni than for Pd. The
methyl—Ni—X angle is 2° larger than that for Pd,
presumably due to greater methyl—ethylene steric
repulsion in the more compact Ni complex.

The binding energy of CO in carbonyl complex 2, 41.1
kcal/mol (38.5 kcal/mol with ZPC), is 9 kcal/mol larger
than the binding energy 31.7 kcal/mol (29.4 kcal/mol
with ZPC) of C,H4 in olefin complex 3b for Pd at the
present level of theory. As pointed out by Sen,'? the
m-complexation energy of CO is generally larger than
that of C,H,4 due to the greater z-acidity of CO. The d8
Pd atom back-donates electrons into two more elec-
tronegative empty s* orbitals on CO, but only into one
less electronegative 7* on C,H4. The binding energies
of 39.6 kcal/mol for CO and 27.9 kcal/mol for C;H4 in
Ni complexes are a few kilocalories per mole smaller
than those in Pd.

B. Transition States and Products of Carbonyl
and Olefin Insertion at the Alkyl Complex. The
optimized transition state structure TS(2—4a) with Cs
symmetry for the intramolecular migratory insertion of
CO in Pd(phen')(Me)(CO) (2) is also shown in Figure 1.
The reaction coordinate, shown in Figure 2, demon-
strates clearly that it is the methyl group, not the
carbonyl group, that migrates during the reaction and
that the reaction leads to the product 4a maintaining
the Cs symmetry, as shown in Figure 2. The situation
is similar to that found by Koga et al. for Pd(PH3)(Me)-
(CO).3

In TS(2—4a) the Pd—C bond is shorter (1.87 A) than
in the reactant 2 (1.92 A) or in the insertion product 4
(1.95 A). In the transition state, the out-of-plane
m-donation from Pd into the z*-orbital on CO is still
present when the Pd—C o-bond is starting to be formed.
TS(2—4a) is considered to be an early and tight TS, as
the breaking Pd—CHs bond is only 0.23 A longer than
in the reactant 2 and the forming CH3;—CO bond is still
0.36 A longer than in the product 4a. TS(2—4a) for Ni
is tighter than for Pd, reflecting the smaller size of the
metal.

The geometries of the insertion products, the 14-
electron Pd—acyl complexes 4a and 4b, are given in
Figure 1. Complex 4a is the direct product of the
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Figure 1. B3LYP/I optimized structures (in A and deg) of intermediates and transition states for the ethylene/CO
copolymerization reactions of Scheme 1. Numbers without parentheses are for Pd; those in parentheses are for Ni. For Pd,
each structure has been characterized by the Hessian analysis as an intermediate (nimag = 0) and transition state (nimag

= 1). The M—C;H, distance in the figure is the distance between M and the center X of the C=C bond of C,H,.

migratory insertion. Complex 4b is reached after 180°
rotation along the Pd—C bond via the transition state
TS(4a—4b). Both 4a and 4b are planar Cs structures,
while in TS(4a—4b) the carbonyl group is rotated 88.5°
out of the plane. In 4a, a weak agostic interaction is
seen between a hydrogen on the methyl group and Pd,
with a Pd—C—C angle of 98.0°, a Pd—H distance of 2.44

A, and a C—H distance longer by 0.010 A than the
normal 1.096 A. The interaction is weak because the
carbonyl group adjacent to the CHj3 group reduces its
donating capacity. In 4b, a substantial chelative inter-
action between the carbonyl oxygen and the Pd center
is present, as seen from the small Pd—C—-0O angle of
88.7° and the short Pd—O distance of 2.30 A. The
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Table 1. B3LYP/I Energies (in kcal/mol), Relative
to (phen’)MMe™ (1; M = Pd, Ni) and an Appropriate
Number of Free CO and C,H, Molecules, for the
Intermediates and Transition States for
Copolymerization of Carbon Monoxide and

Ethylene
Pd Ni

structure AE AE + ZPC? AE
1 0.0 0.0 0.0
2 —41.1 —38.5 —39.6
3a —26.8 —-24.5
3b —-31.7 —29.4 —-27.9
TS(2—4a) —26.1 —23.8 —29.8
TS(3a—5a) —15.5 —12.8 —18.0
4a —32.7 —29.6
4b —-39.1 —35.4 —45.2
TS(4a—4b) —-29.5
5a —31.8 —27.8 —33.3
5b —-37.4 —-33.9 —39.4
6 —67.4 —61.8 —64.6
7b —58.2 —52.8 —52.8
TS(6—-8) —39.2 —34.3 —39.7
TS(7b—9) —40.0 —34.7 —46.5
8 —51.9 —45.3 -57.5
9 —80.5 —72.9 —87.9

aZPC is the zero-point correction calculated at the B3LYP/I
level.

Figure 2. Geometries of the carbonyl insertion reactant
2, the transition state TS(2—4a), IRC points between this
TS and 4a, and the product 4a for the (phen’)PdMe
complex, superimposed while keeping the maximum over-
lap of the Pd—(NCCN) fragment. Migration of the methyl
group is clearly seen.

carbonyl oxygen coordinates more strongly for the more
compact Ni (4b), as seen from the smaller Ni-C—0O
angle of 74.8° and the notably shorter Ni—O distance
of 1.95 A.

Complex 4b for Pd with the chelating oxygen is 6.4
kcal/mol (5.8 kcal/mol ZPC) more stable than 4a with
the agostic hydrogen. 4a rearranges into 4b with a 4.8
kcal/mol activation barrier at TS(4a—4b). The overall
exothermicity for the reaction 1 + Co,H, — 4b is 6.1 kcal/
mol larger for Ni as a result of the stronger metal—
oxygen coordination.

The transition state for ethylene insertion, TS(3a—
5a), is planar. From the most stable ethylene complex,
3b, ethylene has to rotate first by 90° to form complex
3a, before the insertion can begin. Though the barrier
for this rotation has not been studied here, it is expected
to be low. TS(3a—5a) can be classified as an earlier
transition state than TS(2—4a). The breaking Pd—Me
bond is 0.07 A shorter in TS(3a—5a) than in TS(a—
4a) and the forming C—C bond is longer by 0.22 A in
TS(3a—5a) than in TS(2—4a).

A notable difference in transition states between CO
and C,H, insertions is that in the ethylene insertion TS-
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(3a—5a) the Pd—C distance is longer than in the
product 5a, whereas in the carbonyl insertion TS(2—
4a) it is shorter than in the product 4a. This could be
attributed to the existence of an out-of-plane z*-orbital
for CO insertion and the lack of it for CoH, insertion.

Two optimized structures are found for the ethylene
insertion product (phen')Pd(CH,CH,CHs3)* (5). Complex
5a with a y-agostic interaction can be considered as the
direct product of olefin insertion from the olefin complex
3a via TS(3a—5a). The strong y-agostic interaction
elongates the C—H bond by 0.03 A from the normal
C—H distance of 1.09 A, with a relatively short Pd—H
distance of 2.10 A. Complex 5a rearranges to the more
stable -agostic complex 5b, with a very long C—H bond
of 1.21 A and a short Pd—H distance of 1.85 A. The Ni
complex corresponding to 5a is shown separately in
Figure 1, where Ni prefers to interact with two y-hy-
drogen atoms, rather than one in the Pd species 5a.
These C—H bonds are less stretched and the M—H
distances are longer than in the Pd analog. For both
Pd and Ni, 5b is more stable than 5a by about 6 kcal/
mol, with or without ZPC.

C. CO and C3;H4 Coordination to Acyl Com-
plexes. Now we consider coordination of CO and C,H,
to the acyl complex (phen)Pd(COCHgz)*™ (4), which
results in (phen')Pd(CO)(COCHj3)*™ (6) and (phen’)Pd-
(C2H4)(COCHg3)™ (7), respectively, as shown in Figure
1. For 7, we only optimized the geometry 7b with the
C=C bond perpendicular to the N—M—N plane.

If we compare 6 and 7b with 2 and 3b, respectively,
we find that both the Pd—CO and Pd—C,H, bond
distances in the acyl complexes are 0.01—0.02 A longer
than in the alkyl complexes. The carbonyl group is
rotated out from the N—Pd—N plane by 26.9° in 6 and
by 39.4° in 7b, presumably due to the steric repulsion
between the carbonylic oxygen and the phen’ ligand.
This increased steric repulsion is also illustrated by the
somewhat smaller N—Pd—N bite angle in 6 relative to
2. The orientation of the acyl group in 6 and 7b
corresponds to that in complex 4a, but due to the
presence of CO and C,H, ligands, respectively, the
agostic interaction present in 4a is broken and the
methyl group is bent away from these ligands to avoid
the repulsion.

Due to the smaller metal size, Ni complexes 6 and
7b have their carbonyl group rotated out of the N—Ni—N
plane substantially more, i.e. 60.7 and 73.7°, respec-
tively. In the real system with 1,10-phenanthroline,
instead of the phen’ model, this repulsion would be
larger and the carbonyl group would probably be rotated
as much as 90° out of the N—M—N plane. In carbonyl
complex 6, all four coordinating ligands are coplanar
within 1°. In 7b, the C,H,4 group does not coordinate
in the plane; the midpoint of the olefin is rotated 20.0°
out of the N—Ni—N plane and the carbonylic carbon is
at the same time rotated 11.2° in the opposite direction
out of the plane, presumably to avoid the greater
repulsion. The square planarity of this Ni(ll) olefin
complex is thereby starting to be less well-defined. This
somewhat surprising result is most likely related to that
it is starting to be crowded in the plane for the small
Ni atom and that, in addition, a substantial part of the
C,H4 interaction with this cationic complex is electro-
static and does not require an in-plane coordination.

For Pd, the CO complex 6 is about 10 kcal/mol more



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on December 24, 1996 on http://pubs.acs.org | doi: 10.1021/0m960535u

Pd(I1)- and Ni(ll)-Catalyzed Copolymerization

stable than the C,H,4 complex 7b; the situation is similar
for the comparison between 2 and 3b. However, the
absolute w-complexation energies of CO and C,H4 to acyl
complex 4b, 28.3 kcal/mol and 19.1 kcal/mol, respec-
tively, are about 13 kcal/mol less than those to the alkyl
complex 1. This is because the strong Pd—O chelating
interaction in the unsaturated 14-electron Pd(phen’)Ac
complex has to be broken before CO or C,H,; can
coordinate, therefore reducing the complexation energy.
For Ni the z-complexation energy of CO is 19.4 kcal/
mol and for C,H, 7.6 kcal/mol. Again the difference
seen between carbonyl and olefin binding energies is the
same as for the metal—alkyl complex. These small
complexation energies are related to the stronger Ni—O
bond in 4b that has to be broken before CO or C;H4
can coordinate.

D. Transition States and Products of Carbonyl
and Olefin Insertion at the Acyl Complex. The
transition state for CO insertion, TS(6—8), into the Pd—
acyl bond is shown in Figure 1. It should be noticed
that the acyl group is rotated out-of-plane by 61.3°, 34.4°
more than in reactant 6. The Pd—O distance is 3.13 A
in TS(6—8), which is too long for an energetically
important interaction. It is interesting to compare the
CO insertion into the Pd—Ac bond in TS(6—8) with the
CO insertion into the Pd—Me bond in TS(2—4a). The
acyl group migrates in TS(6—8) as the alkyl group
migrates in TS(2—4a). TS(6—8) isa later TS than TS-
(2—4a), as seen from the shorter C—C bond of 1.81 A
in the former vs 1.89 A in the latter. The C—Pd—C
angle is 10° smaller in TS(6—8), which makes this TS
much more strained than TS(2—4a).

For Ni, TS(6—8) is less strained than for Pd, as seen
from the C—Ni—C angle, which is 6° larger. The C—C
bond is 0.06 A shorter for Ni as well. The acyl group is
closer to the metal for Ni than for Pd; for instance, the
M—0 distance is 2.50 A for Ni vs 3.13 A for Pd. The
M—O interaction out of the N—M—N plane is repulsive,
because the lone pair on oxygen interacts repulsively
with filled d orbitals on the metal. For Ni the d shell is
more compact, making this repulsion smaller, and
therefore the carbon on the acyl group can be closer to
the metal. This is in line with the 0.35 A shorter
M—Cj,y distance for Ni compared to Pd.

The activation barrier for the migratory insertion of
CO into the M—Ac bonds is clearly larger than for the
insertion into the M—Me bonds. The difference is 13—
14 kcal/mol for both Pd and Ni. This is related to the
low stability of the product from the insertion into the
M—Ac bond, as will be discussed below. In acomparison
of CO insertion between Ni and Pd, the activation
barrier for Ni is lower than for Pd. In TS(6—8) this
difference is 3 kcal/mol and this is somewhat smaller
than 6 kcal/mol in TS(2—4a).

In the CO insertion product 8, the oxygen of the
pB-carbonyl interacts with the Pd atom at the available
empty site and a planar four-membered chelated com-
plex is formed, with a Pd—O length of 2.24 A. The
Pd—O interaction is not ideal, as seen from the small
C—Pd—-0 angle of 64.8°, compared to the normal square-
planar angle of 90°. The C—0O bond for the chelating
CO group is stretched to 1.28 A, as compared to 1.22 A
for the noncoordinating CO group. This is longer than
the 1.24 A in the three-membered complex 4b, where
the Pd—O interaction is even more strained. For Ni the
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four-membered insertion product has even stronger
chelation, as seen from the more stretched C—O bond,
the C—M—0 angle, which is 5° larger, and the Ni—O
bond, which is 0.25 A shorter than in the Pd analog.

The endothermicity of the rearrangement reaction 6
— 8 is 15.5 kcal/mol for Pd and 7.1 kcal/mol for Ni. In
contrast, the rearrangement 2 — 4a was only 2.0 kcal/
mol endothermic for Pd and 5.6 kcal/mol exothermic for
Ni. The main reason behind a smaller driving force for
insertion into the M—Ac bond, compared to insertion
into the M—Me bond, exists in the difference in the
reaction energies without metal. The exothermicities
of the reactions CO + Me — COMe and CO + COMe —
COCOMe are calculated to be 25.4 and 10.0 kcal/mol,
respectively, at the present B3LYP/I level. Most of the
13 kcal/mol difference in the driving force in the metal-
catalyzed reactions, seen for both Pd and Ni, comes from
that of the corresponding reactions without a catalyst.

The transition state TS(7b—9) for ethylene insertion
into the Pd—Ac bond of 7 is shown in Figure 1. The
acyl oxygen is rotated out of the N—Pd—N plane more
than in reactant 7. In TS(7b—9), the Pd—Cyy bond is
stretched by 0.34 A and the C—C double bond becomes
a single bond of 1.53 A, indicating that TS(7b—9) is a
late TS. This can be compared with the earlier TS(3a—
5) for ethylene insertion into the Pd—Me bond, where
some double-bond character still remains, as seen from
the C—C distance of 1.44 A. The forming C—C bond of
1.70 A in TS(7b—9) is much shorter than the 2.11 A in
TS(3a—5), in agreement with the characterization of
TS(7b—9) as a later TS than TS(3a—5). TS(7b—9) for
Ni is similar to that for Pd. The double bond became
again a single bond, and the forming C—C bond is even
shorter (1.63 A) for Ni.

The activation barrier for ethylene insertion into the
Pd—Ac bond is 18.2 kcal/mol, which is in the same range
as the insertion into the Pd—Me bond (16.2 kcal/mol).
For Ni both activation barriers are lower compared to
Pd; especially the barrier for insertion into the Ni—Ac
bond, 6.3 kcal/mol, is almost 12 kcal/mol lower than for
Pd. The large exothermicity in the insertion steps,
together with the smaller repulsion between the carbo-
nyl oxygen and the valence d shell for Ni, is responsible
for these results.

In Figure 1 the structure of ethylene insertion product
9 into the Pd—Ac bond of 7b is shown. This is a five-
membered ring where the acyl oxygen interacts strongly
with the Pd metal center. The Pd—O bond is 2.07 A,
and the C—O bond is elongated to 1.28 A. This chelat-
ing structure is less strained than complex 8, as seen
from the C—Pd—0 angle of 82.7° vs 64.8° in the latter.
The product of ethylene insertion into the Pd—Me bond,
5a, can also be classified as a five-membered ring. In
this agostic structure the y-hydrogen interacts with the
empty site of the Pd complex, just as the oxygen in 9.
In both cases an internal rotation around the CC bond
must take place to create an empty site before the next
olefin or CO can coordinate. This step has not been
studied here though. The insertion product 9 is a five-
membered chelating structure for Ni as well. The Ni—O
bond is 0.18 A shorter than the Pd—O bond. Ni, as
compared with Pd, does not like agostic interaction as
much as the interaction with a strongly donating
oxygen. The C—O bond in 9 for Ni is as long as for Pd
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» PdAlkyl
PdMe— Pd(Me)L ~ TS - PdAc = Pd(Ac)L = TS - Pd(LAc)
1+ 4b L

Figure 3. Potential energy profile of ethylene/CO copo-
lymerization reaction steps for (phen’)PdMe as the starting
catalyst. The energy is at the B3LYP/I level without ZPC,
for comparison with Figure 4.

(1.28 A), but the agostic C—H bond in 5a is shorter for
Ni than for Pd.

The exothermicity of the reaction 1 + C,H, + CO —
9 is 80.5 kcal/mol for Pd and 87.9 kcal/mol (7.4 kcal/
mol larger) for Ni. The difference in exothermicity
between Ni and Pd for the reaction 1 + C,H, — 5a is
smaller: 1.5 kcal/mol more exothermic with Ni. This
is in line with the geometry observations above that Ni
prefers to interact with the oxygen in 9 over the an
agostic hydrogen in 5a.

1V. Overall Potential Energy Surfaces of
Copolymerization

With the alkyl complex 1 as the starting point, there
are two reaction paths. One is ethylene insertion,
indicated by a normal line, and the other is carbonyl
insertion, indicated by a bold line in Scheme 1. For the
second insertion reaction starting from the acyl complex
4, two reaction paths exist as well. For a perfectly
alternating copolymer of CO and C,H,4, the CO/C;H4
selectivity in each insertion step is very critical. We will
begin to discuss the insertion reactions from the alkyl
complex 1 in the next subsection, where a test of the
computational accuracy constitutes a significant part.
After discussion on the insertion reactions at the acyl
complex 4a, the entire potential energy surface will be
summarized and conclusions concerning the mechanism
of alternating copolymerization will be made. The
B3LYP/I potential energy surfaces connecting the re-
actants, intermediates, and transition states for copo-
lymerization are presented in Figure 3 for Pd and in
Figure 4 for Ni.

A. Insertion Reactions at the Alkyl Complex. As
presented in Figure 3, the reaction barrier for the
carbonyl insertion and the ethylene insertion is 14.9 and
16.2 kcal/mol, respectively, at the B3LYP/I level for Pd.
These results indicate that carbonyl insertion into the
Pd—Me bond kinetically is more favorable than ethylene
insertion, in agreement with experimental results. The
experimental difference was measured to be 3.1 kcal/
mol, as compared to 1.3 kcal/mol at the B3LYP/I level.
In order to test our computational accuracy, we calcu-
lated the activation barriers improving the basis sets
at the B3LYP level and using various ab initio methods,
as shown in Table 2. To allow a direct comparison with
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_» NiAlkyl
NiMe = Ni(Me)L — TS — NiAc - Ni(Ac)L — TS — Ni(LAc)
1 L 4h +L

Figure 4. Potential energy profile of ethylene/CO copo-
lymerization reaction steps for (phen’)NiMe as the starting
catalyst. The energy is at the B3LYP/I level without ZPC.

the experimental activation free energy AG*, we in-
cluded in Table 2 the enthalpy and entropy effects at
the experimental temperatures (—66 °C for CO insertion
and —25 °C for CyH4 insertion) calculated at the
B3LYP/I level. The thermal effects decreased the CO
insertion barrier by 0.2 kcal/mol and increased the C,H4
insertion barrier by 1.1 kcal/mol.

Within the B3LYP approximation, going from basis
set | to basis set I, i.e. from double-¢ to triple-£ basis +
polarization functions (on active atoms), does not change
the activation barriers more than 0.3 kcal/mol. The
absolute difference to the experimental determined
activation barriers does not exceed 0.9 kcal/mol at the
B3LYP/I1+f level and 1.2 kcal/mol at the B3LYP/I level.
All ab initio methods, on the other hand, appear to
overestimate the CO insertion barrier by 3—4 kcal/mol,
resulting in a very small or no Kinetic preference for
CO insertion, opposite to the results of experiment and
B3LYP.

The reason for this behavior can be related to model-
ing the experimental 1,10-phenanthroline (phen) by
ethanediimine (phen’). We therefore calculated the
activation barriers using the somewhat larger N,N-
dimethylethanediimine (phen” in Scheme 1). At the
B3LYP/I level, the CO insertion barrier decreases 0.7
kcal/mol while the C,H, insertion barrier increases 0.7
kcal/mol. Thus, the difference in the activation barriers
of CO and C,H, insertion is changed by 1.4 kcal/mol
when phen' is replaced by phen". Adding this effect,
the kinetic preference for CO insertion versus CyHy4
insertion is qualitatively correct, compared to experi-
ment, at all theoretical levels.

All the activation barriers for the Ni complexes shown
in Figure 4 are 5—6 kcal/mol lower than those for Pd
shown in Figure 3. The difference between the CO and
C,H4 activation energies is reduced to 0.1 kcal/mol from
1.3 kcal/mol for Pd. In the last part of this section the
difference between Pd and Ni will be discussed more in
detail.

B. Insertion Reactions at the Acyl Complex. As
seen in Figure 3, for the CO/C,H, insertion into the Pd—
acyl bond of Pd(phen')(COMe)* (4b) the barrier for olefin
insertion, 18.2 kcal/mol, is lower than that for carbonyl
insertion, 28.2 kcal/mol. An experimental activation
barrier, 16.6 kcal/mol, is reported only for the olefin



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on December 24, 1996 on http://pubs.acs.org | doi: 10.1021/0m960535u

Pd(I1)- and Ni(ll)-Catalyzed Copolymerization

Organometallics, Vol. 15, No. 26, 1996 5575

Table 2. Activation Free Energies (in kcal/mol) for CO and C;H, Insertion into the Pd—Me Bond Using
Different Methods and Basis Sets, at the B3LYP/I Optimized Geometries?

phen’
phen”
B3LYP MP2 CPF PCI-80 B3LYP phen
method [ I+P T 1+f 1-+f n n | exptl
co 14.7 14.4 14.9 14.9 17.8 18.9 17.6 14.0 15.4
CoHa 17.3 16.1 17.7 17.6 18.4 18.7 17.9 18.0 18.5
A(CO—CzHa) +2.6 +1.7 +2.8 +2.7 +0.6 -0.2 +0.3 +4.0 +3.1

a8 The thermal (enthalpy and entropy) contribution calculated at the B3LYP/I level is included at —66 °C for CO insertion and at —25

°C for CH4 insertion.

insertion, which compares well with the calculated value
of 18.2 kcal/mol. For the olefin insertion, the interaction
of oxygen on the acyl group with the Pd metal center
stabilizes this transition state, compared to that in the
CO insertion, as seen in the less strained C—Pd—C
angle in TS(7b—9); 78.1° compared to 43.1° in TS(6—
8).

The insertions of CO and CzH, into the Ni—Ac bond
both have lower activation barriers than for the Pd
system. If one compares the energy at the CO insertion
transition state relative to the reactant complex 1, they
are very similar: —39.2 kcal/mol for Pd and —39.7 kcal/
mol for Ni. The lower activation barrier for the CO
insertion for Ni, 24.9 kcal/mol, can be attributed to the
lower stability of z-complex 6 for Ni. Using the same
argument for the C;H4 insertion, the very low activation
barrier for Ni of 6.3 kcal/mol, compared to 18.2 kcal/
mol for Pd, is a result of the higher energy of z-complex
7b, —52.8 kcal/mol for Ni versus —58.2 kcal/mol for Pd,
together with the lower energy of TS(7b—9), —46.5 kcal/
mol for Ni versus —40.0 kcal/mol for Pd.

As mentioned above, the Pd(phen’)(COMe)* complex
binds CO 9 kcal/mol stronger than C;H4 and the CO
insertion into the Pd—Me bond is favored over the olefin
insertion. However, the CO insertion into a metal—acyl
bond is endothermic by 15.5 kcal/mol for Pd and 7.1
kcal/mol for Ni. The barrier for CO insertion is high:
28.2 kcal/mol for Pd and 24.9 kcal/mol for Ni. This
means that homopolymerization of carbon monoxide will
not take place. Experimentally, no activation barrier
has been reported for CO insertion into the M—acyl
bond. In contrast, the C,H, insertion step is exothermic
by 22.4 kcal/mol for Pd and 35.1 kcal/mol for Ni, which
partially is a consequence of the stronger coordination
of the carbonylic oxygen atom to the M center for 9. Both
complexes 8 and 9 are found to have planar structures.
The strong carbonyl coordination to the metal center
forces the planarity, despite some strain energy in the
cyclic structures. The C—Pd—C angle of 82.7° in 9 is
smaller than 64.8° in 8 and is much closer to the ideal
angle of 90° for best overlap.

C. Alternating Copolymerization. Putting all the
results together, we will finally discuss the entire
potential energy surface of the alternating copolymer-
ization reaction. For Pd, the order of the activation
energies at the B3LYP/I level for the migratory insertion
reactions (in kcal/mol) is: AEme—co = 14.9 < AEme—c,H,
= 16.2 < AEAC—’C2H4 = 18.2 < AEac—~co = 28.2. The
corresponding experimental results from Brookhart and
Rix are AEpe—co=15.4 < AEAC—»CZH4 =16.6 < AEMeﬂCZHA;
= 18.5, with an error of £0.1 kcal/mol. No value was
reported for CO insertion into the Pd—Ac bond. The
prediction of CO insertion into the Pd—Me bond as the
lowest of the three experimentally measured insertions

is in agreement with experiment. At this level of theory,
the largest error, 2.3 kcal/mol, exists in the activation
barrier for ethylene insertion into the Pd—Me bond. As
discussed above, thermal effects reduce this error to 1.2
kcal/mol and larger basis sets reduce the error further
t0 0.9 kcal/mol. Even with these theoretical corrections,
AEme—c,H, and AEac—c,H, are reversed compared to the
experiment.

The reactant, transition state, and insertion product
in the CO insertion into the Pd—Me bond are ap-
proximately 10 kcal/mol lower in energy compared to
those in the C;H4 insertion. The activation barrier for
CO insertion is lower than the C,H, activation barrier.
On the other hand, in the insertion into the Pd—acyl
bond, the CO insertion transition state TS(6—8) is 0.8
kcal/mol higher in energy and the barrier is 10.0 kcal/
mol higher than that for the C,H, insertion transition
state TS(7b—9). In addition, the CO insertion is
endothermic and has no driving force. One can there-
fore conclude that the CO insertion into the Pd—Me
bond is preferred over C,H,4 insertion kinetically and
thermodynamically, and for the Pd—acyl bond C;H4
insertion is again clearly favored over CO insertion
kinetically and thermodynamically. Consequently, the
reaction using the Pd catalyst should take place alter-
natingly. The rate-determining step in the copolymer-
ization reaction using the Pd catalyst is ethylene
insertion into the Pd—acyl bond, in agreement with
experiment.

For Ni, the order of the activation energies (in kcal/
mol) at the B3LYP/I level for the migratory insertion
reactions is: AEac-c,H, = 6.3 < A Eme—co = 9.8 &
AEme—c,H, = 9.9 < AEac—co = 24.9. This order is clearly
different from that for the Pd case, where the CO
insertion into the metal-Me bond had the lowest
activation barrier. As in the case of Pd, the reactant,
transition state, and product in the CO insertion into
the metal—Me bond are significantly lower in energy
than those in the C,H,4 insertion. Again as in the Pd
case, the C,H, insertion into the metal—acyl bond is
easier than the CO insertion.

No significant kinetic preference for the carbonyl
insertion compared to the olefin insertion into the
metal—alkyl bond exists for Ni, in contrast to Pd. A
thermodynamic preference for carbonyl insertion re-
mains though, due to the larger binding energies of the
carbonyl complex compared to the olefin complex. In
the insertion into the metal—acyl bond, the olefin
activation barrier is calculated to be 18.6 kcal/mol lower
than the carbonyl barrier. In addition, as in Pd, no
thermodynamic driving force exists for the CO insertion
into the Ni—acyl bond. The rate-determining step in
the copolymerization reaction using the Ni catalyst is
the carbonyl insertion into the Ni—alkyl bond, in
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contrast to Pd, for which the olefin insertion into the
Pd—acyl bond is rate-determining. Another important
difference between Ni and Pd is the significantly faster
catalytic reaction for Ni. The rate-determining step for
Pd has an activation barrier of 18.2 kcal/mol, compared
to 9.9 kcal/mol for Ni at the B3LYP/I level.

Why are the activation barriers for Ni lower than for
Pd? This can be rationalized by looking at the differ-
ences in driving force or exothermicity in the insertion
steps. For instance, carbonyl insertion into the metal—
methyl bond is 5.6 kcal/mol exothermic for Ni and is
2.0 kcal/mol endothermic for Pd, with a difference in
driving force of 7.6 kcal/mol. The difference in the
activation barriers for this insertion reaction is propor-
tional to this, i.e., 5.2 kcal/mol. Using the same argu-
ment for the ethylene insertion into the metal—methyl
bond, the driving force is 5.3 kcal/mol larger for Ni and
at the same time the activation barrier is 6.3 kcal/mol
lower for Ni. For ethylene insertion into the metal—
acyl bond, the driving forces differ by 12.8 kcal/mol and
the activation barriers by 11.9 kcal/mol. Larger driving
forces are correlated with smaller activation barriers.
The exothermicity of the insertion reaction is related
to the difference in the stability between the metal—
carbon bond formed in the insertion product and the
CO or CyH4 m-complex. For Ni in comparison to Pd,
o-bonds are stronger than zz-bonds. The reason for this
is related to the larger difference for Ni in the size of
the valence d orbitals and the valence s orbital. For Ni
the d orbitals are more compact compared to those of
Pd, thereby reducing the w-back-donation capacity. The
relative strength of a o-bond between the metal and the
alkyl depends on the accepting rather than the back-
donating capacity of the metal.

In general, why is the CO double insertion, the
insertion of CO into the metal—acyl bond, by far the
least favored among the four different insertion pro-
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cesses? This could be attributed to the weakest bond
energy between the two CO groups. The bond dissocia-
tion energies from the experimental AHsgsk g Values for
CH3—CHgs, CH3—CHO, and CHO—CHO are 89.7, 85.1,
and 72.0 kcal/mol;?®> the —CO—CO— bond formed in the
double insertion is 13—18 kcal/mol weaker than the
—CH,—CH,;— and —CH>—CO— bonds formed in the
other insertion processes. This is strongly reflected in
the calculated energy of reaction for this process (the
only strongly endothermic insertion step for either Ni
or Pd) as well as in the high activation barrier height.

V. Conclusions

We conclude the present paper with a brief summary
of our predictions.

(1) The copolymerization reaction is predicted to be
significantly faster using the Ni-based catalyst com-
pared to the Pd-based catalyst. The rate-determining
step for the Ni catalyst is CO insertion into the metal—
alkyl bond.

(2) The selectivity for completely alternating polym-
erization is predicted to be smaller for Ni-based cata-
lysts compared with the Pd-based catalyst.
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