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A theoretical study based on nonlocal density functional theory has been carried out on
the Pd(l1)-assisted homogeneous catalytic copolymerization of olefin and carbon monoxide,
where the catalytic center is modeled by Pd(Il) coordinated to PH,CH=CHPH, and the olefin
is modeled by C;H;. The investigation concentrated on the energetics of the chain
propagation mechanism in the presence of a copolymer chain end with a carbonyl group
coordinated to the metal center. With CO misinsertion ruled out in a previous work,! the
present investigation rules out ethylene misinsertion into a growing polyketone chain due
to the lack of a thermodynamically stable ethylene w-complex and the high barrier (+78
kJ/mol) associated with insertion of ethylene into the Pd—C,;H,COR bond. On the other
hand, insertion of CO into a Pd—C,H4COR bond is favored by a rather stable CO precursor
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complex (—32 kJ/mol) and by a low activation barrier (+49 kJ/mol).

Introduction

Olefin-CO copolymers (polyketones) are considered to
be of great technical importance?™® due to their me-
chanical strength and ability to photodegrade. The
carbonyl groups can be efficiently modified further, thus
allowing for the introduction of new functionalities into
the polymer. Due to recent advances in the synthesis
of olefin—CO copolymers, it is now possible to synthesize
chiral copolymers with the use of Pd(l1)-based homoge-
neous catalysts, such as those proposed by Jiang and
Sen® where the chiral copolymer is built up from
prochiral constituents.

Copolymerization of an olefin with carbon monoxide
involves the insertion of CO into a metal—alkyl bond

M—CH,CH,C(0)—-R + CO —
M—C(O)CH,CH,C(0)—R (1)

alternating with the insertion of an olefin into the
metal—acyl bond

M~—C(0)CH,CH,C(0)—-R + C,H, —
M~—CH,CH,C(O)CH,CH,C(0)-R (2)

Many of the aspects connected to CO/olefin copolym-
erization?1° have been investigated experimentally. We
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have more recently added to the body of knowledge by
a theoretical study based on density functional theory
(DFT).1 Both experimental results and theory!210 point
to the premise that CO/olefin copolymerization is ther-
modynamically less favorable than pure olefin polym-
erization. However, copolymerization still takes place
because CO insertion in eq 1 has a much lower activa-
tion barrier than the corresponding olefin insertion into
a metal-alkyl bond. An alternative pure CO polymer-
ization on the other hand is not possible since olefin
insertion into the metal—acyl bond in eq 2 is favored
both kinetically and thermodynamically over CO inser-
tion.

Our previous DFT study? investigated in detail the
generic aspects of the copolymerization process, neglect-
ing the fact that the polyketone chain might modify the
insertion barriers by forming chelating bonds with the
metal center. We shall consider this point here by
modeling the two processes in eqs 1 and 2 with a
growing chain sufficiently long to allow for chelation
(Figure 1). The same growing chain will be used to
further study the alternative “misinsertion” of a olefin
into the metal—alkyl bond (Figure 2). After the comple-
tion of our calculations, Rix et al.? published accurate
experimental energetics for some of the elementary
reaction steps involved in CO/C,H4 copolymerization,
affording a rare opportunity for a validation of the DFT
approach in studies of organometallic reactions. In this
work we shall compare the energetics derived by this
and a previous study! to the experimentally obtained
values of Rix et al.1® (Table 1).

The catalytic center in our calculations consists of
Pd(I) coordinated by H,PCH=CHPH, (Chart 1b), which
is used to model the chiral Me-DUPHOS (Chart 1a)
ligand of the original study by Sen.®> We have chosen
H,PCH=CHPH,; as a model since it preserves all of the
features which the Me-DUPHOS ligand imparts on the
reaction, except the ability to induce chirality in the
growing chain. We shall consider enantioselective po-
lymerization in a later study.
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Figure 1. Flow chart of the productive section of the
catalytic cycle leading to an alternating COJ/olefin copoly-
mer. Stages of the reaction are identified with numbers.
Species in square brackets refer to transition states.
Structures in curved brackets refer to unstable (not observ-
able) species. All species referred to in this work carry a
single positive charge.
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Figure 2. Misinsertion of olefin during the catalytic
copolymerization of CO and olefin (see also Figure 1).

Table 1. Activation Energies, as Derived by ADF,
Compared to the Experimentally Derived Values
found by Rix et al.20 2
AH?* AG*
reaction step (ADF) (Rix et al.)
LPd(CoHJ)(Et)t — LPd(Bu)* +65P +81.2(—25°C) —16.2
LPd(R)(CO)* — LPd(Ac)* +48> +64.4 (—66°C) —16.4

deviation

LPd(AC)(C2Ha)* — 1 4580 +69.5(-46°C) —11.5
3a— 5a +49 +62.3(-66°C) —13.8
6—8 +64 +72.0(-44°C)  —8.0

a All values are in kd/mol. Rix et al. used phenanthroline as a
bidentate ligand, whereas for the ADF calculations, PH,CHCHPH;
was used. P Taken from Margl and Ziegler.t
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Computational Details

Stationary points on the potential energy surface were
calculated with the program ADF, developed by Baerends et
al.,'*12 and vectorized with the methods by Ravenek.* The
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numerical integration scheme applied for the calculations was
developed by te Velde et al.}*5> The geometry optimization
procedure was based on the method due to Versluis and
Ziegler.*8 The electronic configurations of the molecular
systems were described by a triple-¢ basis set on palladium?7-8
for 4s, 4p, 4d, 5s, and 5p. Double-¢ Slater-type orbital (STO)
basis sets were used for carbon (2s, 2p), hydrogen (1s),
phosphorus (3s, 3p), and oxygen (2s, 2p) that were augmented
with a single 3d polarization function except for hydrogen
where a 2p function was used. The 1s22s?2p83s23d'° configu-
ration on palladium, the 1s? shell on carbon and oxygen as
well as the 1s22s?2p® shells on phosphorus were assigned to
the core and treated within the frozen-core approximation. A
set of auxiliary®® s, p, d, f, and g STO functions, centered on
all nuclei, was used in order to fit the molecular density and
to represent Coulomb and exchange potentials accurately in
each self-consistent field (SCF) cycle. Energy differences were
calculated by including the local exchange—correlation poten-
tial by Vosko? et al. with Becke’s?! nonlocal exchange correc-
tions and Perdew’s?>2% nonlocal correlation correction. Geom-
etries were optimized, including nonlocal corrections. First-
order scalar relativistic corrections®~26 were added to the total
energy, since a perturbative relativistic approach is sufficient
for 4d metals. Since all of the systems investigated in this
work show a large HOMO—-LUMO gap of at least 2 eV, a spin-
restricted formalism was used for all calculations. No sym-
metry constraints were used, except where explicitly indicated.
Saddle-point determinations were done by a linear transit
search from reactant to product along an assumed reaction
coordinate. In each step along the reaction coordinate, all
other degrees of freedom were optimized. A fine linear transit
grid of 0.01 A was used around the saddle point. Due to the
large number of slow vibrations, no transition state search
based on the second derivatives of the total energy could be
carried out.

Results and Discussion

The Productive Cycle. In a previous study,! the
energetics of the processes leading from PdPPH™ to
compound 1 have been described. To form a strictly
alternating copolymer, species 1 must take up a CO
molecule and insert it into the chain (Figure 1). A
geometry optimization of a tentative five-coordinate CO
complex with the CO molecule in the apical position
directly yielded species 3a, with the CO molecule rotated
into the equatorial plane and the chelating carbonyl
group now occupying the apical position. The total
energy of 3a lies 32 kJ/mol below that of 1. This is in
good agreement with an exothermicity of AG2% = —10
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kJ/mol (recalculated from Kg/K3 in ref 10) as derived by
Rix et al.,’ considering that this contains a considerable
positive entropic contribution which is not contained in
our result. From a calculation where we remove the
chelating bond from the Pd center by rotating the chain
(3b), we determine the strength of the chelating bond
as 29 kJ/mol, which is much weaker that the 104 kJ/
mol determined for an in-plane chelating bond in 1.1 The
weaker bond between Pd and O is also expressed by the
much longer chelate bond distance in 3a as compared
to 1.

A transition state for the insertion of CO into the Pd—
C, bond was located at a Cco—C, distance of 2.107 A,
which is slightly longer than the 2.060 A that was
previously found! for the insertion of CO into the Pd—
ethyl bond. The transition state 4 lies 49 kJ/mol above
3a (Rix et al.: AG* = 62.3 kd/mol at —66 °C,'° Table 1),
which coincides well with the 48 kJ/mol activation
barrier obtained? for the insertion of CO into the Pd—
ethyl bond. The chelating bond persists throughout the

transition state. As the transition state decays into the
insertion product 5a, the chelating bond returns from
the axial position to the preferred equatorial one. The
equatorial chelating bond has a strength of 51 kJ/mol,

as determined by removing the chelate oxygen from the
metal and the coordination plane (5b). Therefore, the
chelating bond of 5a is not nearly as strong as the
chelating bond of 1, but the chelate bond strength
suffices to turn the reaction decidedly exothermic. In
contrast to this, the insertion of CO into a Pd-ethyl bond
is only exothermic by —12 kJ/mol, even though the
product is stabilized by 31 kJ/mol due to the formation
of a dihapto-carbonyl.t

Since at this stage insertion of a CO unit into the
chain has already been ruled out on a thermodynamic
basis,! the only avenue left open to the system is to
insert a C,H, unit. Uptake of C,H, starting from an
apical position yields structure 6 by geometry optimiza-
tion. The existence of a purely equatorially coordinated

CyH4 has been checked, but geometry optimization
invariably led to the trigonal bipyramidal species 6, with
C,H4 occupying an equatorial position of the trigonal
bipyramid. C,H, uptake has a modest exothermicity
of —25 kJ/mol, as expected in a case where the olefin
must partially displace a strong chelating bond. This
is in excellent agreement with a value of AH® = —27.2
kJ/mol found by experiment in CD,Cl, solution.1°

The transition state for olefin insertion, 7, lies 64 kJ/
mol above 6, which coincides well with the value of +58
kJ/mol derived previously for the insertion of C;H, into
a Pd-COC;Hs bond.! Rix et al. determined a AG* of +72
kJ/mol for the reaction 6 — 8 in CD,Cl; at —44.4 °C. In
the transition state geometry, the Cco—Coesin bond is
1.91 A long, as compared to 1.858 A in the transition
state for insertion of olefin into the Pd—COC;Hs bond.!
The transition state is stabilized by a chelating bond
from the apical position of an approximate square
pyramid. The insertion reaction is exothermic by —48
kJ/mol, which is considerably (26 kJ/mol) less than the
value of —74 kJ/mol for the insertion of olefin into the
Pd—COC,Hs bond.! We have shown that the stabiliza-
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tion from an apical chelating bond is —29 kJ/mol for 3a,
and thus the difference of 26 kJ/mol is not surprising
since the apical chelating bond is removed when going
from 7 to 8. The product state 8, similar to the initial
state 1, has only one strongly stabilizing chelating bond,
and thus it can be stated that 1 serves as an accurate
model for the resting state of the alternating copolym-
erization.

The reaction of 1 — 8 represents the insertion of one
CO/CzH4 unit from the resting state 1 to the equivalent
resting state 8. Thus, the corresponding heat of reaction
calculated as —137 kJ/mol (Figure 3) should be a good
estimate for the polymerization enthalpy of one CO/
CzoH4 unit in polyketones. This number is short of the
200 kJ/mol gained by incorporating two ethylene units
into a polyolefin,! thus confirming that CO/C,H, copo-
lymerization is thermodynamically less favorable that
pure ethylene polymerization. We shall now turn to the
kinetic factors favoring CO/C,H, copolymerization over
pure ethylene polymerization by comparing the barrier
of CO insertion into the metal—alkyl bond (3a — 5a)
with the alternative misinsertion of ethylene into the
same bond (Figure 2).

C,H4 Misinsertion into an Ethylene-Terminated
Polyketone Chain. We started our study of the
misinsertion by investigating whether an adduct where
the C,H4 molecule is bound to the apical site of 1 is
stable. A geometry optimization of species 9 shows that
at the nonrelativistic level, the ethylene is weakly bound
to 1, with an adduct formation energy of only —2 kJ/
mol. The addition of the first-order relativistic pertur-
bation corrections renders the adduct formation to be
endothermic by 1 kJ/mol (Figure 4). This means that
ethylene has in fact no sticking probability at the metal
complex, which drastically reduces its ability to further
insert into the copolymer. No evidence for an ethylene
bound in the equatorial position was found; geometry
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Figure 3. Energy profile for the productive part of the
catalytic copolymerization of CO and C,H,. Energies in kJ/
mol. Stages of the reaction are identified with numbers (see
Figure 1); energies of free monomers are included. Different
isomers of a given species are distinguished with alpha-
numerics. For easy compatibility, energies are given with
respect to the species PAPPH™ (see Margl and Ziegler?) and
that of the free monomers.
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Figure 4. Energy profile for the C,H, double insertion.
Units and conventions as in Figures 1 and 3.

Pirans-Pd-O = 164.00

9

optimization of a tentative species with equatorial
ethylene coordination invariably led back to 9. Fur-
thermore, the ethylene molecule must partially displace
the strong chelating bond of 1 in order to be able to
insert into the Pd—C,H4,COC;,Hs bond. In contrast to
our findings, Rix et al. found the reaction of 1 with C,H4
to be exothermic (AH®° = —32.6 kJ/mol). From the
viewpoint of our calculations, this discrepancy is difficult
to explain, especially since the results of Rix et al. for
the complexation of C,H4 by 5a (AH® = —27.2 kJ/mol)
coincide very well with ours (AH = —25 kJ/mol).
Furthermore, our calculations indicate that the chelat-
ing bond in 1 (—104 kJ/mol) is much stronger than the
chelate bond of 5a (=51 kJ/mol), so that it seems
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reasonable to expect that ethylene uptake for 1 should
be much less exothermic than for 5a. One might argue
that the solvent (CD,Cl,) which was used in the experi-
ments might somehow disrupt the chelation effect and
enhance olefin binding to 1. However, in the absence
of detailed solvation data for the complexes in question,
our reasoning must remain merely speculative. Inser-
tion is achieved via a transition state 10 which lies 78
kJ/mol above 9. This is much higher than any barrier

encountered in the cycle from 1 to 8, so that we can now
firmly state that multiple olefin insertion is Kinetically
unfavorable compared to COC;H, insertion. Chances
of insertion are also greatly lessened by a zero-sticking
probability of the incoming ethylene. However, the
thermodynamic driving force for the formation of 11 is
higher in this case (—69 kJ/mol) than it is for uptake
and insertion of CO (1 — 5a: —64 kJ/mol), which would
be the competing step in the productive cycle. Our

activation barrier of 78 kJ/mol is in good agreement with
a value of 81.2 kd/mol obtained for insertion of ethylene
into a Pd—ethyl bond by Rix et al.1® The corresponding
activation energy for the insertion of ethylene into the
Pd—ethyl bond obtained in our previous study was +65
kJ/mol.t
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Conclusion

We have studied the Pd(ll)-assisted homogeneous
catalytic copolymerization of olefin and carbon monox-
ide, 1 — 8. The catalytic center in our calculations
consisted of Pd(Il) coordinated by H,PCH=CHPH,
(Chart 1b), which is used to model the chiral Me-
DUPHOS (Chart 1a) ligand of the original study by
Jiang and Sen.® Throughout the process, the growing
chain was allowed to coordinate to the metal center
through a carbonyl group. The CO/C,H,4 copolymeriza-
tion consists of insertion of CO into a metal—alkyl bond
followed by insertion of ethylene into a metal—acyl bond.
The first process has an internal barrier of 49 kJ/mol
and a reaction enthalpy of —64 kJ/mol. The activation
barrier for the second process is 64 kJ/mol with a heat
of reaction of —73 kJ/mol. Also considered was the
misinsertion of ethylene into the metal—alkyl bond. This
process is kinetically less favorable than CO insertion
due to the lack of a thermodynamically stable ethylene
m-complex and the high barrier (+78 kJ/mol) associated
with insertion of ethylene into the Pd—C,H,—CO—R
bond. It is concluded that CO/CyH,4 copolymerization
is thermodynamically less favorable than that of pure
olefin polymerization. However, the lower barrier of
insertion for CO compared to ethylene into the metal—
alkyl bond makes CO/C,H4 copolymerization the kineti-
cally more feasible process. Furthermore, in combina-
tion with the recently published data of Rix et al.,1% our
studies afford a unique opportunity to validate the
nonlocal DFT approach with respect to experimental
results. Although their datal? is derived from a N-based
(phenanthroline) system, as opposed to the P-based
system used in our work, excellent agreement is ob-
tained between the experimental and theoretical barrier
heights, with an average deviation of —13.2 kJ/mol (=3
kcal/mol) between the experimental and nonlocal DFT
results. Although we compare AH* to AG* values, for
transition states such as those studied, the entropic
contributions should be fairly small® since they repre-
sent unimolecular reactions.
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